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Preface to “Bioinspired Catechol-Based Systems:
Chemistry and Applications”

Catechols are widely found in nature taking part in a variety of biological functions, ranging from
the aqueous adhesion of marine organisms to the storage of transition metal ions. This has been achieved
thanks to their (i) rich redox chemistry and ability to cross-link through complex and irreversible
oxidation mechanisms, (ii) excellent chelating properties, and (iii) the diverse modes of interaction of the
vicinal hydroxyl groups with all kinds of surfaces of remarkably different chemical and physical
nature [1]. Therefore, guided by such interest, catechol-based systems have been subject in recent years
to intense research (at the laboratory scale) aimed at mimicking and translating these natural concepts
into new functional adhesives and coatings with enhanced properties.

This Special Issue collects contributions from different laboratories working on both basic
research and applications of bioinspired catechol systems presented by cutting edge specialists in this
growing field. Taking advantage of its open access publication, this collection of papers, influenced by
biomimetic approaches, will bring about new avenues for new research and innovative solutions in
biomedicine and technology. Main topics addressed in the field of basic catechol chemistry include (i) a
computational investigation by Barone et al. [2] of noncovalent interactions in catechol dimers, which
are of central importance in determining the overall properties of catechol base systems, (ii) a
theoretical analysis of indole-based porphyrin structures proposed as a model for eumelanin
biopolymers (Crescenzi et al. [3]), and (iii) a detailed insight into the mechanism of the antioxidant
activity of quercetin in water by Amorati et al. [4]. Of both basic and applicative interest for adhesion is
the study by Hamada et al. [5] addressing the issue of whether mussels manage byssus mechanical
properties via control of catechol chemistry. The design of films for surface functionalization and
energy applications based on polydopamine-inorganic and polydopamine-organic composites is
reviewed by Ball [6]. The potential of a cross-linking reaction between catechol and
hexamethylenediamine for surface functionalization and coating under oxidative conditions is
demonstrated by Suarez-Garcia et al. [7]. Catechol-containing hydrogels with enhanced gluing
properties for tissue engineering are reported by Feng et al. [8]. Sousa and Mano [9] synthesized cell-
adhesive membranes for bone tissue engineering via a mussel-inspired conjugated polymer obtained
by covalent modification of hyaluronic acid with dopamine. Amin et al. [10] studied melanin-mimetic
nanoparticles based on polydopamine for multimodal cell imaging, opening interesting perspectives
for drug delivery applications and surface chemistry-dependent cellular interactions. The scope of
catechol-chitosan redox-capacitors and other systems for chemical information and signal processing
is illustrated by Kim et al. [11]. In the field of bioinspired bioactive compounds, Micillo et al. [12]
designed a lipoyl—caffeic acid conjugate as a new type of tyrosinase inhibitor for the control of
melanogenesis. Ramazzotti et al. [13] report the anti-aggregating properties of five biomimetic 4-
thiaflavanes on an amyloid model, suggesting further studies of this class of compounds as anti-
amyloid agents.

Integrating more than replacing the many excellent reviews, the present collection will provide
the reader with a concise panorama of the status quo and perspectives in the increasingly expanding
field of basic and applied research on bioinspired catechol systems. It is clear that the interest for

catechol-based materials is experiencing a steady burst, perfectly represented by polydopamine (two

vii



contributions in this special issue deal with this research area). Several patents based on bioinspired

catechol systems and different products are already commercialized and available the market. We

believe that this special issue may fulfill an important function in promoting biomimetic catechol

chemistry for an increasing range of applications.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Noncovalent interactions play a significant role in a wide variety of biological processes
and bio-inspired species. It is, therefore, important to have at hand suitable computational methods
for their investigation. In this paper, we report on the contribution of dispersion and hydrogen
bonds in both stacked and T-shaped catechol dimers, with the aim of delineating the respective
role of these classes of interactions in determining the most stable structure. By using second-order
Moller—Plesset (MP2) calculations with a small basis set, specifically optimized for these species,
we have explored a number of significant sections of the interaction potential energy surface and
found the most stable structures for the dimer, in good agreement with the highly accurate, but
computationally more expensive coupled cluster single and double excitation and the perturbative
triples (CCSD(T))/CBS) method.

Keywords: noncovalent interactions; catechol; aromatic dimers; computation; electronic
correlation; dispersion

1. Introduction

Nowadays, there is a general consensus about the primary role played by noncovalent interactions,
in particular those involving aromatic rings, in molecular, life, and materials sciences. In addition
to being responsible for key biological processes that range from base stacking in deoxyribonucleic
acid (DNA) [1], to the color of red wine [2] and, more generally, food quality [3], it is of the foremost
importance to understand, rationalize and, hence, exploit their features in cutting-edge applications
as advanced catalysis [4,5], biomedical materials [6,7] and novel drugs design [8], advanced organic
photovoltaics [9-13], complex self-assembled structures [14], or bio-nano-materials [15,16]. Such
ubiquity of the aromatic interactions has often inspired multidisciplinary research [17], aimed to
exploit their peculiar features in the design and construction of biomimetic materials. From a physical
point of view, noncovalent interactions among molecules bearing aromatic moieties originate from a
variety of different forces, including m-stacking, XH-m or charge-transfer (CT), besides the ubiquitous
dispersion. Furthermore, the presence of additional functional groups can introduce other kinds of
interactions (like e.g., hydrogen (HB) or halogen bonds), leading to nontrivial interference effects, which
tune both the structure and the properties of the resulting material. In this framework, computational
methods can play a crucial role for rational design and interpretation, provided that they are able
to couple reliability, feasibility, and ability to unravel the different contributions [18,19]. It should
be also mentioned that, although the embedding environment is often neglected, or only roughly
approximated in most computational studies, its effect can be significant or even decisive in biomimetic
processes. However, comprehensive studies of pairs of interacting species in the gas phase are a
mandatory starting point for unraveling the weight of the different effects.

Biomimetics 2017, 2,18 1 www.mdpi.com/journal /biomimetics
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In the past few years, catechol has attracted increasing attention as a precursor of bio-inspired
materials [20-26]. From a theoretical point of view, catechol is an ideal candidate to test the capability
of new computational approaches to accurately represent the delicate balance among the different
kinds of noncovalent interactions, occurring in the presence of catechol units. In fact, apart from the
m-stacking and XH—r interactions due to the aromatic core, interactions between these species are also
characterized by the insurgence of strong (OH-H) and weak (OH-7) HB patterns, which may play
an important role in the supramolecular assembling. The main problem is that aromatic interactions
are dominated by dispersion forces that standard electronic calculations have difficulty to reproduce.
Indeed, in the past ten years, much effort has been devoted to the development of approaches that
overcome the problem [27-43]. Within the framework of density functional theory (DFT), attempts
have been made to set appropriate functionals which incorporate the effects of dispersion, such as that
of Truhlar et al. [43] or to introduce semi-empirical atomistic corrections, as suggested by Grimme
and coworkers [30,32,33]. Among wave function (WF)-based approaches, the most accurate but also
computationally most expensive method is the coupled cluster approach including a full account of
single and double excitations together with perturbative inclusion of connected triple excitations, and
extrapolation to the complete basis set limit (CCSD(T)/CBS) [4,19,34,37,38,41,44-50]. Still within a
WEF framework, perturbative second-order Meller-Plesset (MP2) calculations could be carried out at
a much lower computational cost, yet it is well known [40] that they tend to overestimate aromatic
binding energies, especially when employed with large basis sets. These inaccuracies can be overcome
by resorting to an idea proposed almost forty years ago by Kroon-Batenburg and Van Duijneveldt [51]
and successively refined by Hobza and Zahradnik [52], based on the use MP2 calculations with the
small 6-31G* basis set, modified by reducing to 0.25 the exponent of the d polarization function placed
on each carbon atom of the benzene dimer. Such an approach, often referred to as MP2/6-31G*(0.25),
was then fully validated with reference to interaction energies of benzene and a few other aromatic
dimers computed at the CCSD(T)/CBS level [53-61]. More recently, the method has been generalized
to different basis sets, and applied to several molecular prototypes, including liquid crystals [62,63],
pyridine [64], quinhydrone [27], dihydroxyindole derivatives relevant in eumelanin formation [65],
and, very recently, to small aromatic heterocycles [66], where the procedure to find the suitable
modified basis sets, labeled MP2M°d has been automated and extended to the optimization of the
orbital exponents of d functions on heteroatoms and p functions on hydrogen, within the 6-31G**
basis set.

Here, the MP2mod method is applied to the catechol dimer in the gas phase. First, Mp2mod
accuracy is validated against high-quality CCSD(T)/CBS predictions, purposely carried out for a
number of selected geometries of catechol dimers. Next, MP2™°? is employed in the exploration of the
catechol’s interaction potential energy surface (IPES), with the aim of finding the optimal structure
of the dimer by a comparison of different possible arrangements. This allows us to investigate the
different roles played by HB and 7t-stacking interactions in the dimer formation. Incidentally, it might
also be of interest, following Wheeler group’s suggestions [4,44,45], to verify if noncovalent interactions
in catechol can be correlated to the simple direct interaction between the (hydroxyl) substituents, or if,
on the contrary, a rationalization of the resulting interaction patterns requires a more complex analysis,
taking into account the specific role of each contribution.

The catechol dimer has also been studied at the DFT level by Estévez et al. [67], who
considered structures determined either by X-ray measurements or by geometry optimizations at the
MPW1B95/6-311++G(2d,2p) level. In the following these results will also be discussed in comparison
with our findings.

2. Computational Details

The full geometry optimization of the catechol monomer has been performed by DFT, at the
B3LYP/aug-cc-pvDZ level, by minimizing the energy with respect to all internal coordinates. Unless
otherwise stated, the internal monomer’s geometry was kept unaltered in all subsequent calculations.
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As far as the intermolecular energy is concerned, reference CCSD(T)/CBS calculations have been
carried out on catechol dimers following the protocol adopted in previous works [27,36,66], which can
be summarized as follows:

1.  The difference Acc.pp2 between CCSD(T) and MP2 interaction energy is evaluated using for both
calculations the Dunning’s correlated aug-cc-pvDz basis sets:

@

Acc-mp2 = )AECCSD(T)

-~ )AEMPZ

aug—cc—pvDz aug—cc—pvDz

2. The MP2energy in the CBS limit, AEM/?, is computed through the extrapolation scheme proposed
by Halkier et al. [68], making use of the aug-cc-pvDz and aug-cc-pvTz basis sets. Despite the
state-of-the-art extrapolation procedure [37,41,50] is often carried out with the larger aug-cc-pvIz
and aug-cc-pvQz basis sets, it has been recently shown that, for similar aromatic dimers, the use
of the smaller aug-cc-pvDz and aug-cc-pvTz affects the computed interaction energies by few
hundredths of kcal/mol [66]. In consideration of the fairly large number of dimers investigated
and the computational cost of a CCSD(T) calculation at the aug-cc-pvQz level, the smaller sets
(Dz and Tz) were chosen as the best compromise between accuracy and feasibility.

CCsD(T)

3. Finally, the CCSD(T)/CBS interaction energy, AE-5s~ ", is recovered as:

cCsD(T
AECGP = AEME2 4 Acc_upa @)

4. All energies were corrected for the basis set superposition error (BSSE) with the standard
counterpoise (CP) correction [69].

The MP2™°d exponent optimization was performed by means of the EXOPT code [27,36,66], by
minimizing the objective function I:

N,
- 1 geon mod —. 2
I(P) = —— Y [AECE" — AEMP™ (P)] 3)
geom =1

where N is the number of considered dimer geometries and P the vector containing the basis
sets exponents to be optimized. All the MP2™4 calculations were carried out with the 6-31G** basis
set, and the exponents of the d functions on heavy atoms and the p functions on H were optimized.
Further details on the optimization protocol can be found in [66] and are also briefly commented in the
next section. In all MP2™%4 calculations, the CP correction was applied to take care of the basis set
superposition error.

Finally, to better compare with the results reported by Estévez et al. [67], the interaction energy of
selected dimer arrangements was also computed at the DFT level, using the same procedure employed
in [67]: the MPW1B95 functional was employed, together with the 6-311++G(2d,2p), while no correction
was applied to take care of the BSSE.

All CCSD(T), MP2, MP2™°d and DFT calculations were carried out with the Gaussian09 software
package [70].

3. Results and Discussion

3.1. MP2"? Tuning and Validation

After geometry optimization, the catechol monomer is planar with the two hydroxyl hydrogens
pointing in the same direction (see Figure 1a).
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Figure 1. (a) Catechol structural formula (top) and graphical representation (bottom). Stacked dimers:
(b) face-to-face (FF) and (c) antiparallel face-to-face (AFF); T-shaped (TS) dimers: (d) TS; and (e) TS,.
C: Cyan; H: White; O: Red.

Based on the results recently achieved for several heteroaromatic dimers, where stacked and
T-shaped (TS) conformers where found to be the most stable, four starting arrangements have been
set up by placing the two monomers at different distances and relative orientation. Namely, the
face-to-face (FF, Figure 1b), the antiparallel face-to-face (AFF, Figure 1c), and two TS conformations,
one with both hydroxyls (TS;, Figure 1d) and one with only one hydroxyl (TS,, Figure 1le) pointing
towards the other ring. Following the protocol recently developed in our group [66], the MP2™°d best
exponents were determined as follows: starting from each of the four selected conformations, a set of
dimer arrangements was created by displacing one monomer along a selected coordinate R, defined as
the line connecting the centers of the two rings, as shown in the insets of Figure 2. Next, an estimate
(data not shown) of the interaction energy (AE) of the resulting dimer geometries was obtained at the
MP2m0d Jevel, employing the basis set recently optimized by us for quinhydrone [27], thus obtaining
preliminary interaction energy profiles. Three points (displayed as blue squares in Figure 2) were
selected for each profile (namely one in the minimum, one in the short distance range and one in
the attractive branch of the curve) and the corresponding CCSD(T)/CBS interaction energies were
computed and used to build a reference database containing 12 elements. This database was then used
for the optimization of the exponents of the polarization functions of the 6-31G** basis sets suitable for
MP2™°4 calculations. The starting exponents of the standard 6-31G** basis set are 0.80 for d functions
on carbon and oxygen and 1.1 for p functions on hydrogen. After optimization, the best exponents
were found to be 0.27 and 0.34 for the d functions on carbon and oxygen, respectively, and 0.36 for
p functions on hydrogen. The final standard deviation, v/I, see Equation (3), resulted to be less than
0.3 kcal /mol with respect to the CCSD(T)/CBS energies.

The resulting MP2™°d curves are displayed in Figure 2, together with the reference values. The
excellent agreement between the two methods, in line with the results previously obtained for similar
molecules, allows us to apply rather confidently the MP2™°d method to the study of the catechol dimer.
According to both CCSD(T)/CBS and MP2m0d results, the most stable structure is the TS, one (around
—5.0 kcal/mol), with the minimum at a slightly smaller value of R (5.4 A), with respect to the similar
TS; conformer (5.6 A), which is in turn almost as stable (= —4.0 kcal/mol) as the antiparallel stacked
conformer (AFF, —3.8 kcal/mol). Among the two stacked conformations, FF and AFF, the second one
is more stable, in agreement with the repulsive interaction between the OH dipoles in the FF form.
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Figure 2. Comparison between the ‘best exponent” and CCSD(T)/CBS for the interaction energy
profiles obtained by displacement of the four structures shown in Figure 1.

3.2. Stacked Cathecol Dimers

Due to its importance, the stacked arrangement has been studied with some care as a function
of the ring-ring distance R and of the angle 8, which expresses, as shown in Figure 3b, the relative
rotation of the two rings with respect to the line connecting their centers. The relevant results are
reported in Figure 3. In the left panel, the interaction energy, reported vs. R for assigned rotation
angles, shows minima at similar R values for all angles, and a marked dependence on § at low vales
(from 0 to 60°), whereas for > 90° the curves are close to each other: at the minimum the interaction
energy changes by only ~0.25 kcal/mol in the range 90-180°. Although this behavior seems roughly
consistent with a dipole-dipole interaction, the resemblance of the 90, 120, 150, and 180° curves is an
indication that higher multipoles, or, equivalently, local dipoles, should play a role in an electrostatic
rationalization of the observed energy curves. This is in agreement with the idea of Wheeler and
coworkers [45,46] that stacking interaction in substituted aromatic species is strongly influenced by the
local interaction of the substituents, rather than to changes induced in the 7 electronic density upon
substitution, as suggested by older models.

Figure 3b shows the energy variation as a function of  and connects the FF (8 = 0°) to the AFF
(B = 180°) arrangement at a fixed ring-ring distance (R = 3.5 A). The curve shows a not monotonic
behavior, probably due to the presence of two functional groups, with an absolute minimum near 110°,
rather than at 180°, as could be expected for single substituted benzene rings. However, despite the
perturbations triggered by the specific interaction among the two strong local dipoles of the monomers,
the transition from FF to AFF arrangements along f3 is rather marked and clearly indicates a preference
for antiparallel stacked arrangements, as already put in evidence in Figure 2.

In order to gain a deeper insight into the orientation dependence of the stacking forces in the
catechol dimer, taking advantage from the low computational cost of the MP2™°d method, we can
explore different sections of the catechol IPES. For instance, in Figure 4 a two-dimensional contour plot
of the interaction energy (AE) is reported as a function of the horizontal displacement of the two rings
(R) and of the rotation angle () of one of the two rings around the perpendicular axis, at the inter-ring
distance of 3.5 A (i.e., the position of the minimum for the stacked energy curves reported in Figure 3).
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Figure 3. MP2™°4 results for the stacked configurations. (a) Interaction energy as a function of the
inter-ring separation R for different  angles. (b) Interaction energy as a function of the g angle at the
ring-ring separation (R = 3.5 A) corresponding to the minimum energy.
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Figure 4. (a) Two-dimensional scan of the catechol interaction potential energy surface (IPES) in stacked
conformations, performed at the MP2m0d Jevel, (b) The IPES section was sampled by varying the angle
B; the displacement R is also shown.

Figure 4 clearly shows that the dimer is much more stable when displaced and rotated with
respect to the FF arrangement, with a minimum at R ~ 1.2 A and B ~ 130°. It is noteworthy that the
effects of horizontal displacement (i.e., varying R) and f rotation can be ascribed to different origins,
closely related to the catechol molecular structure. In fact, the increase of the binding energy upon
displacement closely resembles the well-known behavior of the benzene dimer [47,49,50] originated
from a “pure” aromatic interaction: shifting one monomer along the R coordinate diminishes the
quadrupolar repulsion between the two rings [49], whereas the attractive dispersion interaction
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decreases to a lesser extent, hence resulting in a global increase of the binding energy [47,49]. As
discussed above, the energy profile vs. B rotation is strictly connected with the presence of OH
substituents, as suggested by the net increase of the interaction energy in going from a parallel (8 = 0°)
to an antiparallel (B = 180°) arrangement.

This simple picture is consistent with the minimum of —5.2 kcal/mol (R=1.2 A, 8 =120°) in a
displaced near antiparallel configuration, not coincident with the perfect antiparallel arrangement
(B = 180°) where the MP2™°d interaction energy is —4.7 kcal/mol. This subtle difference can find
a rationale at a closer look of the molecular structure, embracing Wheeler’s idea that unexpected
substituents effects can be explained by considering their direct interaction with the neighboring
cloud of the other ring [44-46]. The § = 120° and 8 = 180° conformers are displayed in Figure 5. In
Figure 5b,d, where a top view of both dimers is shown, the positions of the oxygen atoms are marked
with colored circles, to put in evidence the differences between the two arrangements. It appears as in
the B = 180° geometry all oxygen atoms lie approximately above a C=C bond of the other ring, resulting
in an unfavorable electrostatic interaction with the carbon 7t orbitals, while at 8 = 120° only three
oxygen atoms contribute to such repulsive term. Consistently, the Hartree-Fock contribution to the
total MP2mod energy, which is repulsive in both cases, increases by 1 kcal/mol, in going from § = 120°
(3.3 kcal/mol) to f = 180° (4.3 kcal/mol). Finally, another possible source of attractive interaction
comes from the HB interaction between the hydrogen atom of one hydroxyl group and the closest
oxygen of the other ring, as evidenced in Figure 5a,c, where it appears as in the 8 = 120° conformer the
hydrogen atoms lie at much closer distances (3.7 A).

c)

o

Figure 5. Stacked displaced (R = 1.2 A) geometries at (a,b) B = 120° and (c,d) B = 180°. (a,c): Side
view, H-O distances of (a) 3.7 and (c) 5.0 A are indicated with a green arrow ; (b,d): Top view, the
position of oxygen atoms is shown with colored circles, distinguishing more (yellow) or less (green)

interacting ones.

3.3. T-Shaped Cathecol Dimers

As shown in Figure 2, another kind of arrangement which can compete with the stacked
geometries discussed above is the TS configuration. In this case, most of the interaction energy
is expected to come from XH- forces, in particular when two or one hydroxyl groups point towards
the other ring’s plane, as in the TS; and TS; geometries.

In order to verify this assumption, the MP2™°4 computational feasibility has been exploited
once again to explore an additional IPES section, related to the TS conformers and shown in Figure 6.
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At small inter-ring distances, the dependence on -rotation is striking and the most favorite conformer
at R = 49 A is found at g = 0° (i.e., the TS arrangement shown in Figure 6b), with the interaction
energy (—2.4 kcal/mol) very similar to the value reported for the benzene dimer in the same
configuration [49,50,53,57,71]. Conversely, due to the small distance between the H hydroxyl atom and
the other catechol ring (see for instance TS; in Figure 2), the interaction energy in the 180-300° range is
repulsive, with a maximum of almost 25 kcal/mol at § = 270°. The situation changes dramatically by
increasing R, as in the 180-300° range the interaction energy shows a much steeper gradient. In fact,
the IPES section minimum is found in a TS conformation at § = 270° and R = 5.5 A, where the hydroxyl
group points towards the other ring plane similarly to the TS, arrangement shown in the right bottom
panel of Figure 2, resulting in a total interaction energy of —5.1 kcal/mol.
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Figure 6. (a) Two-dimensional scan of the catechol IPES in TS conformation, performed at MP2™d
level. The IPES section was sampled by varying the angle  and the displacement R shown in (b),
where the TS arrangement at 8 = 0° is displayed. The f rotation is performed as indicated by the
black arrow (e.g., for B = 240° the dimer is found in the TS; geometry shown in the right top panel of
Figure 2).

3.4. Effect of the Hydrogen Bond

The above described competition between stacked and TS geometries misses although another
player, which could significantly alter the delicate balance between them. In fact, apart for a small
contribution to the stability of the f = 120° conformer in the stacked conformations, the HB contribution
was never decisive to the total interaction, due to too large distances between the involved hydrogen
and oxygen atoms, which could be reduced by allowing internal rotation around C-O bonds. In
order to find even more stable structures, we have released such constraint and performed a full
optimization at MP2™°4 Jevel, starting from four different conformations (see Figure 7, top panels).
The first starting geometry is a displaced AFF (AFFD). Next, two TS structures were prepared, with one
or both hydroxyl groups pointing down towards the other ring (TS4 and TSy, respectively). Notice that
the latter is very similar to that taken from crystallographic data and investigated by Estévez et al. [67].
Finally, a fourth arrangement was built from scratch, where the two rings are placed in side-by-side
(SS) conformation, with both hydroxyl groups resulting at close distance, thus maximizing the effect
of HBs. All optimizations ended up successfully in four different local minima, as confirmed by a
frequency calculation purposely carried out for each of the resulting structures. The corresponding
optimized structures are shown in the bottom panel of Figure 7 as I, II, III, and IV, respectively.
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Figure 7. Mp2mod geometry optimization starting from the displaced AFF (AFFD), TSy, and TS,
conformations (top panels). The corresponding optimized structures, I, II, III, and IV, are displayed in
the bottom row. The rotated hydroxyl groups are evidenced in the top panel with a blue arrow, while
the atoms involved in OH-O and OH-m interactions are connected in the bottom panels by green and
orange dashed lines, respectively.

Dimer formation does not result in large changes in the internal geometry of each catechol
monomer. Bond lengths within each monomer change by less than 0.03 A and the backbone remains
planar. For each ring, only one hydroxyl hydrogen moves out of plane, establishing OH-O or OH-7t
interactions, while the other O-H bond remains nearly coplanar with the ring, due to the formation of
an intramolecular OH-O HB with the closest oxygen atom (in Figure 7, geometry II it is out of plane by
only 13°). The dihedral angle which drives the position of the out of plane hydrogen is 66° for I, 71.5°
for II, and 68.7° for III, whereas the other ring hydrogen does not rotate. The final conformations reveal
that the internal rotation has a significant effect on the interplay of the different interaction terms. In
fact, as evident from Figure 7, both TS conformations are not stable upon a full optimization, and
eventually end up in a stacked arrangement, whereas the AFFD conformer undergoes to the expected
rotation from B = 180° to  ~ 120°, but maintains the stacking arrangements. The OH-O interaction
plays the major role in TSy, which becomes II, while OH-mt weak HBs guide the hydroxyl rotation
and are prevalent in AFFD, which becomes I. Although less stable, the last optimized conformer III,
is characterized by a single hydroxyl rotation, which allows the insurgence of a HB (green dashed
line in Figure 7), while the other hydrogen remains coplanar to the ring, yet interacting with the other
monomer establishing a OH-7 noncovalent bond. For the conformation IV, geometry optimization
results in a structure which is again less stable than I and II and somewhat more stable than III (see
Table 1). In this case, the hydroxyl hydrogens undergo a small rotation with respect to the initial
conformation and the two rings are slightly displaced out of the plane that initially (see SS) contained
both monomers.

The interaction energies for the four final structures are reported in Table 1, along with the value
computed at the same geometries with the MPW1B95/6-311++G(2d,2p) in [67], as well as with the
“gold standard” CCSD(T)/CBS. From these data, it is clear that the most stable structure is II, which
differs by only 1.6 kcal/mol from I, whereas IIl and IV are far higher in energy. The agreement between
the MP2™°d values and their CCSD(T)/CBS counterparts is very good, especially considering that these
latter geometries are outside the MP2™m°4 training set, while the computational advantage of using
MP27°d with small basis sets is apparent from the last three columns. Surprisingly, the MPW1B95



Biomimetics 2017,2,18

functional severely underestimates the reference CCSD(T)/CBS interaction energies, yielding, in the
present case, only a qualitative correct description, at least according to the protocol provided in [67].

Table 1. Interaction energies, in kcal/mol, for the four optimized conformations shown in Figure 7,
computed with MP2™°d, CCSD(T)/CBS and MPW1B95/6-311++G(2d,2p). Central processing unit
(CPU) times on a single 2.60 GHz Intel® Xeon CPU are also given for an evaluation of the computational
cost of the different methods.

G Energies (kcal/mol) CPU Time (min)
eometry
mp2med CCSD(T)/CBS MPW1B95 Mp2med CCSD(T)/CBS MPW1B95
I -10.7 —11.1 —8.1 27 50,640 145
I —12.4 -12.6 —8.3 25 49,740 180
I -5.3 -57 -2.2 27 50,820 79
v —6.1 -7.3 -5.7 18 51,720 142

Finally, it is interesting to investigate the different HB contributions in the two most stable
conformations I and II. This can be done by performing a rigid scan of the rotation angle ¢ of the two
hydrogen atoms with respect to the C-O bond in both conformations (J). The results are shown in
Figure 8. For 6 = 0° (i.e., when each hydrogen is coplanar to the aromatic ring), dispersion interactions
are the main source of attraction, although perturbed by the electrostatic interaction between the
dipoles, which favors dimer I (in an antiparallel alignment) by ~1 kcal/mol with respect to dimer II.
As ¢ increases, both the hydrogen atoms involved in the rotation come to closer distances from the
other monomer, and may establish HBs. These noncovalent interactions remarkably stabilize both
complexes, by almost 7 kcal/mol in I and more than 10 kcal/mol in II. These differences can find a
rationale by looking at the insets of Figure 8. In dimer I, since each hydrogen points approximately
towards the center of the neighboring ring, two weak HBs of the OH-m type are settled whereas, in
dimer II, both hydrogen atoms are involved in a stronger OH-O HB. As a consequence, the minimum
of the latter conformer is stabilized by ~2 kcal /mol with respect to .
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Figure 8. MP2m0d scans of the HOCC dihedral (4) for conformers I (blue) and II (red), highlighting the
role of OH-O and OH- interactions, indicated with orange and green dashed lines, respectively.



Biomimetics 2017,2,18

4. Conclusions

In this paper, we have reported our study of the intermolecular landscape of a catechol dimer
with a two-fold interest. On the one hand, noncovalent interactions, and especially those involving
aromatic rings, govern many biological processes and it is, therefore, of basic importance to reach a
good comprehension of the different role that the various forces play in specific systems. On the other
hand, noncovalent interactions are still a challenging benchmark for standard computational methods,
hence, it can be significant to exploit dedicated approaches.

Catechol is well known to be a precursor of many bioinspired materials and it is, therefore, a good
candidate to investigate on the interplay between dispersion interactions, essentially due to aromaticity,
and strong (OH-O) or weak (OH-7t) HBs, settled by the hydroxyl substituents. The employed MP2mod
computational route consists in MP2 calculations with a small 6-31G** basis set, in which the exponents
of the polarization functions are suitably modified. This has been done through a validation procedure
based on the comparison with the highly accurate CCSD(T)/CBS calculations, resulting in new exponents
for polarization functions on carbon (0.27), hydrogen (0.36), and oxygen (0.34).

Within the IPES sections explored, two minima were identified, held together by a network of
stacking, OH-O, and OH-m interactions, whose relative weight has been analyzed in some detail. The
two catechol units tend to aggregate in stacked conformation, which eventually result more stable
than the TS ones, thanks to their ability to establish strong and weak HBs.

A final remark should be made concerning the effects that solvation can have in these systems.
Despite most computational approaches designed for noncovalent interactions only focus on two
isolated molecules, we are aware that water might affect the results and change the picture that we
report here (see, for instance, [27,68]). It is, however, important to have a preliminary reference to
guide the more complex study in solution, which is a natural continuation of the one presented here.
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Abstract: A detailed computational investigation of the 5,6-dihydroxyindole (DHI)-based
porphyrin-type tetramer first described by Kaxiras as a theoretical structural model for eumelanin
biopolymers is reported herein, with a view to predicting the technological potential of this
unique bioinspired tetracatechol system. All possible tautomers/conformers, as well as alternative
protonation states, were explored for the species at various degrees of oxidation and all structures
were geometry optimized at the density functional theory (DFT) level. Comparison of energy
levels for each oxidized species indicated a marked instability of most oxidation states except the
six-electron level, and an unexpected resilience to disproportionation of the one-electron oxidation
free radical species. Changes in the highest energy occupied molecular orbital (HOMO)-lowest energy
unoccupied molecular orbital (LUMO) gaps with oxidation state and tautomerism were determined
along with the main electronic transitions: more or less intense absorption in the visible region is
predicted for most oxidized species. Data indicated that the peculiar symmetry of the oxygenation
pattern pertaining to the four catechol/quinone/quinone methide moieties, in concert with the NH
centers, fine-tunes the optical and electronic properties of the porphyrin system. For several oxidation
levels, conjugated systems extending over two or more indole units play a major role in determining
the preferred tautomeric state: thus, the highest stability of the six-electron oxidation state reflects
porphyrin-type aromaticity. These results provide new clues for the design of innovative bioinspired
optoelectronic materials.

Keywords: porphyrin; eumelanin; DFT; ab initio calculation

1. Introduction

Eumelanins, according to a recent consensus definition, are “a black-to-brown insoluble subgroup
of melanin pigments derived at least in part from the oxidative polymerization of L-dopa via
5,6-dihydroxyindole (DHI) intermediates” [1]. Among organic polymers eumelanins occupy a unique
position because of (i) their widespread occurrence in nature, from man and mammals to fish, birds
and molluscs; (ii) the variety of biological roles, from photoprotection to scavenging of reactive
oxygen species and metal chelation; and (iii) a unique set of physical and chemical properties,
including broadband absorption throughout the visible range, water-dependent ionic-electronic
semiconductor-like behavior, stable free radical character and efficient nonradiative energy dissipation,
making them attractive candidates for biomedical and technological applications. Despite growing
interest in eumelanin-type functional materials and systems, a major gap hindering progress toward
melanin-based technology relates to the highly insoluble and heterogeneous character of these
polymers, which has so far hindered detailed insights into the structural basis of their physicochemical
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properties. In 2006 Kaxiras et al. [2] proposed on a theoretical basis that eumelanin properties could be
interpreted in terms of porphyrin-type building blocks derived from the oxidative cyclization of DHI
tetramers built via 2,7’-coupling (Scheme 1).

HO OH

. SO
_—
HO N 2,7-coupling
H OH
5,6-dihydroxyindole O ‘
(DHI)

7N\ g
o o

porphyrin-like tetramer

Scheme 1. Formation of a porphyrin-like tetramer (Kaxiras’s porphyrin, KP) by oxidation of
5,6-dihydroxyindole (DHI).

Density functional theory (DFT) calculations indicated broadband absorption properties
compatible with the optical properties of eumelanins. In a subsequent study, the authors suggested
that such tetramers could bind in a covalent manner through interlayer C—C bonds [3].

Inspired by these theoretical studies, several authors adopted Kaxiras’s porphyrin (KP) model to
explain eumelanin properties [4-7], despite the lack of more than circumstantial or indirect evidence
for porphyrin-type structures. Yet, regardless of its actual relevance to eumelanin structure, KP
is a noticeable example of polycyclic aromatic system built upon a key eumelanin building block
and displaying catechol-controlled electron properties, including aromaticity. This system, which is
conceptually related to the basic polycyclic scaffold of electroluminescent DHI-based triazatruxenes [8],
displays potential optoelectronic properties that seem worthy of being investigated at a theoretical
level in the quest for novel bioinspired functional systems. Of special interest, to this aim, is the impact
of the oxidation state on the thermodynamic stability of the porphyrin scaffold and the structural
and redox dependence of the highest energy occupied molecular orbital (HOMO)- lowest energy
unoccupied molecular orbital (LUMO) gap, which is critical for material design in organic electronics.

The aim of this paper is to integrate and expand previous computational studies on KPs in order
to draw a first set of fundamental structure—property relationships. Reported herein is a detailed
investigation of the structure and properties of this unique molecular platform as a function of the
oxidation state, with special reference to:

(a) The relative stability of the various oxidation states;

(b) The position of tautomeric and acid-base dissociation equilibriums in the various oxidation states;

(c) The spectroscopic (ultraviolet-visible (UV-Vis) and infrared (IR)) properties of the most stable
tautomers for each of the possible oxidation states;

(d) The nature of main electronic transitions;

(e) The aromatic character of each oxidation state.

It is expected that elucidation of KPs properties may guide the design of innovative catechol-based
redox tunable systems for bioinspired applications.

2. Methods

All calculations were performed with the Gaussian program package [9]. All structures were
geometry optimized at the DFT level, with a hybrid functional (PBE0) [10] and a reasonably large basis
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set (6-31+G(d,p)). For each species, different tautomers/conformers, as well as different protonation
states were explored. In those cases where conformational enantiomers exist, a single enantiomeric
series has been explored.

Computations were performed either in vacuo, or by adoption of a polarizable continuum
model (PCM) [11-14] to account for the influence of the solution environment. In view of the faster
convergence, a scaled van der Waals cavity based on universal force field (UFF) radii [15] was used,
and polarization charges were modeled by spherical Gaussian functions [16,17]; nonelectrostatic
contributions to the solvation free energy were disregarded at this stage; these terms were accounted
for in single-point PCM calculations (at the PCM geometries) employing radii and nonelectrostatic
terms of the SMD solvation model [18]. Vibrational-rotational contributions to the free energy were
also computed. For the preparation of IR spectra, harmonic frequencies were scaled by a factor of
0.9547 [19] and Gaussian line width of 20 cm~! was used.

Ultraviolet-visible spectra of the main species were computed in vacuo or in solution using
the time-dependent density functional theory (TD-DFT) approach [20-24], with the PBEO functional
and the 6-311++G(2d,2p) basis set. To produce graphs, transitions below 5.6 eV were selected, and
an arbitrary Gaussian line width of 0.25 eV was imposed; the spectra were finally converted to
a wavelength scale.

3. Results and Discussion

For the purposes of this study, several different oxidation states were considered, namely:
fully reduced (KP-Red), one-electron oxidation (KP-1e, as representative open shell state) and KP-2e,
KP-4e, KP-6e and KP-8e as closed shell states.

The generation of the relevant starting structures is straightforward for the KP-Red and KP-1e
states. However, for the higher oxidation states explored, the number of possible tautomeric species can
become quite significant. A simple procedure to generate them would consist in defining the number
of heteroatom-bound hydrogens that corresponds to the target oxidation state (e.g., 10 hydrogens
for KP-2e, 8 hydrogens for KP-4e, etc.), and placing them in all possible different ways on the
12 available positions of the porphyrin skeleton (i.e., N1, O5, and O6 for each of the four rings).
However, this procedure would not distinguish between closed-shell and open-shell species: these
latter are predictably characterized by lower stabilities, and were therefore disregarded in the present
exploration. Therefore, a systematic procedure for the generation of relevant closed-shell tautomers
was devised, based on combining individual DHI units at the following oxidation stages: (i) fully
reduced units, with dangling single bonds at the 2- and 7-position (one type); (ii) one-electron oxidized
units, with a dangling double bond at the 2-position and a dangling single bonds at the 7-position
(two types), or vice versa (two types); (iii) units at the two-electron oxidation level, with dangling
single bonds at the 2- and 7-position (three types, i.e., 0-quinone, quinone methide, or quinone-imine
forms), or else with dangling double bonds at both 2- and 7-position (one type). To build up staring
structures for the tetrameric porphyrin system, four building blocks were selected in such a way as to
match the desired overall oxidation stage of the porphyrin system, and were combined in all possible
ways compatible with the individual connectivity requirements; the resulting pool of structures was
examined, and duplicates were discarded. For each tautomer, at least two conformers were generated.

To facilitate discussion and comparison among structures at different oxidation stages, an ad hoc
naming scheme was devised, whereby the four individual DHI units of the porphyrin system are
labeled as “a”, “b”, “c”, and “d” in the sequence of the 2,7’-connectivities; moreover, mobile hydrogens
that have been removed on each unit are explicitly indicated: thus, for example, a four-electron
oxidized system featuring an o-quinone type unit bound through a 2,7’-single bond to a quinone
methide unit, would be dubbed “a56_b16_c0_d0”.

In a preliminary screening, presented in a separate paper, it was found that of the various
oxidation states accessible to KP, the six-electron state was relatively more stable [25]. Herein, we
provide a detailed account of the structural and spectral properties of KP at the aforementioned
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oxidation states in order to draw possible structure-property relationships that may allow prediction
of functionality and prompt the design of KP functional systems for specific applications.

The general computational frame adopted in this study to investigate energies, structures and
spectroscopic properties of the various species has proved reliable in several previous investigations of
DHI-related oligomers [26-29]. However, in order to confirm the reliability in the specific case of KP,
we carried out some ad hoc validation tests, which are reported as Supplementary Materials. First, we
compared the relative energies of the main tautomers/conformers of KP-4e (neutral form in vacuo)
at the PBEO and B3LYP level [30], using different basis sets, and we fund quite good reproducibility.
Analogous calculations were carried out on the main neutral species in all different oxidation states
in vacuo; using this set of data, we then recomputed and compared electronic energy changes for
disproportionation processes involving KP (see below, Section 3.7). Again, the results appeared rather
robust with respect to functional /basis set choice.

A validation of the computed UV-Vis data was sought by comparing TD-PBEO vs. TD-B3LYP
for two related nonoxygenated porphyrin systems that have been synthesized and characterized by
Nakamura and colleagues [31,32]. A similar comparison was extended to the high-wavelength electric
dipole-allowed transitions of porphin freebase, and of magnesium porphin. TD-B3LYP calculations
were also performed on the most significant tautomers/conformers (neutral forms) of KP in all
different oxidation states, and the resulting computed spectra were found to resemble closely their
TD-PBEQ counterparts. In this connection it is also worth noting that a recent study employing
a post-Hartree-Fock approach (CC2) [33] to investigate the onset of electronic absorption spectra of
DHI oligomers reported an overall fairly good agreement with literature TD-DFT results.

3.1. The Fully Reduced State (KP-Red)

Tables 1-3 report structures, energies and relative stabilities of tautomers/conformers in the fully
reduced state.

The neutral form has S, symmetry both in vacuo and in water; alternative symmetries, including
C4 and Cyy, correspond to high-order saddle points, and at any rate are much higher in energy.
In principle, many conformational possibilities arise in connection with the different orientations that
can be adopted by the OH groups. However, studies on DHI [34] have shown that both OH groups
are coplanar with the indole ring, and that “closed” geometries (i.e., those featuring an intramolecular
H-bond between O5-H and O6-H) are significantly more stable than the corresponding “open” form.
Of the two alternative “closed” forms, the one in which both OH bonds point in the opposite direction
with respect to nitrogen is marginally more stable, and has been adopted throughout. Of course,
“closed” geometries are invariably preferred when one of the oxygen centers bears a negative charge
or a radical.

Table 1. KP-Red, neutral form in vacuo.

Tautomer Conformer 2 E (Ha) ® Hggruo (Ha) © Grruo (Ha) 4

Sa —2050.155247 (0.0)  —2049.641430 (0.0)  —2049.739870 (0.0)

a0_b0_c0_d0

In parentheses relative energies (kcal mol™!) refer to the most stable form identified at the specified level. 2
For chiral structures, only one enantiomer is listed. ® Electronic energy. ¢ Enthalpy computed at 298.15 K within
the rigid-rotor /harmonic-oscillator (RRHO) approximation. ¢ Gibbs free energy computed at 298.15 K within the
RRHO approximation.
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Table 2. KP-Red, neutral form in water.

Grem Hpcwm,RrRHO GPCMRRHO Gsmp GSMD,RRHO

a
Tautomer Conformer (Ha) b (Ha) © (Ha) 4 (Ha) © (Ha) f

—2050.191047  —2049.678884  —2049.779144  —2050.220499  —2049.808596

51 ©0.0) ©.0) ©0.0) ©.0) ©0.0)

al_b0_c0_do

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. # For chiral
structures, only one enantiomer is listed. © Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. ¢ Gibbs free energy computed at 298.15 K within the RRHO approximation. ¢ Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Gpem,RRHO + Gsmp — Gpewm-

Table 3. KP-Red, monoanionic form in water.

Gpem Hpcwm,RRHO GpCM,RRHO Gsmp GSMD,RRHO
a 2 2 G
Tautomer Conformer (Ha) ® (Ha) © (Ha) 4 (Ha) © (Ha) £
—2049.709473
Cq, confl 8.6) - - - -
C: confl —2049.719292 —2049.220534 —2049.319341 —2049.749637 —2049.349686
I 24 (2.6) 2.4 w7 17)
—2049.723100 —2049.224673 —2049.323215 —2049.752271 —2049.352386
Cq, confl

0.0) (0.0) (0.0) 0.0) 0.0)

at_b0_c_d0

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. ? For chiral
structures, only one enantiomer is listed. b Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. d Gibbs free energy computed at 298.15 K within the RRHO approximation. ¢ Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Grem,RRHO + Gsmp — Gpewm-

The preferred site for deprotonation of KP-Red is predicted to be O6. Based on comparison of
AGsymp,rrHO Values with those of a number of reference acid /base pairs of the AH/A™ type, the pK,
is estimated around 8.2.

Ultraviolet—visible spectra of the most significant species of KP-Red were computed at the
TD-PBEQ level both in vacuo and in water (PCM) (Figure 1). Overall, they show reasonable
similarity to the spectrum computed at the same level for the fully reduced form of 2,7’-DHI dimer:
a moderate bathochromic shift of ca. 10 nm in the spectrum of KP-Red could reflect the influence
of additional interring conjugation, but also of a geometric constrain imposing s-trans conformation
for N-C2-C7'-C¢’ interring dihedrals. The rather large bandwidth reflects convolution of several
different individual electronic transitions: the longest-wavelength contribution, at 372 nm (in vacuo),
is HOMO-LUMO in character and is characterized by a moderate oscillator strength (f = 0.07); more
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intense transitions connect degenerate HOMO—1/HOMO-2 orbitals to the LUMO (357 nm, f = 0.36),
and the HOMO to degenerate LUMO+1 and LUMO+2 orbitals (327 nm, f = 0.38).

I L o A |
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dimshi’
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Figure 1. Computed ultraviolet-visible (UV-Vis) spectra of the most significant tautomers/conformers

in the reduced state. (a) Neutral form in vacuo, a0_b0_c0_d0, S4. (b) Neutral form in water, a0_b0_c0_d0,
Sy4.

Infrared spectra of the main species are displayed in Figure 2 (Raman spectra have been reported
in [25] and will not be discussed here). The spectrum of the reduced species will be useful as a reference
point for the discussion of the richer spectra of higher oxidation states.

_ |
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Figure 2. Computed infrared (IR) spectra of the most significant tautomers/conformers in the reduced
state. (a) Neutral form in vacuo, a0_b0_c0_d0, S4. (b) Neutral form in water, a0_b0_c0_dO0, Sy.

3.2. The One-Electron Oxidation State (KP-1e)

Tables 4-6 show structures, energies and relative stabilities of the most stable
tautomers/conformers in the one-electron oxidation state, i.e., those within 10 kcal mol~!
from the corresponding absolute minimum (complete lists are reported as Supplementary Materials).

While the full S4 symmetry of the reduced state is unavoidably lost, the overall shape of the
molecules is not drastically altered. The radical center is preferentially located at an O6 position,
again in close parallel with the case of DHI. Deprotonation is predicted to occur on the O6 position
of an adjacent ring, with a pK, of around 6.2, i.e., more than one pK unit lower with respect to value
computed at the same level for the deprotonation of an O6-centered DHI radical. In the same vein, the
a56_b0_c0_d0 tautomer, in which both proton and hydrogen atom are removed from the same indole
unit, is over 11 kcal mol ! higher in energy than the absolute minimum. Clearly, the possibility to
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distribute charge and spin over more than one ring favors deprotonation; at the same time, electron
delocalization is maximized by the involvement of adjacent indole rings.

Table 4. KP-1e, neutral form in vacuo.

Tautomer Conformer 2 E(Ha)P Hgruo (Ha) ¢ Grruo (Ha) ¢

Cy, confl —2049.532339 (5.5)  —2049.031222 (5.4)  —2049.129769 (5.2)

C1, confl —2049.541050 (0.0)  —2049.039878 (0.0)  —2049.138067 (0.0)

wa

ab_b0_c0_d0

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. ?
For chiral structures, only one enantiomer is listed. b Electronic energy. ¢ Enthalpy computed at 298.15 K within

the rigid-rotor/harmonic-oscillator (RRHO) approximation. ¢ Gibbs free energy computed at 298.15 K within the
RRHO approximation.

Table 5. KP-1e, neutral form in water.

Grem Hpcm,rrHO GPCM,RRHO Gsmp GSMD,RRHO
a | 8 )
Tautomer Conformer (Ha) ® (Ha) © (Ha) 4 (Ha) © (Ha) f

—2049.567367  —2049.067779  —2049.167187  —2049.594711 —2049.194531

€1, confl 49) @8) 6.1) @7) (4.9)

—2049.575106 —2049.075489 —2049.175302 —2049.602176 —2049.202372

C1, confl (0.0) (0.0) (0.0) (0.0) (0.0)

a6_b0_c0_d0

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. # For chiral
structures, only one enantiomer is listed. ® Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. ¢ Gibbs free energy computed at 298.15 K within the RRHO approximation. © Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Grem,RRHO + Gsmp — Gpewm-
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Table 6. KP-1e, monoanionic form in water.

Grem Hpcvprrao  Gpem,RRHO Gsmp GsMD,RRHO
a /! ! s
Tautomer Conformer (Ha) (Ha) (Ha) (Ha) © (Ha) 4
—2049.105711
C1, confl 73) - - - -
al6_bl_c0_do
—2049.103783
Cq, confl 5) - - - -
—2049.108387
Cq, confl 5.6) - - - -
a5_b6_c0_do
—2049.104303
C1, confl 82) - - - -
—2049.106920
C1, confl 65) - - - -
ah_b5 ol d0
—2049.117326 —2048.630807 —2048.728019 —2049.141803 —2048.752496
Cq, confl

(0.0) (0.0) (0.0) (0.0) (0.0)

af_bé_c_d0

In parentheses relative energies (kcal mol ') refer to the most stable form identified at the specified level. 2 For chiral
structures, only one enantiomer is listed. ® Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. ¢ Gibbs free energy computed at 298.15 K within the RRHO approximation. © Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Gpem,RrRHO + Gsmp — Gpem-

Computed UV-Vis spectra of the most significant neutral tautomers of KP-1le are shown in
Figure 3. Detailed analysis of the UV-Vis spectra of such open-shell species is difficult, and can be
complicated by intrinsic limitations of the TD-DFT model. However, in the case of a6_b0_c0_d0,
the predominant tautomer both in vacuo and in water, one can observe that the singly occupied
molecular orbital (SOMO) is mostly localized on the “a” ring, with some delocalization on the “d” ring,
and to a smaller extent also on the “b” ring. Such limited delocalization is reflected in the appearance
of the spectra, in which high-wavelength, low-intensity bands corresponding mostly to transitions

into the SOMO are superimposed on a trace resembling the spectrum of KP-Red.
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Figure 3. Computed UV-Vis spectra of the most significant tautomers/conformers in the one-electron
oxidation state. (a) Neutral form in vacuo: black line, a5_b0_c0_d0, Cq, confl; red line, a6_b0_c0_d0, Cy,
confl. (b) Neutral form in water: black line, a5_b0_c0_d0, Cy, conf1; red line, a6_b0_c0_d0 Cy, confl.

3.3. The Two-Electron Oxidation State (KP-2e)

in Tables 7-9.

Tautomer

The most significant structures corresponding to two-electron oxidation state are listed

Table 7. KP-2e, neutral form in vacuo.

Conformer ? E (Ha)®

Hgruo (Ha) ©

alb_b0_c0_d0

Q o
Mo, y,

T" e
o =

Grruo (Ha) 4

Cy, confl —2048.922889 (4.2)  —2048.433678 (4.0)  —2048.531488 (3.1)

P

=t e o
200 |
} Nt st

w ow

ab_bo_c0_d0

o

Cy, confl —2048.929568 (0.0)  —2048.440034 (0.0)  —2048.536382 (0.0)

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. 2

For chiral structures, only one enantiomer is listed. ® Electronic energy. © Enthalpy computed at 298.15 K within

RRHO approximation.

the rigid-rotor /harmonic-oscillator (RRHO) approximation. d Gibbs free energy computed at 298.15 K within the

Table 8. KP-2e, neutral form in water.
Gpem Hpcvrro — GPCMRRHO Gsmp GSMD,RRHO
a 2 % G
Tautomer Conformer (Ha) P (Ha) © (Ha) 4 (Ha) © (Ha) f
—2048.952050
Cq, confl G.1) -

alb_b0_c)_do
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Table 8. Cont.

Gpem Hpcmrrao — GPCM,RRHO Gsmp GSMD,RRHO
a 5 A )
Tautomer Conformer (Ha) ® (Ha) © (Ha) 4 (Ha) © (Ha)
—2048.947596
Cy, confl 79 - - _ _
—2048.960200 —2048.472201 —2048.569202 —2048.984556 —2048.593558
Cy, confl

0.0) (0.0) 0.0) 0.0) (0.0)

o oM
ab_bb_c0_d0

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. @ For chiral
structures, only one enantiomer is listed. ® Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. ¢ Gibbs free energy computed at 298.15 K within the RRHO approximation. © Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Grem,RRHO + Gsmp — Gpewm-

Table 9. KP-2e, monoanionic form in water.

a Gpem HpcmrrHO — GPCMRRHO Gsmp GSMD,RRHO
Tautomer Conformer (Ha) b (Ha) © (Ha) 4 (Ha) ¢ (Ha) f
—2048.487906
Cy, confl 83) - - _ ~
c nfl —2048.501057 —2048.026967 —2048.123602 —2048.520660 —2048.143205
1, €O (0.0) (0.0) (0.0) (0.0) (0.5)
c 1 —2048.494742 —2048.020572 —2048.118108 —2048.520680 —2048.144046
1 con (4.0) (4.0) (34 0.0) 0.0)
f{ . C;, confl —2048.497643 —2048.023707 —2048.120613 —2048.517642 —2048.140612
W 1 @1 2.0 (1.9) (1.9) 2
e
W o
ab_blb_cl_d0
—2048.487298
Cy, confl 86) - _ ~ _

e

"o
ab_b56_c0_di

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. @ For chiral
structures, only one enantiomer is listed. ® Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. ¢ Gibbs free energy computed at 298.15 K within the RRHO approximation. © Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RrRHO = Grem,RRHO + Gsmp — Gpewm-
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Already at this oxidation stage, and even restricting the attention to closed-shall forms, the number
of alternative tautomers starts to increase significantly. There are three ways to localize the oxidation
on a single ring (Figure 4, structures f-h), giving rise to a15_b0_c0_d0, a16_b0_c0_d0, or a56_b0_c0_d0
tautomers; moreover, four tautomers featuring an inter-ring double bond (al_b1_c0_d0, al_b6_c0_d0,
a6_b1_c0_d0, a6_b6_c0_d0) can be generated by combined two one-electron oxidized units (Figure 4,
structures b—e). However, most of these structures are energetically unviable. In practice, the
a6_b6_c0_d0 tautomer, featuring a quinone methide structure extended over two adjacent indole
rings, is predicted to prevail largely both in vacuo and in water. Thus, the tendency to maximize
electron delocalization by involving adjacent indole rings is confirmed in the two-electron oxidation
state. The double bond character of the C2 (ring a)-C7 (ring b) connectivity is reflected in the bond
length of 1.396 A (in vacuo; to compare with the other interring bonds of 1.542, 1.457 and 1.447 A).

HO. H:,\__/\ L HOL o H \ B3 \
— X I = I - ) iy
W T: a/ \T-.’ --.: HO™ ?‘Ql__f =y : =N
(a) (9

(b) (d) (e)
HO Z =
LR
[ N
(i)

Figure 4. Building blocks for generation of staring structures of closed-shell tautomers of Kaxiras’s
porphyrin. (a) Fully reduced units. (b—e) One-electron oxidized units. (f-i) Two-electron oxidized units.

(f) (8) (h)

Deprotonation of the system is predicted to occur from O5-H of the quinone methide ring, with
a pK, around 6.1, and slightly less probably from the NH (pK, ca. 6.4).

The two significant tautomeric forms of KP-2e, al6_b0_c0_d0 and a6_b6_c0_d0, display quite
similar spectra (Figure 5). Examination of the underlying orbital structure shows that in both cases the
high-wavelength region corresponds to an ordered series of several transitions starting from HOMO,
HOMO-1, HOMO-2, ... and ending in the LUMO. This latter orbital is rather similar in the two
species; however, correspondence of the other orbitals involved is only partial, and moreover some
inversions in energy ordering occur. The effect of solvation is also predicted to be comparable in the
two cases.

T R — T e e e’ T
Bmin' sawin'
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Figure 5. Computed UV-Vis spectra of the most significant tautomers/conformers in the two-electrons
oxidation state. (a) Neutral form in vacuo: black line, al6_b0_c0_d0, Cy, confl; red line, a6_b6_c0_d0,
Cq, confl. (b) Neutral form in water: black line, al6_b0_c0_d0, C;, confl; red line, a6_b6_c0_d0,
Cq, confl.
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Figure 6 shows the computed IR spectra of the two main tautomers. With respect to the spectrum
of KP-Red, the presence of new features in the carbonyl region is apparent; moreover, these are rather
different for the two tautomers. Visual examination of the individual normal modes shows that for
al16_b0_c0_d0, a quinone methide localized on ring a, the peak at 1655 cm ™! (in vacuo) correspond in
essence to an antiphase stretching of the C4-C5 double bond and of the C6-O carbonyl, accompanied
however by sizeable deformations of the C5-O-H moiety; the peak at 1562 cm~! can be described
as a C6-O carbonyl stretching. In the case of a6_b6_c0_d0, a quinone methide extended over rings
aand b, the peak at about 1609 cm~! convolutes two main transitions, separated by some 20 cm ™.
The high-wavenumber component corresponds to in-phase stretching of the C6-O (ring a) and C6-O
(ring b) carbonyls, which are conjugated through a system of three double bonds; the low-wavenumber
component (of higher intensity) represents the corresponding antiphase stretching.

Aberbissce {aitdirary wiits)

i | 0 |

oo n o 1000 Yoo T

(a) (b)

Figure 6. Computed IR spectra of the most significant tautomers/conformers in the two-electrons
oxidation state. (a) Neutral form in vacuo: black line, al6_b0_c0_d0, Cy, confl; red line, a6_b6_c0_d0,
Cq, confl. (b) Neutral form in water: black line, al6_b0_c0_d0, Cq, confl; red line, a6_b6_c0_d0,
Cq, confl.

3.4. The Four-Electron Oxidation State (KP-4e)

At this stage, structural complexity is remarkable: 49 closed-shell, neutral tautomers were
generated (each in at least two different staring conformation) and fully geometry-optimized. As a rule,
each of these structures features many nonequivalent deprotonation sites: an exploration of the
monoanionic forms would therefore be extremely challenging, and was not attempted in this case, nor
for any of the higher oxidation states.

At this oxidation level, the formation of m-conjugated cyclic systems extending over the
four indole units becomes possible, and is obtained in the following tautomers: al_bl_cl_d1
(28 m-electrons); al_bl_cl_dé6 (26 m-electrons); al_bl_c6_d6 and al_b6_cl_d6 (24 m-electrons);
al_b6_c6_d6 (22 m-electrons); a6_b6_c6_d6 (20 m-electrons). The relative energies of these species
vary over a large range (see Supplementary Materials); even restricting the attention to species that
comply with the 4n + 2 rule, al_b1_c1_d6 is 67.6 kcal mol~! above the absolute minimum (in vacuo).
Conversely, a6_b6_c6_d6, an antiaromatic system, has a relative energy of just 3.8 kcal mol~!. Overall, it
appears that aromatic character by itself is not a major predictor of tautomer stability.

Among all neutral tautomers, six were within 10 kcal mol~! from the absolute minimum in vacuo
(and respectively eight in water). These are listed in Tables 10 and 11.

As a matter of fact, a subset of structures is quite close in energy. Tautomers al6_b6_c6_d0
and a6_b6_c16_d0 combine the extended quinone methide structure described for the two-electron
oxidation state, with a single two-electron oxidized ring in a localized quinone methide tautomeric
arrangement. A new motif appears in a6_b16_c6_d0, in which a two-electron oxidized ring (Figure 4,
structure i) is interposed by means of double bonds between two one-electron oxidized building blocks,
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with formation of an extended system formally delocalized over three indole units. The character of the
interring double bonds is confirmed by the lengths of 1.395 A for C2 (ring a)-C7 (ring b), and 1.400 A
for C2 (ring b)-C7 (ring c) (in vacuo; the interring single bonds have instead lengths of 1.450 and 1.442
A). In water, the pool of predominant structures is enriched by still another tautomer, a6_b6_c6_d6,
formed by a duplication of the two-ring, two-electron building block described above. As a matter
of fact, even starting from higher S4 or C4 symmetries, the system spontaneously reverts to the C,
symmetry. Bond lengths reflect the alternation of interring double (1.390 A, in vacuo) and single bonds
(1.448 A).

Table 10. KP-4e, neutral form in vacuo.

Tautomer Conformer ? E (Ha)? Hgguo (Ha) ¢ Grruo (Ha) 4

Cy, confl —2047.692169 (6.3)

Cy, confl —2047.692054 (6.3) - -

Cy, confl —2047.700139 (1.3) ~ —2047.235705 (1.2) ~ —2047.331297 (1.1)

Cy, confl —2047.691396 (6.8) - -

Cy, confl —2047.702153 (0.0) ~ —2047.237674 (0.0)  —2047.333050 (0.0)
W ow
ab_bl6_ch_d0

Cy, confl —2047.699471 (1.7)  —2047.234863 (1.8)  —2047.330241 (1.8)

W

a6_b6_cl6_do
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Table 10. Cont.

Tautomer

Conformer ?

E (Ha) ®

HRgguo (Ha) € Grruo (Ha) d

C1, confl

—2047.696161 (3.8)

—2047.231453 (3.9)  —2047.325734 (4.6)

el

ab_bb_ch_dé

C,, confl

—2047.696144 (3.8)

—2047.231368 (4.0)  —2047.324833 (5.2)

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. 2
For chiral structures, only one enantiomer is listed. ® Electronic energy. © Enthalpy computed at 298.15 K within
the rigid-rotor/harmonic-oscillator (RRHO) approximation. d Gibbs free energy computed at 298.15 K within the

RRHO approximation.
Table 11. KP-4e, neutral form in water.
Gpem HpcmvrrHO ~ GPCM,RRHO Gsmp GSMD,RRHO
a ) 8 )
Tautomer Conformer (Ha) ® (Ha) © (Ha) 4 (Ha) © (Ha) f
—2047.716730
Cy, confl G1) - - _ R
il o —2047.716589
s oo Cy, confl - - - -
al6_b0_c16_do 2 (:2)
Cy confl —2047.722869 —2047.260061 —2047.355968 —2047.741845 —2047.374944
v (1.3) (1.3) (1.4) (1.6) (1.5)
—2047.714953
Cq, confl ©62) - - -

al_b6_c6_d6
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Table 11. Cont.

Gpem HpcmvrrHO ~— GPCM,RRHO Gsmp GsMD,RRHO
a 2 2 'y
Tautomer Conformer (Ha) b (Ha) © (Ha) 4 (Ha) © (Ha) f
—2047.714698
Cq, confl (64) - _ _ B
Wi oW
a56_bé_ch_d0
Pc"‘-.-f""l—.-'\J- 7 \J;
P /
& N"l - Ci confl —2047.724901 —2047.262199 —2047.358235 —2047.743929 —2047.377263
v (0.0) (0.0) (0.0) 0.2) (0.0)
c nfl —2047.722818 —2047.259858 —2047.355768 —2047.742349 —2047.375299
1, €O (1.3) (15) (15) 12) 12)
—2047.715313
Cy, confl ©60) - _ _ B
m‘v{‘\[} 3 on
o ) =
L ” 4 Cy, confl —2047.723719 —2047.260186 —2047.354624 —2047.744321 —2047.375226
e 1. 0.7) 13) @3) 0.0) 13)
oge
]
o, k
0
“J\?.. B -w? Cy, confl —2047.723546  —2047.260328 —2047.354611 —2047.743800 —2047.374865
/ : (0.9) (1.2) (2.3) (0.3) (1.5)

el

ab_bb_cb_d6

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. # For chiral
structures, only one enantiomer is listed. © Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. 4 Gibbs free energy computed at 298.15 K within the RRHO approximation. ¢ Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Grem,RRHO + Gsmp — Grewm-

The significant degree of structural variation of the predominant tautomers is reflected in the
computed UV-Vis spectra (Figure 7). Concerning the high-wavelength region, however, some general
trends can be identified. First, the seeming broadband absorptions can be traced back to the partial
overlap of a large number of weakly allowed transitions. Moreover, the highest wavelength transition
is invariably HOMO-LUMO in character. The transitions that follow display a rather strong orbital
mixing: a reasonably clear series of HOMO—1, HOMO-2, ... -LUMO transitions is interrupted by
several transitions into the LUMO+1 orbital, the exact ordering depending on the specific tautomer.
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Figure 7. Computed UV-Vis spectra of the most significant tautomers/conformers in the four-electrons
oxidation state. (a) Neutral form in vacuo: black line, al6_b6_c6_d0, Cy, confl; red line, a6_b16_c6_d0,
Cy, confl; green line, a6_b6_c16_d0, Cy, confl; blue line, a6_b6_c6_d6, C;, confl. (b) Neutral form in
water: black line, al6_b0_c16_d0, C,, confl; red line, al6_b6_c6_d0, Cy, confl; green line, a6_b16_c6_d0,
Cy, confl; blue line, a6_b6_c16_d0, Cy, confl; magenta line, a6_b6_c6_d6, Cy, confl.

Figure 8 reports the computed IR spectra of the main tautomers. Concentrating the analysis on
the carbonyl/double bond stretching region, one can observe that al6_b6_c6_d0 and a6_b6_c16_d0
display similar features, with main peaks at about 1620 and 1555 cm™! (in vacuo): this reflects
structural similarity, both tautomers consisting of localized quinone methide, and an extended
quinone methide involving the two following (al6_b6_c6_d0) or preceding (a6_b6_c16_d0) rings.
These features are shifted to ca. 1645 and 1527 cm™! in a6_b16_c6_d0, in which inter-ring double bonds
form a conjugated system extended over three rings. Inspection of the underlying normal modes
shows that the high-energy band results from overlap of several transitions; however, the two main
components correspond to motions centered in ring b. The higher-energy component, an antiphase
stretching of the C4-C5 double bond and of the C6—-O carbonyl, with concomitant deformations of
the C5-O-H moiety, is quite similar to that described for the isolated quinone methide (al16_b0_c0_d0
at the two-electron oxidation stage). The lower-energy, more intense contribution involves antiphase
stretching of the C6-O (ring a) and C6-O (ring c) carbonyls. Finally, in a6_b6_c6_d6, in which two
equivalent two-ring conjugated systems exist, main peaks are at 1616 and 1523 cm~!: although several
individual transitions are hidden under the 1616 cm ™! peak, the two most intense ones can be described
as in-phase (higher energy) and antiphase (lower energy) stretching of the C6-O (ring a) and C6-O
(ring b) carbonyls; of course, corresponding motions occur on the symmetry-related rings b and d,
with relative phases dictated by the B symmetry species of both modes.

[ L Ea——
LT

Figure 8. Computed IR spectra of the most significant tautomers/conformers in the four-electrons
oxidation state. (a) Neutral form in vacuo: black line, al6_b6_c6_d0, Cy, confl; red line, a6_b16_c6_d0,
Cy, confl; green line, a6_b6_c16_d0, Cy, confl; blue line, a6_b6_c6_d6, C;, confl. (b) Neutral form in
water: black line, al6_b0_c16_d0, C,, confl; red line, al6_b6_c6_d0, Cy, confl; green line, a6_b16_c6_d0,
Cy, confl; blue line, a6_b6_c16_d0, Cy, confl; magenta line, a6_b6_c6_d6, C,, confl.
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3.5. The Six-Electron Oxidation State (KP-6e)

Seventy-four tautomers of KP-6e were examined. Extended conjugated cyclic systems are
possible in the following cases: al6_b16_c1_d1 and al6_b1_c16_d1 (22 m-electrons); al6_b16_c1_d6,
al6_b16_c6_d1land al6_bl_cl6_d6 (20 m-electrons); al6_b16_c6_d6 and al6_b6_c16_d6 (18 m-electrons).
The 22 m-electrons systems, although predictably aromatic, are high in energy (ca. 100 kcal mol !
above the minimum; see Supplementary Materials), even more than the 20 7-electrons tautomers
(relative energies of ca. 45 kcal mol~1). However, the two 18 rt-electrons tautomers are indeed the two
most stable isomers identified at this oxidation stage. Of them, al6_b6_c16_d6 is strongly favored both
in vacuo and in water; al6_b16_c6_d6 is separated from the absolute minimum by ca. 8-9 kcal mol~!
(Tables 12 and 13).

Table 12. KP-6e, neutral form in vacuo.

Tautomer Conformer ? E (Ha)® Hggruo (Ha) © Grruo (Ha) 4

Cy, confl —2046.467842 (9.1) - -
Cy, confl —2046.482284 (0.0) - -
Cy, confl —2046.482242 (0.0)  —2046.043017 (0.0)  —2046.138676 (0.0)

al6_bé_cl6_d6

In parentheses relative energies (kcal mol 1) refer to the most stable form identified at the specified level. @ For chiral
structures, only one enantiomer is listed. b Electronic energy. © Enthalpy computed at 298.15 K within the
rigid-rotor /harmonic-oscillator (RRHO) approximation. ¢ Gibbs free energy computed at 298.15 K within the
RRHO approximation.
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Table 13. KP-6e, neutral form in water.

Gpem HpcmvrrHO ~ GPCM,RRHO Gsmp GsMD,RRHO
a 2 2 'y
Tautomer Conformer (Ha) P (Ha) © (Ha) 4 (Ha) ® (Ha) !
—2046.484846
C1, confl 7.9) - - - -
—2046.497644
C1, confl (=0.1) - - - -
—2046.497479 —2046.059837 —2046.154721 —2046.509330 —2046.166572
C,, confl

0.0) (0.0) (0.0) (0.0) (0.0)

alé_bé_cl6_d6

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. # For chiral
structures, only one enantiomer is listed. b Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. d Gibbs free energy computed at 298.15 K within the RRHO approximation. ¢ Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RrRHO = Grem,RRHO + Gsmp — Gpewm-

This situation may reflect in part an optimal arrangement of NH---N hydrogen bonds in the core
of the porphyrin ring; however, one should emphasize again the aromatic character of al6_b6_c16_d6
(nine conjugated double bonds in an uninterrupted cyclic arrangement; 18 m-electron system).
The molecule features C, symmetry: this is brought out clearly by a representation in terms of
resonance structures (Scheme 2). The partial double bond character of the interring bonds is reflected
in short lengths and in a moderate alternation (in vacuo, C2 (ring a))-C7 (ring b) and C2 (ring ¢))-C7
(ring d) have a length of 1.417 A, while C2 (ring b))-C7 (ring c) and C2 (ring d))-C7 (ring a) are
1.409 A long). The structure is much closer to planarity than in the lower oxidation states, reaching
an approximate Cpp, symmetry.

Scheme 2. al6_b6_c16_d6 as a hybrid between two equivalent contributing structures. The pattern of
conjugated double bonds forming an 18-electron aromatic system is highlighted in bold.
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Taken together, the two factors hinted above (favorable hydrogen bond pattern and extended
aromatic 7-electron system) confer a remarkable stability to the structure, both with respect to other
tautomeric arrangements at the same oxidation level, and in comparison to other oxidation states
(see below).

Figure 9 displays the computed UV-Vis spectra of al6_b6_c16_d6. A remarkable extinction
coefficient is predicted for the band at ca. 420 nm, higher than in any of the other oxidation states.
On account of the symmetry of the species, several electronic transitions are forbidden; many more
have low intensity, including notably the highest wavelength transition (1080 nm, f = 0.03, mostly
HOMO-LUMO in character). In the region above 500 nm, the only other transitions with non-null
oscillator strength are the following (in vacuo): 988 nm (f = 0.06, HOMO-LUMO+1); 729 nm (f = 0.02,
HOMO—-1-LUMO+1); 678 nm (f = 0.09, HOMO—1-LUMO); 569 nm (f = 0.05, HOMO—4-LUMO);
and 520 nm (f = 0.04, HOMO—4-LUMO+1). Orbital mixing is significant: in particular, whenever
a given excited state contains a LUMO component, the LUMO+1 is invariably strongly admixed,
and vice versa. This behavior is strongly reminiscent of the orbital structure of classical porphyrins,
in which, depending on the molecular symmetry, LUMO and LUMO+1 are either exactly or very
closely degenerate, and enter as a pair in the composition of the spectroscopically relevant excited
states. To be sure, the computed spectrum of al6_b6_c16_d6 displays typical signatures of a porphyrin:
the intense peak around 420 nm can be recognized as a Soret (B) band, while the low-intensity peaks at
higher wavelength can be classified, at least in part, as Q bands [35]. The 420 nm band corresponds to
two distinct transitions, at 431 and 418 nm (f = 0.56 and 0.79, respectively): this splitting can be traced
back to the lower symmetry of al6_b6_c16_d6 with respect to typical metalloporphyrin complexes
endowed with more or less exact Dy, symmetry—as a matter of fact, a similar situation is observed in
the less symmetric porphyrin free base (Dyy, in the parent heterocycle).
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Figure 9. Computed UV-Vis spectra of the most significant tautomers/conformers in the six-electron
oxidation state. (a) Neutral form in vacuo, al6_b6_c16_d6, C,, confl. (b) Neutral form in water,
alé_bé6_cl16_d6, Cy, confl.

As it is well known [36], vibronic features contribute significantly to the appearance of
experimental UV-Vis spectra of porphyrins. It is, therefore, expedient to recall that the computational
model we adopted does not include any such effects, not even a reproduction of the vibrational
structure of the allowed electronic transitions. Much progress has been done recently towards
automation and optimization of such computations [37], so that they are becoming feasible even for
large molecules in condensed phases; however, they remain by no means trivial. Certainly, the possible
involvement of such physical phenomena should be kept in mind if experimental data on the individual
KPs become available.

In order to better characterize the nature of the underlying electronic transitions, TD-DFT
calculations (Table 14) were repeated on al6_b6_c16_d6 in its Cp,-symmetric structure, which
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corresponds to a first-order saddle point. Use of a more symmetrical structure facilitates classification
of the orbitals and of the electronic states in terms of symmetry species; moreover, in the present
instance changes in transition wavelengths and intensities are negligible (a more complete version
of Table 14, including orbital symmetry labels, is available as Supplementary Materials, alongside
corresponding data for the Cp-symmetric structure).

Table 14. Excitations underlying the UV-Vis spectrum of al6_b6_c16_d6, computed at the Cy;, geometry

in vacuo.
Symmetry Main CI Contributions (Coefficients) * A (nm) (f) b
1B, HOMO—1 — LUMO (—0.12); HOMO — LUMO (0.60); HOMO — LUMO+1 (—0.32) 1080.6 (0.03)
1B HOMO—4 — LUMO+1 (0.14); HOMO—1 — LUMO (0.16); HOMO—1 — LUMO+1 9885 (0.06)
u (—0.15); HOMO — LUMO (0.32); HOMO — LUMO+1 (0.57) T
I HOMO-3 — LUMO (0.12); HOMO—-2 — LUMO (—0.26); HOMO—-2 — LUMO+1 (0.41); 779.9 (0.00)
8 HOMO-1 — LUMO+2 (—0.11); HOMO — LUMO+2 (0.49) i
1p, HOMO-2 — LUMO+2 (—0.11); HOMO—-1 — LUMO (0.34); HOMO—-1 — 729.8 (0.02)

LUMO+1 (0.59)
1A, HOMO-2 — LUMO (0.64); HOMO—2 — LUMO+1 (0.22); HOMO — LUMO+2 (0.12) 714.7 (0.00)

HOMO-3 — LUMO (—0.35); HOMO—2 — LUMO+1 (0.46); HOMO—1 — LUMO+2
(—0.14); HOMO — LUMO+2 (—0.35)

HOMO—4 — LUMO (0.30); HOMO—1 — LUMO (0.51); HOMO—1 — LUMO+1 (—0.31);
HOMO — LUMO+1 (—0.20)

1Ag HOMO-3 — LUMO (0.57); HOMO—2 — LUMO+1 (0.20); HOMO — LUMO+2 (—0.34) 638.0 (0.00)
HOMO-3 — LUMO (—0.12); HOMO—3 — LUMO+1 (0.67); HOMO—1 —

679.8 (0.00)

678.2 (0.09)

1
Ag LUMO2 (014) 579.1 (0.00)
HOMO-5 — LUMO (0.20); HOMO—5 — LUMO+1 (0.17); HOMO—4 — LUMO (0.54);
1B, HOMO-3 — LUMO+2 (0.12); HOMO—2 — LUMO+2 (0.24); HOMO—1 — 568.8 (0.05)
LUMO (—0.21)
1 HOMO-5 — LUMO (—0.36); HOMO—5 — LUMO+1 (0.12); HOMO—4 — LUMO+1 5199 (0.04)
u (0.49); HOMO—2 — LUMO+2 (0.29); HOMO—1 — LUMO+1 (0.10) e
HOMO-3 — LUMO+1 (—0.16); HOMO—2 — LUMO+1 (0.15);
1
Ag HOMO-1 — LUMO+2 (0.66) 506.4 (0.00)
1 HOMO-5 — LUMO+1 (—0.36); HOMO—4 — LUMO (—0.15); 1872 010)
u HOMO—4 — LUMO+1 (—0.19); HOMO—2 — LUMO+2 (0.54) ke
1 HOMO-5 — LUMO (—0.42); HOMO—4 — LUMO+1 (—0.20); 4584 (006)
u HOMO-3 — LUMO+2 (0.51); HOMO—1 — LUMO (—0.10) ke
HOMO-5 — LUMO (0.30); HOMO—5 — LUMO+1 (0.35); HOMO—4 — LUMO (—0.27);
. HOMO—4 — LUMO+1 (0.12); HOMO—3 — LUMO+2 (0.36); 1307 (056)
u HOMO-2 — LUMO+2 (0.11); HOMO—1 — LUMO (0.15); HOMO — LUMO+1 (~0.13); e
HOMO — LUMO-+4 (0.13)
HOMO-5 — LUMO+2 (0.12); HOMO—4 — LUMO+2 (0.68); HOMO—3 —
1
Ag LUMO (—o011) 4185 (0.00)
HOMO—5 — LUMO (—0.19); HOMO—5 — LUMO+1 (0.43); HOMO—4 — LUMO+1
1B, (—0.35); HOMO—3 — LUMO+2 (—0.26); HOMO—2 — LUMO+2 (0.15); 418.0 (0.79)

HOMO — LUMO (0.16); HOMO — LUMO+4 (0.11); HOMO — LUMO+5 (—0.12)

HOMO-10 — LUMO (0.24); HOMO-10 — LUMO+1 (0.20); HOMO-9 — LUMO+2 (—0.25);
1B, HOMO-8 — LUMO+2 (—0.10); HOMO-6 — LUMO (0.54); 407.1 (0.00)
HOMO-6 — LUMO+1 (0.15)

HOMO-10 — LUMO+2 (—0.12); HOMO-9 — LUMO (0.49); HOMO-9 — LUMO+1 (0.14);
HOMO-8 — LUMO (0.23); HOMO-8 — LUMO+1 (0.27); HOMO-6 — LUMO+2 (—0.28)

TAu 404.4 (0.00)

2 HOMO: Highest energy occupied molecular orbital; LUMO: Lowest energy unoccupied molecular orbital. b Only
transitions with A > 400 nm are listed.

Visual inspection of the molecular orbitals (available as Supplementary Materials) confirms that
the LUMO and LUMO+1 by orbitals correspond rather well to the degenerate pair of unoccupied
eg orbitals that are involved in the UV-Vis transitions of typical metalloporphyrins. However, the
situation becomes more intricate when the occupied orbitals are examined: in the present case, HOMO,
HOMO-1, HOMO—4 and HOMO-5 all belong to the same A, symmetry species, and mix heavily in
the transitions leading to the “Soret” band. This complicates a straightforward interpretation in terms
of the classical Gouterman “four-orbital” model [38].
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Simulated IR spectra of al6_b6_c16_d6 are shown in Figure 10. Main peaks in the carbonyl/double
bond stretching region are predicted at about 1655 and 1490 cm ™! (in vacuo). Four transitions of
comparable intensity underlie the 1655 cm~! peak. The highest energy component, at 1670 cm™?,
corresponds to the usual antiphase stretching of the C4-C5 double bond and of the C6-O carbonyl
(with concomitant deformations of the C5-O-H moiety), centered on the “b” indole unit (and of
course on the symmetry-related “d” indole unit: all four modes belong to the B symmetry species).
The transition at 1668 cm ™! is similar, but centered on ring a. Conversely, the 1644 cm~! transition
corresponds to an in-phase stretching of C4-C5 and C6-O of ring a, with a counterpart at 1639 cm ! for
the analogous motion on ring b. The peak at ca. 1490 cm ™! is composed by two main transitions, which
involve notably interring bonds; in particular, stretching contributions of C7 (ring b))-C7a (ring b) and
of C2 (ring b)-C7 (ring c) are prominent in the high-energy (1509 cm~!) component; C2 (ring b)-C7
(ring ¢) is also well present in the low-energy (1482 cm™1) counterpart, which however involves
a substantial contribution from in-plane bending of the N-H. Again, motions in the symmetry-related
rings are dictated by the B symmetry species of both modes.
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Figure 10. Computed IR spectra of the most significant tautomers/conformers in the six-electrons
oxidation state. (a) Neutral form in vacuo, al6_b6_c16_d6, C,, confl. (b) Neutral form in water,
al6_b6_cl6_d6, Cy, confl.

3.6. The Eight-Electron Oxidation State (KP-8e)

The highest oxidation state that has been examined in this study corresponds to removing eight
electrons and eight protons from the fully reduced tetramer. At such high oxidation states, the number
of possible tautomers starts to decrease: 24 tautomers were generated, and several conformers were
optimized as usual. A fully 7-conjugated cyclic system extending over the four rings is present in
al6_b16_c16_d16; however, with 16 m-electrons the system is predicted to be antiaromatic, and at any
rate it is high in energy (ca. 36 kcal mol~! above the minimum). Energetically significant species are
collected in Tables 15 and 16.
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Table 15. KP-8e, neutral form in vacuo.

Tautomer Conformer ? E (Ha) ® Hggrpuo (Ha) € Grruo (Ha) ¢

LW Cy, confl —2045.192843 (—0.1) - -

Yy

P

e, 5 Cy, conf2 —2045.192633 (0.0) - -
e

o St
alb_bs6_cl6_ds6 Cy, confl —2045.192633 (0.0) —2044.778733 (0.0)  —2044.873783 (0.0)

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. ? For
chiral structures, only one enantiomer is listed. b Electronic energy. ¢ Enthalpy computed at 298.15 K within the
rigid-rotor /harmonic-oscillator (RRHO) approximation. 4 Gibbs free energy computed at 298.15 K within the

RRHO approximation.
Table 16. KP-8e, neutral form in water.
Gpem Hpcmrrao  GPCMRRHO Gsmp GSMD,RRHO
a 2 ! G
Tautomer Conformer (Ha) ® (Ha) © (Ha) 4 (Ha) © (Ha) f
—2045.205247
Cq, confl 9.5) - - - -
—2045.220522
C1, confl 0.0) - - - -
C nfl —2045.220445 —2044.807661 —2044.902116 —2045.234643 —2044.916314
2, €0 (0.0) (0.0) (0.0) (0.0) (0.0)
—2045.208959
C1, confl 72) - - - -

al6_b56_c56_d56

In parentheses relative energies (kcal mol~!) refer to the most stable form identified at the specified level. # For chiral
structures, only one enantiomer is listed. ® Electronic energy including electrostatic contributions at the polarizable
continuum model (PCM) level. © Enthalpy computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO)
approximation. 4 Gibbs free energy computed at 298.15 K within the RRHO approximation. ¢ Electronic energy
including nonelectrostatic terms according to the SMD solvation model. f Gsmp,RRHO = Grem,RRHO + Gsmp — Grewm-

As it turns out, a single form, namely al6_b56_c16_d56, predominates largely both in vacuo and in
water. Here all rings are at the same two-electron oxidation state, and localized quinone methide units
alternate with localized o-quinones so as to create an optimal pattern of transannular NH---N hydrogen
bonds. However, porphyrin-type aromaticity is lost at this stage. The structure is C,-symmetric, but
less close to planarity that the main tautomer of KP-6e; interring bonds are longer (1.419 and 1.434 A,
in vacuo).

The electronic spectrum (Figure 11) resembles roughly that of KP-6e; however, the main peak
is shifted hypso- and hypochromically. In the low-energy region, transitions of significant intensity
(in vacuo) are predicted at 985 (f = 0.10; mostly HOMO-LUMO), 788 (f = 0.18; main components
HOMO-LUMO and HOMO—-1-LUMO+1), and 586 nm (f = 0.05; HOMO—1-LUMO+2).

The IR spectrum of al6_b56_c16_d56 (Figure 12) shows in the carbonyl region a major peak
(1690 cm~! in vacuo, 1657 cm~! in water). In terms of normal modes, this corresponds to a stretching
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motion of the o-quinone carbonyl groups, which is in phase for what concerns the two carbonyls on the
same ring, and antiphase for what concerns the symmetry-related b and d rings (B symmetry species).
The mode in which the two carbonyls on a same ring move in antiphase is slightly higher in energy,
but has much lower intensity. Modes centered on the quinone methide rings (a and c) account for the
low-wavenumber shoulder of the peak. Major contributing transitions can also be identified for the
bands at 1575-1535 cm~!. The principal contribution to the high-energy band comes from a mode
involving in-phase stretching of C7 (ring a)-C7a (ring a) and of C2 (ring a)-C7 (ring b); bending of
the NH group is prominent (as usual, motions of the other rings account for a B symmetry species).
Analogous stretching motions of C7 (ring a)-C7a (ring a), C7 (ring b)—C7a (ring b), C2 (ring b)-C7
(ring c) is involved in the low-energy transition; however, the NH bending contribution is much
smaller in this case.
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Figure 11. Computed UV-Vis spectra of the most significant tautomers/conformers in the
eight-electrons oxidation state. (a) Neutral form in vacuo, al6_b56_c16_d56, C;, confl. (b) Neutral
form in water, al6_b56_c16_d56, C,, confl.
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Figure 12. Computed IR spectra of the most significant tautomers/conformers in the eight-electrons
oxidation state. (a) Neutral form in vacuo, al6_b56_c16_d56, C;, confl. (b) Neutral form in water,
al6_b56_cl16_d56, C,, confl.

3.7. HOMO-LUMO Gaps

Trends in HOMO and LUMO energies and in the resulting HOMO-LUMO gaps are illustrated in
Table 17 for the main neutral species in each oxidation state.
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Table 17. HOMO and LUMO energies, and corresponding HOMO-LUMO gaps, computed at the
PBE0/6-311++G(2d,2p)/ /BE0/6-31+G(d,p) level in vacuo and in water.

- Enomo Erumo Enomo Erumo Gap
G V)

Oxé‘::ttem“ Tautomer Conformer (eV) (eV) ap (eV) (eV) (eV) (eV)
In Vacuo In Water

KP-Red a0_b0_c0_do Sy —5.074 —1.308 3.767 —5.363 —1.499 3.864

KP-1 a5_b0_c0_d0 C1, confl —5.341 —1.556 3.784 —5.465 —1.644 3.822

e a6_b0_c0_do Cq, confl —5.073 —1.512 3.561 —5.314 —1.609 3.705

KD-2 alé_b0_c0_do C1, confl —5.269 —3.449 1.821 —5.480 —3.696 1.783

e a6_b6_c0_do Cq, confl —5.272 —3.708 1.565 —5.329 —3.834 1.495

al6_b0_cl6_d0 Cy, confl - - - —5.603 —3.748 1.855

al6_b6_c6_d0 C1, confl —5.506 —4.114 1.392 —5.443 —4.086 1.357

KP-4e a6_bl6_c6_d0 C1, confl —5.479 —4.084 1.395 —5.443 —4.057 1.386

a6_b6_c16_d0 Cq, confl —5.451 —4.053 1.398 —5.418 —4.020 1.398

a6_b6_c6_d6 C,, confl —5.479 —4.371 1.108 —5.280 —4.145 1.135

KP-6e al6_b6_cl6_d6 Cy, confl —5.978 —4.280 1.698 —5.890 —4.171 1.719

KP-8e al6_b56_c16_d56 Cj, confl —6.393 —4.787 1.605 —6.132 —4.558 1.574

As expected, the oxidation state plays the largest role; however, even within the range of
energetically significant species, changes connected to the specific tautomer/conformer are sometimes
significant. HOMO energies display a rather regular decrease as a function of oxidation state; by
contrast, LUMO energies shows larger and less regular changes, with a marked downward step of
ca. 2.0 eV between KP-Red /KP-1e and KP-2e. The combined effect of these two factors is that the
HOMO-LUMO gap changes significantly along the series, reaching a minimum for KP-4e (1.108 eV
for a6_b6_c6_d6; ca. 1.4 eV for the other tautomers). Values for KP-2e, KP-6e and KP-8e are in the
range 1.5-1.8 eV. Solvent effects on the HOMO-LUMO gap are significant in some cases; however, the
overall picture is not substantially modified.

3.8. Disproportionation Equilibria

Table 18 lists reaction free energies computed in vacuo and in water for several disproportionation
processes involving KP at different oxidation levels. For ease of comparison, values referred to the
conversion of one mole of reactant are also listed (this would entail use of fractional stoichiometric
coefficients for the products).

Table 18. Reaction free energies computed for several disproportionation processes involving KP.

. AGgrruo (kcal mol 1) AGSMD,RRHO (kcal mol 1)
Reaction (In Vacuo) ? (In Water) ®
2 KP-1e = KP-Red + KP-2e —0.1 (—0.04) 1.6 (0.8)
2 KP-2e = KP-Red + KP-4e —0.1 (—0.05) 0.8 (0.4)
2 KP-4e = KP-2e + KP-6e —5.6 (—2.8) —3.5(—1.8)
2 KP-6e = KP-4e + KP-8e 443 (22.1) 24.8 (12.4)
6 KP-1le = 5 KP-Red + KP-6e —6.3 (—1.0) 2.9 (0.5)
3 KP-2e = 2 KP-Red + KP-6e —5.8(—1.9) —1.9 (—0.6)
3 KP-4e = KP-Red + 2 KP-6e —11.3(-3.8) —6.2(-2.1)
4 KP-6e = KP-Red + 3 KP-8e 121.4 (30.4) 68.2 (17.1)

For each oxidation state and condition (vacuo, water), the free energy of the most stable form identified was used
in the calculations. In parentheses values referred to the conversion of one mole of reactant. * Reaction free energy
computed at 298.15 K within the rigid-rotor /harmonic-oscillator (RRHO) approximation. ® Reaction free energy
computed at 298.15 K at the polarizable continuum model (PCM) level within the RRHO approximation, and including
nonelectrostatic terms according to the SMD solvation model (Gsyp,rrHO = Grem,rrHO + Gsmp — Gpem)-

In vacuo, the predicted behavior is very clear: all forms at oxidation stages intermediate

between the fully reduced and the six-electron oxidized level are predicted to undergo spontaneous
disproportionation, leading eventually to formation of KP-Red and KP-6e.
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KP-8e corresponds to the highest oxidation level computed in this study; therefore, its
disproportionation could not be modeled. However, disproportionation of KP-6e to KP-Red and
KP-8e is so unfavorable (i.e., the opposite comproportionation process is so favorable) that KP-8e could
not coexist with any substantial amounts of forms below the six-electron oxidation level; therefore, it
could become significant only under specific oxidizing conditions.

Moreover, oxidation levels above KP-8e can be expected to be even less stable. For example,
a closed-shell structure for KP-10e requires that at least two indole units reach the three-electron
oxidation state. The remaining two units can then contribute a two-electron oxidation level each;
in alternative, one of them can be at the one-electron oxidation level, and the other one again at the
three-electron level. There is just one way to write a three-electron oxidized building block (Figure 13).
Intrinsically, this would be a high-energy site: as a matter of fact, this type of building block was not
employed in the generation of starting structures of lower oxidation levels. Moreover, there is no way
to combine two such units with two two-electron oxidized building blocks (see Figure 4), nor any way
to arrange three three-electron units with a one-electron building block. Analogous considerations
hold for KP-12e.
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Figure 13. A three-electron oxidized building block, which would be needed for the generation of
closed-shell tautomers at oxidation levels above KP-8e.

The one-electron oxidation free radical species displays a remarkably low tendency to
disproportionation: however, the process is still predicted to be favorable in vacuo.

In water, disproportionations of KP-6e remain highly endoergonic, but less so than in vacuo.
All other disproportionation processes are slightly less favorable in water than in vacuo. In particular,
the conversion of KP-2e to KP-Red and KP-4e becomes unfavorable, however, this is compensated
by subsequent disproportionation of KP-4e, so that the overall conversion of KP-2e to KP-Red and
KP-6e remains spontaneous. By contrast, disproportionation of KP-1e (either to KP-Red and KP-2e,
or all the way to KP-Red and KP-6e) is predicted to be (slightly) endoergonic: this would imply that
the free radical should be present in appreciable concentrations in partially oxidized mixtures of KP
tetramers in aqueous conditions. This could be taken as an indication of a high reactivity of KP under
such conditions [39].

More in general, the comparatively small values of reaction free energies in water would allow for
co-existence of species at different oxidation stages. This is particularly relevant in view of the predicted
variations of UV-Vis absorption spectra as a function of oxidation level, which is characterized by
significant shifts in the absorption properties, especially in the low-energy visible end of the spectrum.

4. Conclusions

The basic variations in the structural features, chemical stability and optical properties of the
DHI-based porphyrin system reported by Kaxiras in 2006 have been investigated in a systematic
manner by a DFT approach as a function of main accessible oxidation states. Main results can be
summarized as follows:

i. As a rule, oxidation of the tetracatechol system results in a loss of stability, with the noticeable
exception of the six-electron level and the unexpectedly low tendency of the one-electron
oxidation free radical species to disproportionate.

ii. Oxidation is associated with variable changes in the HOMO-LUMO gaps leading to the
development of more or less intense absorption bands in the visible region.
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ii. Tautomerism becomes significant with increasing oxidation states, whereby conjugated systems
extending over two or more indole units usually play a major role in determining the preferred
tautomeric state.

iv. The highest stability predicted for the six-electron oxidation state would at least in part reflect
porphyrin-type aromaticity imparted to the core tetrapyrrole ring system by oxidation at the
catechol centers.

Overall, these results allow us to conclude that the co-existence in the planar cyclic platform
of a symmetric tetracatechol oxygenation pattern that can interact with the four central NH
centers endows this intriguing tetraindole system with highly tunable optical, redox and electronic
properties that are governed by reversible and dynamic interconversion of catechol/semiquinone/
quinone/quinone methide moieties. These results may guide the design of innovative bioinspired
optoelectronic materials of potential technological interest.

Supplementary Materials: The following are available online at www.mdpi.com/2313-7673/2/4/21/s1.
Figure S1: Selected molecular orbitals of the al6_b6_c16_d6 tautomer of KP-6e, computed in vacuo at the
Cyp, geometry, Figure S2: Ultraviolet-visible spectrum of the parent non-oxygenated porphyrin ([31], compound 1)
and of a related brominated and oxidized aromatic derivative (ibid., compound 8) computed at different
theory levels, Figure S3: Ultraviolet-visible spectra of the most significant tautomers/conformers (neutral
forms) in the different oxidation states, computed at the TD-B3LYP/6-311++G(2d,2p)//PBE0/6-31+G(d,p)
level in vacuo, Figure S4: Molecular structures of the most significant tautomers/conformers (neutral forms
in water) in the different oxidation states, Tables S1-S15: Structures, energies and relative stabilities of
the most stable tautomers/conformers in all oxidation/protonation states explored, in vacuo and in water,
Tables S16 and S17: Excitations underlying the UV-Vis spectrum of the al6_b6_c16_d6 tautomer of KP-6e,
computed in vacuo at the Cyj, geometry and at the C; geometry, Table S18: Comparison of the electronic energies
of the main tautomers/conformers of the neutral form of KP-4e, computed in vacuo at different theory levels,
Tables S19 and S20: Electronic energies of main neutral species of KP computed in vacuo at different theory levels,
and resulting electronic energy changes for disproportionation processes, Tables 521 and 522: Comparison of the
electronic transitions of porphin freebase and of magnesium-porphin, computed in vacuo at different levels.
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Abstract: Despite its importance, little is known about the absolute performance and the mechanism
for quercetin’s antioxidant activity in water solution. We have investigated this aspect by combining
differential oxygen-uptake kinetic measurements and B3LYP/6311+g (d,p) calculations. At pH =2.1
(30 °C), quercetin had modest activity (ki,, = 4.0 X 10° M~1 571y, superimposable to catechol.
On raising the pH to 7.4, reactivity was boosted 40-fold, trapping two peroxyl radicals in the
chromen-4-one core and two in the catechol with ki, of 1.6 x 10° and 7.0 x 10* M~1 s~1. Reaction
occurs from the equilibrating mono-anions in positions 4’ and 7 and involves firstly the OH in
position 3, having bond dissociation enthalpies of 75.0 and 78.7 kcal/mol, respectively, for the
two anions. Reaction proceeds by a combination of proton-coupled electron-transfer mechanisms:
electron—proton transfer (EPT) and sequential proton loss electron transfer (SPLET). Our results help
rationalize quercetin’s reactivity with peroxyl radicals and its importance under biomimetic settings,
to act as a nutritional antioxidant.

Keywords: catechol; peroxyl radicals; proton-coupled electron transfer; kinetics; thermodynamics;
mechanisms

1. Introduction

Quercetin is perhaps the most famous flavonoid antioxidant: a member of the flavonols family,
bearing a catechol moiety (ring B) linked in position 2 to the polyhydroxylated chromen-4-one core
(Scheme 1). It is found in a large variety of dietary vegetables [1], which makes its presence in
raw food nearly ubiquitous, and the typical daily intake was estimated as 25 mg/person/day
in the U.S. diet [2]. Some sources such as capers, dill, cilantro, radish, carob, fennel, radicchio
and onions are particularly rich, with 30-230 mg of quercetin or its glycosides per 100 g of edible
portion [1-5], while green and black tea infusions have been reported to contain, respectively, about
480 and 330 mg/L of quercetin glycosides [1]. Considering that oral bioavailability can be as large
as 50% (including its phenolic metabolites) [1,3], clearly, under a vegetable-rich dietary regime,
quercetin can significantly contribute to the physiological antioxidant defense. Quercetin has also
been attributed a range of healthy biological activities, including anti-inflammatory, blood vessel
protecting, anti-platelet aggregation, antiviral, anti-cataract, enhancement of cognitive function, and
anti-cancer [1,2,6-9]. Although regulatory agencies such as the European Food Safety Authority (EFSA)
indicate that there is insufficient clinical evidence to support them [10], it is noteworthy that many
such health-related claims are directly or indirectly associated to quercetin’s purported antioxidant
activity. Its antioxidant activity has also recently been exploited, for instance, in the development of
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bioinspired synergic nano-antioxidants [11], or of co-delivery vincristine-quercetin nanodrugs for the
treatment of lymphoma [12], and it has inspired the design of pH-responsive nanocarriers for drug
release [13]. Owing to its importance, the antioxidant activity of quercetin has been the subject of many
investigations [14,15]; however, surprisingly little is known about the actual mechanism and relevant
quantitative values of its antioxidant activity under biomimetic settings (i.e., on the mechanism and
absolute kinetics of reaction with peroxyl radicals [16-20] in water).

quercetin

Scheme 1. Possible reaction pathways for quercetin in water. Two mechanistic possibilities, arising
from current literature, could account for the antioxidant activity of quercetin in water solution: Path A
illustrates the electron—proton transfer (EPT) to peroxyl radicals from the catechol moiety, while Path
B depicts the sequential proton loss electron transfer (SPLET = PT/ET) to water/peroxyl radicals.
ET: Electron transfer; PT: Proton transfer.

At variance with the assessment of antioxidant activity by rapid assays [20], which has occurred
in the majority of studies, and carries no mechanistic information [20], relevant kinetic data on the
reaction with peroxyl radicals—namely the absolute rate constant and the stoichiometric factor for the
antioxidant, ki and n, respectively—have recently been obtained by inhibited autoxidation studies in
organic solution, specifically in chlorobenzene [11,21-23], in tert-butanol [21] and in acetonitrile [11,23].
Those studies converge, indicating that the catechol ring B is the “active” moiety, trapping n = 2
peroxyl radicals by formal H-atom transfer (the mechanism can actually be described as a concerted
electron—proton transfer, EPT [24]) as depicted in Scheme 1, Path A. The values of ki, recorded
in those studies range ~5 x 10° M~! s7! in PhCl (30 °C), ~2 x 10* M~ s7! in +-BuOH (50 °C) to
~1 x 10* M~1 571 in MeCN (30 °C), being superimposable to those of catechol itself [22] (See Table 1),
and indicating that the polyhydroxy chromen-4-one core has little role in the antioxidant activity.
On the other hand, using the persistent 2,2-diphenyl-1-picrylhydrazyl radical (DPPH®) as the model
oxidant, Litwinienko and coworkers found that in protic solvents the reactivity of several flavonoids,
including quercetin, was related to their pK for acid dissociation (pKj,). Reaction of quercetin was found
to be 1000-fold faster in methanol than in dioxane and was suggested to occur upon deprotonation
in position 7 (ring A), via a mechanism named sequential proton loss electron transfer (SPLET) [25],
and composed of a proton transfer (PT) to the solvent and an electron transfer (ET) to the oxidizing
radical, as depicted in Scheme 1, Path B. This indicates that, owing to its acidity, in water solution at
pH 7.4, quercetin should react with peroxyl radicals by a similar mechanism, in which the catechol
has only a secondary role. Unfortunately, the study of the antioxidant behavior of water-soluble
quercetin in water solution has so far been precluded by the lack of suitable methods of investigation.
Our recent development and validation of one such method [26] has paved the way to filling this
fundamental gap. Therefore, we report here a kinetic study on the antioxidant behavior of quercetin in
water solution, accompanied with quanto-mechanical calculations aimed at clarifying its mechanism
of reaction with peroxyl radicals. Calculations have also been matched with previously available
spectroscopic data, so to compose a hopefully clear picture of the redox chemistry of quercetin in water,
under biomimetic settings.
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Table 1. Rate constants k;,}, and stoichiometric factors n for the trapping of peroxyl radicals by quercetin
and reference antioxidants, measured in the inhibited autoxidation of tetrahydrofuran (THF) in buffered
water at 303 K. Reference values in other solvents are reported for comparison.

Water MeCN PhCl
pH=21 pH=74
Kkinn M~ 1s™1) n Kinh M~ 1s71) n Kinn M~ 1s71) n Kkinn M~ 1s71) n
Quercetin (4.0 + 0.5) x 10% gg i 8;; i 13? i(l) i gé 1.2 x 1042 2.1 5.6 x 10°P 2.1
Catechol © 3.0 x 10% - 7.0 x 10% - 2.5 x 10* 2 55 x 10°P 2.0
PMHC © 1.9 x 10° 1.8 2.0 x 10° 1.8 6.8 x 10° 2 3.2 x 10° 2.0

2 Data from reference [22]. b Data from reference [23]. ¢ Data from reference [26]. PMHC:2,2,5,7,8-
Pentamethyl-6-chromanol.

2. Materials and Methods

2.1. Materials

All chemicals and solvents were of the highest purity commercially available (Sigma-Aldrich,
Milan, Italy). 2,2"-Azobis(2-methylpropion-amidine)dihydrochloride (AAPH) and quercetin were used
as received. 2,2,5,7,8-Pentamethyl-6-chromanol (PMHC) was recrystallized from hexane, and catechol
was recrystallized from ethyl acetate/hexane. Tetrahydrofuran (THF) was distilled and stored under
argon at 5 °C; the content in hydroperoxides was determined by spectrophotometry at 262 nm in
isopropanol upon reaction with triphenylphosphine, and found to be <50 ppm (ug g~ ') [26]. Buffers
were prepared in bidistilled water as previously described [26]: buffer pH 2.1, NaH,PO4-2H,0 (0.39 g,
0.05 mole) and H3POy4 85% (0.17 mL, 0.05 mole) were dissolved in water (50 mL); buffer pH 7.4,
Nap,HPOy4 (0.595 g, 0.096 mole) and NaH,PO4-2H,0 (0.125 g, 0.016 mole) were dissolved in water
(50 mL). Buffer solutions were mixed with the desired amount of THF (typically 3:1 v/v) after having
adjusted the pH to the desired value [26].

2.2. Kinetic Measurements

Autoxidation experiments were performed in a two-channel oxygen-uptake apparatus based on a
Validyne DP 15 differential pressure transducer (Validyne Engineering, Northridge, CA, USA) built
in our laboratory and described previously [27]. Azo-initiator AAPH was prepared in concentrated
stock solutions that were injected into the reaction mixture to the desired final concentrations (typically
12.5-75 mM). AAPH solutions were freshly prepared every 4 h and stored at 5 °C to avoid excessive
hydrolysis. In a typical experiment, an air-saturated solution of THF-water (1:3 v/v) containing
the desired buffer (0.1 M) and the initiator was equilibrated with an identical reference solution
containing an excess of PMHC. After equilibration, and when a constant O, consumption was reached,
a concentrated solution of the antioxidant was injected into the sample flask. The oxygen consumption
of the sample was measured, after calibration of the apparatus, from the differential pressure recorded
with time between the two channels. Initiation rates, R;, were determined for each set of conditions by
matching autoxidation experiments, using PMHC as the reference antioxidant, by means of Equation
(1). Absolute ki, values were determined, after independent assessment of R;, from 4 to 10 inhibited
autoxidation experiments with antioxidant (AH) concentration in the range 10-50 uM by means of
Equation (2) and values of n were determined from the same experiments by Equation (1) [26,27].

n[Antioxidant

Ri= nlAntioxidant] pe } 1)
_di0s) _ kp[THEIR,
dt n nkinh[AH]

@
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2.3. Calculations

Geometry optimization and frequencies were computed in the gas phase at the B3LYP/6-31+g
(d,p) level; stationary points were confirmed by checking the absence of imaginary frequencies.
Thermochemistry was computed at 298 K using the scaling factor of 0.9806 [28]. Relative stabilities
in the gas phase and in water were computed by applying the free energy correction at 298 K
to single point calculations at the B3LYP/6-311+g (d,p) level without and with the polarizable
continuum model (PCM), respectively. Bond dissociation enthalpies (BDEpy) values were computed
by the isodesmic approach using unsubstituted phenol as the reference, whose BDEpy in water
is 88.2 kcal/mol, by using enthalpy corrected total free energy in solution obtained by the PCM
method [29,30]. The ultraviolet-visible (UV-vis) spectra of the most stable conformers were calculated
by time-dependent density functional theory (TD-DFT), performed at the B3LYP/6-311+g (d,p) level
either in the gas phase or in water by using the PCM model [31]. Conformational isomers had very
similar calculated transitions in the wavelength range considered (350-700 nm), therefore only the most
stable conformers were considered. Calculations were performed by using Gaussian 03 software [32]
(see Appendix A in the Supplementary Materials). To visually compare calculated spectra with
experimental spectra, each transition obtained by TD-DFT calculation was convoluted by a Gaussian
function g; (x), Equation (3), where ¢;, fw; and o; are the energy (in eV), the oscillator strength and the
full width at half maximum (FWHM) of the peak, respectively.

2
sz h;er;UeXp<<2(x?f)m> ) ®

The UV-vis spectrum f(x) is built as a sum of N bands (Equation (4)), where S is a scale factor and
gi (x) is the Gaussian function defined above.

f(x) =5 gi(x) @)

The scale factor S was adjusted manually, on a trial-and-error basis, to reproduce the intensity of
experimental spectra, whereas ; was fixed to 0.5 eV. Calculated spectra were finally converted to the
wavelength scale (nm) to be compared to experimental spectra [33].

3. Results and Discussion

3.1. Kinetic Measurements with Peroxyl Radicals

The antioxidant activity of quercetin was measured by studying the inhibited autoxidation of THF
in buffered water solution initiated at 30 °C by the thermal decomposition of azo-initiator AAPH [26],
monitoring oxygen consumption by a differential oxygen-uptake apparatus [26,27] (Figure 1). PMHC,
a less lipophilic mimic of x-tocopherol with identical reactivity to peroxyl radicals [26], was used as
the reference antioxidant. Measurements were performed both at pH 2.1 and at pH 7.4 and results are
collected in Table 1 along with those of reference antioxidants obtained under comparable settings.

At pH 2.1, quercetin exhibited modest antioxidant behavior: at concentrations up to 50 uM, it was
only able to slow down the oxygen uptake, without giving a neat inhibition period as observed
with reference PMHC, thereby preventing the assessment of 1, the number of peroxyl radicals
trapped by each antioxidant molecule. The measured rate constant k;,},, calculated by assuming
n =2, was4.0 x 10> M~ s71, very similar to that recorded for simple catechol. This result adds
to kinetic measurements in organic solvents (Table 1), showing matched reactivity of quercetin and
catechol, and suggesting a superimposable reaction mechanism: a rate-determining concerted EPT
from the catechol moiety to the peroxyl radical (Scheme 1, Path A).
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A,/ mib
AL/ md

Time /10’ Time 10°s

Figure 1. Oxygen consumption during the autoxidation of tetrahydrofuran (THF, 3.1 M) initiated by
2,2'-azobis(2-methylpropion-amidine)dihydrochloride (AAPH, 0.025 M) at 30 °C without inhibitors
(dash) or in the presence of quercetin (solid). (A) In phosphate buffer 0.1 M pH = 2.1 with quercetin
2.5 x 107> M; (B) In phosphate buffer 0.1 M pH = 7.4 with quercetin 5.0 x 10~° M, vertical lines
indicate the time lapse corresponding to the trapping of 1 = 2 peroxyl radicals.

Based on this mechanism, the decrease in reactivity recorded on moving from PhCl to MeCN
to buffered water as the reaction medium, is perfectly explained by the progressively stronger
hydrogen-bonding of the “reactive” OH group to the solvent (Scheme 2), thereby causing a decrease in

its reactivity [26,34,35].
o} O,
SO s JCL K
S+ soly =——= K
R (0] R Q
H

QH,

H
ROO* ROO* \
i * Solv

ROOH + QH* no reaction

Scheme 2. Kinetic solvent effect explaining the reduced reactivity in H-bond accepting solvents (Solv).

Interestingly, when the pH was raised to 7.4, the reactivity of quercetin increased significantly.
Oxygen-uptake plots showed a neat inhibition period corresponding to the trapping of four peroxyl
radicals. The first half of the inhibition period provided a ki, of 1.6 x 10° M1 s~ (i.e., 40-fold higher
than at pH 2.1) matching the reactivity of reference PMHC. The analysis of the second half of the
inhibition period afforded a somewhat reduced kj,, of 7 x 10¢ M- 1571, yet about 20-fold faster than
at pH 2.1. Such a major boost in the antioxidant performance clearly suggests a change in the reaction
mechanism, and can be compared to the negligible change in reactivity of monophenolic PMHC and
to the modest enhancement of reactivity for catechol, whose ki, grows only by a factor of 2 (Table 1)
on raising the pH from 2.1 to 7.4 [26]. Indeed, at pH 7.4, the reactivity of quercetin surpasses that of
catechol by over one order of magnitude and the stoichiometric factor is approximately doubled.

Despite its modest magnitude, the enhanced reactivity of catechol upon raising the pH was
explained by partial deprotonation which yielded the more electron-rich phenoxide anion [26];
somewhat similarly, the enhanced reactivity of quercetin with DPPH® radical in ionizing solvents,
as compared with non-ionizing solvents of similar H-bond accepting ability, was explained by
deprotonation of the OH group in position 7 which yielded an electron-rich phenoxide that would
undergo fast ET to the oxidizing radical (Scheme 1, Path B) [25,36]. However, in quercetin, this points
toward the major role of the OH in 7 rather than the catechol. On the other hand, previous studies
underline the importance of the OH in position 3: the reaction of quercetin toward the radical of a
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synthetic analogue of x-tocopherol in ethanol was found to be 29-fold faster than that of rutin, where
the OH in 3 is glycosylated and unavailable for reaction [37]. To shed some light on these mechanistic
possibilities and identify the most stable anions and transient intermediates of quercetin, we turned to
quanto-mechanical calculations.

3.2. Quanto-Mechanical Calculations on Quercetin

To help identify the most likely mechanism for reaction of quercetin with peroxyl radicals in
water, we first calculated the most stable transient intermediates of quercetin and its main anions
in the gas phase and in water solution, based on the relative free energies of formation, by using a
PCM, at B3LYP/6-311+g (d,p) level, which had previously been shown to be reliable for phenolic
compounds [29,30]. Subsequently, we referred to the time-resolved UV-vis spectra obtained by pulse
radiolysis by Jovanovic and co-workers during the reaction of quercetin with N3° radical in water at
various pH [38]. In order to assign the experimental spectra to specific phenoxyl radicals of quercetin,
we matched them with the spectra that we calculated for any transient, using TD-DFT methods, which
are emerging as powerful tools to investigate radical reactions by allowing the assignment of transient
UV-vis spectra [39-42].

3.2.1. Neutral Radicals from Quercetin

Upon removing a H-atom from a quercetin’s OH group, five neutral phenoxyl radicals can be
formed, whose relative stabilities are reported in Figure 2 (see Figure S1 for all the structures).
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Figure 2. Relative stability of the neutral radicals obtained by H-atom abstraction from quercetin,
calculated in the gas phase (A) and in water (B), determined from the relative energy (E,¢j) with
reference to the most stable species (ref = 0). Numbers on the x-axis indicate the position of the radical.

In the gas phase, the most stable radical is in position 4’, because the -O® moiety can accept a
relatively strong intramolecular H-bond from the neighboring -OH group and the spin density can be
delocalized in ring C (see Figure S2). Calculations performed by using water as the implicit solvent
showed that the radical in position 3 is more stable than that in position 4’ (+1.2 kcal /mol), while the
other three radicals (in positions 3’, 7 and 5) have higher energies (by +3.0, +11.0, +11.2 kcal/mol,
respectively), in line with previous reports [43]. The inversion of the stabilities of radicals in positions
4 and 3, on moving from the gas phase to water, is due to the high polarity of the catechol (ring B),
which is more strongly solvated than the -OH in position 3, which donates an intramolecular H-bond
to the neighboring carbonyl. In general, compared to a “free” OH, the cleavage of an intramolecular
H-bonded —~OH is more energetically costly in the gas phase than in water.

The UV-vis spectra of the radicals of quercetin were measured by pulse radiolysis by
Jovanovic et al. [38], by reacting quercetin with the N3*® radical in water at various pH values. The
changes of the transient spectra in the pH range 2.6 < pH < 12 showed that the phenoxyl radical from
quercetin has two deprotonation equilibria, at pK, = 4.2 and 9.4, which were attributed, respectively, to
the equilibria between the neutral phenoxyl radical and the radical anion and that between the radical
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anion and the corresponding radical dianion [38]. The spectrum recorded at pH 2.6 is characterized
by a Amax of 515 nm and a shoulder at 440 nm (see Figure 3). To assign the structure of the radical
originating from the spectrum recorded at pH 2.6, the UV-vis absorption spectra of all neutral radicals
which could be formed after H-atom abstraction from quercetin were calculated, and the matching
with the experimental spectrum is shown in Figure 3.
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Figure 3. Calculated ultraviolet-visible (UV-vis) spectra of the neutral radicals of quercetin in
the gas phase (A) or in water (B), compared to the experimental spectrum measured at pH 2.6
(®) by Jovanovich et al. [38]. Numbers indicate the position of the radical.

Both the calculations in gas phase and water agree, indicating that the best fit of the experimental
spectrum at pH = 2.6 is given by the radical formed in position 3. It should be noted that the quality of
the matching of simulated spectra improves in water, since calculations predict a bathochromic shift
due to dipolar interaction with the solvent (particularly for radicals in positions 3 and 4'). In water,
the radical in position 3 has two strong transitions at 500 and 477 nm, that originate an absorbance
peak at 495 nm, that is very near to the maximum of 515 nm determined by pulse radiolysis (Figure 3B).
Interestingly, this assignment agrees with the radical stabilities reported in Figure 2. In Figure 3, it is
also evident that the radicals in positions 5, 7 and 3’ have the most significant transitions below 400 nm,
so their spectra do not reproduce the shape of the experimental spectra. Many studies have assumed
that, upon H-atom abstraction from quercetin, the most stable radical formed is that in position 4'.
As a matter of fact, in water, this radical has two strong transitions at 442 and 396 nm, which create an
absorption band at 430 nm, far from the experimental maximum. Nonetheless, small amounts of the
radical in position 4’, which is calculated to be only 1.2 kcal/mol less stable than that of the radical in
position 3, may be present in solution, and it likely originates from the shoulder at 440 nm visible in
the experimental spectrum. Assuming that the shoulder at 440 nm can be entirely attributed to the
radical in position 4/, from the relative areas of the two bands at 515 and 440 nm, it can be estimated
that the ratio of the two radicals in positions 3 and 4’ is acidic solution is approximately 9:1.

3.2.2. Radical Anions from Quercetin

The stabilities of all the possible ten radical anions were calculated and the results are reported in
Figure 4 (see Figure S3 for the structures).

In the gas phase, the most stable tautomer is the radical anion in position 7-4, while the radical
anion in position 3-4’ is less stable by 0.8 kcal/mol. In water, the stability order is reversed, as the
radical anion in position 3-4" is more stable than that in position 7-4' by 6.8 kcal/mol. Similar to
what was said in the case of the neutral radicals, upon moving from gas phase to water, the loss of
a H-atom from the “free” 7-OH is made more energetically expensive, while that from the 3-OH,
that is protected by an intra-molecular H-bond, becomes relatively easier. Interestingly, the radical
anion involving the catechol on ring B (i.e., in position 3-4) that has been proposed by Jovanovic as a
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putative structure for the quercetin radical at pH 5.3 [38], is predicted to be less stable than the radical

anion in position 7-4" by 8.6 kcal/mol in the gas phase, while in water it is less stable than the radical
anion in position 3-4’ by 3.4 kcal /mol.
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Figure 4. Relative stability of the radical anions obtained by H-atom abstraction from deprotonated
quercetin, calculated in the gas phase (A) and in water (B), determined from the relative energy (E.¢)
with reference to the most stable species (ref = 0). Numbers on the x-axis indicate the position of
the radical and of the negative charge. The radical anion in 5-7 is omitted for clarity (E,¢ is 32.7 and
21.0 kcal/mol in the gas phase and water, respectively).

The experimental UV-vis spectrum of quercetin, recorded by pulse radiolysis at pH 5.8, shows
an absorption maximum at 557 nm and a shoulder at about 450 nm. In Figure 5, this spectrum is
compared to those calculated for the most stable radical anions.
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Figure 5. (A) Calculated UV-vis spectra of the radical anions of quercetin in water, compared to the

experimental spectrum measured at pH 5.8 (®) by Jovanovich et al. [38]. The spectra for the tautomers

involving the 5-OH are omitted for clarity. (B) Simulation of the spectrum arising from the overlay of

radical anions in positions 3-4’ and 4’-7 in relative ratio 3.2:1 (SUM). Numbers indicate the position of
the radical and of the negative charge.

Considering the spectra calculated in water, which seems the most appropriate approach in the
case of charged species, the radical anion that more closely matches the experimental spectrum is
that involving the positions 3-4'. Tts calculated Apax at 547 nm originates from two transitions at
538 and 561 nm. The assignment of the experimental spectrum to the radical anion in position 3-4/
agrees with the relative stabilities of the various species reported in Figure 4. The Anay for the radical
anion in position 3-3’ (see Figure 5) is at lower wavelength (530 nm) than that in position 3-4’, due to
the convolution of the main transition at 554 nm with minor transitions between 470 and 512 nm.

49



Biomimetics 2017,2,9

This radical anion was calculated to be less stable than that in position 3-4’ by 6.6 kcal/mol. The radical
anion in position 3-4’ has two transitions, with comparable intensity at 513 and 620 nm, originating
from a large absorption band which does not reproduce the shape of the experimental spectrum. This
radical is less stable than that in position 3-4’ by 3.4 keal/mol. The radical anions involving the 5-OH
(not shown in Figure 5) are destabilized by at least 10 kcal/mol with respect to the radical anion
in position 3-4’, and have the main absorption peaks at about 470 nm. All radical anions involving
the 7-OH group show absorption maxima between 435 and 480 nm, that may be responsible for the
shoulder at 450 nm visible in the experimental spectrum. Considering the radical anion in position 4'-7
as the one showing the closest electronic transition, we obtained a good matching of the experimental
spectrum by simulating the UV-vis spectrum that would arise from the mixture of radical anions in
positions 3-4" and 4'-7 in the ration of approximately 3:1 (Figure 5B).

3.3. Bond Dissociation Enthalpies

To rationalize the reactivity toward peroxyl radicals, the dissociation enthalpy of the OH bonds
of quercetin and of the quercetin anion was computed in water. Undissociated quercetin reacts
preferentially at the 3-OH group, with a BDEgyy of 83.1 kcal/mol (Table 2).

Table 2. Bond dissociation enthalpies (BDEqp;) of quercetin and of its anions, calculated in water at
B3LYP/6-311+g (d,p) level using the isodesmic approach.

Starting Compound Abstracted OH BDEoy (kcal/mol)
4/ 83.3
3/ 86.0
Neutral Quercetin 3 83.1
7 94.0
5 94.7
7 81.2
. 3 79.1
/
Anion 4 3 75.0
5 86.4
4! 79.5
. 3/ 84.8
Anion 7 3 787
5 95.7

Concerning the BDEpy of dissociated quercetin, calculations indicated that the most acidic
—-OH group is that in position 4’, followed by those in positions 7 (+1.6 kcal/mol), 3’ (3.2 kcal /mol),
3 (+3.9 kcal/mol) and 5 (+6.9 kcal/mol), in agreement with previous calculations [44]. The BDE of
all -OH groups of the two most stable anions were then calculated as reported in Table 2. The results
indicate that both anions in positions 4’ and 7 preferentially react in position 3, its BDEgy being 75.0
and 78.7 kcal /mol, respectively. The results in Table 2 justify that deprotonation boosts the reactivity
of quercetin by lowering the BDEgy.

3.4. A Proposed Mechanism for the Antioxidant Activity of Quercetin in Water

The reactivity of quercetin in acidic medium is superimposable to that of simple catechol, hence it
most likely involves the catechol moiety. Calculations indicated that the most stable transient is the
radical in position 3, which is more stable than the radical in position 4’ by as little as 1.2 kcal/mol:
a difference of marginal relevance considering the difficulty to reproduce the aqueous medium with
a PCM.

Considering that both the radicals in positions 3 and 4’ coexist in the transient UV spectrum
obtained by pulse radiolysis and that the modest difference in BDEgy (0.2 kcal/mol, see Table 2)
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is unlikely to be visible in kinetic measurements, our data indicate that both reaction pathways
summarized in Scheme 3 could coexist and contribute to the observed reactivity.

HO H e}
O e PO
OH

OH 3}00/< OH
4 ?\ooV‘ OH O ROOH OH O
OH OH
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quercetin Ro,
% OH © ROOH  oH ©

Scheme 3. Mechanistic proposal for the observed antioxidant activity of quercetin in water at pH = 2.1.

At close to neutral pH, instead, the reactivity of quercetin is far less simple than Scheme 1
would suggest. The trapping of four peroxyl radicals with different rate constants indicates that
two distinct moieties are independently reacting with two radicals each: namely, the chromen-4-one
core (rings A + C) and the catechol moiety (ring B). Clearly, deprotonation has a major role and a
rate-determining reaction with peroxyl radicals must occur from the mono-anion, as was previously
recognized [25]. Litwinienko and coworkers reported that the pKj, of quercetin in water/methanol is
8.45, indicating that a significant portion would be dissociated at pH 7.4, and identified position 7 as
the most acidic [25]. Our calculations, as well as others [44], suggest instead that the anion in position
4" would be marginally more stable (again, some approximation in the calculations” model is to be
considered). Interestingly, both the anions in positions 4 and 7 have the lowest BDEpy in position 3,
which matches the assignment of pulse radiolysis transients as a mixture of radical anions in positions
4'-3 and 7-3 in different ratios (main signal and shoulder, respectively). On this basis, we suggest that
both equilibrating anions contribute to the observed reactivity as tentatively illustrated in Scheme 4.
For each route and for the trapping of each of the four peroxyl radicals, current data do not allow to
clearly distinguish whether the reaction occurs by concerted EPT or stepwise PT/ET, and most likely a
combination of the two mechanisms is operating.

products

2 ROO'T T

HO.

Scheme 4. Mechanistic proposal for the observed antioxidant activity of quercetin in water at pH = 7.4.
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4. Conclusions

The antioxidant activity of quercetin in water strongly depends on pH, which affects both
its absolute performance and its mechanism. Under acidic conditions (pH = 2.1), the antioxidant
performance is modest and comparable to simple catechol: its mechanism appears to involve the
trapping of two peroxyl radicals by the catechol moiety or by the catechol moiety (in position 4') and
by the -OH in position 3, which are the most reactive sites. Under more biomimetic settings (pH = 7.4),
however, the antioxidant performance is boosted 40-fold, approaching that of a-tocopherol mimic
PMHC and trapping twice as many (i.e., four) peroxyl radicals: two in the chromen-4-one core and
two in the catechol moiety. The fastest rate-controlling reaction with peroxyl radicals comes from
both equilibrating mono-anions in position 4’ (in the catechol) and position 7 (in the chromen-4-one
core) and involves the -OH in position 3. Although the mono-anion may account for only about
10% of the quercetin in solution at pH 7.4, based on the reported pK, of 8.45 [25] (lower pK, values
have also been reported [45]), the much higher reactivity of such an electron-rich structure would
overwhelm that of the undissociated form, driving the whole process and progressively shifting
the deprotonation equilibrium. Formal H-atom transfer to peroxyl radicals is likely to occur by a
combination of concerted EPT and of stepwise PT/ET (i.e., SPLET) mechanisms, both being favored
under such settings. The obtained results help explain and support the relevance of quercetin as a
nutritional antioxidant. They will also prove useful in the rational design of novel catechol-based
bioinspired antioxidants.

Supplementary Materials: The following are available online at www.mdpi.com/2313-7673/2/3/9/s1, Figure S1:
Structures of the anions and of the neutral phenoxyl radicals of quercetin, Figure S2: Spin distribution
of quercetin radicals, Figure S3: Structures of the radical anions of quercetin, Appendix A: Details on
quanto-mechanical calculations.
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Abstract: Mussels generate adhesives for staying in place when faced with waves and turbulence
of the intertidal zone. Their byssal attachment assembly consists of adhesive plaques connected
to the animal by threads. We have noticed that, every now and then, the animals tug on their
plaque and threads. This observation had us wondering if the mussels temper or otherwise control
catechol chemistry within the byssus in order to manage mechanical properties of the materials. Here,
we carried out a study in which the adhesion properties of mussel plaques were compared when
left attached to the animals versus detached and exposed only to an aquarium environment. For the
most part, detachment from the animal had almost no influence on the mechanical properties on
low-energy surfaces. There was a slight, yet significant difference observed with attached versus
detached adhesive properties on high energy surfaces. There were significant differences in the
area of adhesive deposited by the mussels on a low- versus a high-energy surface. Mussel adhesive
plaques appear to be unlike, for example, spider silk, for which pulling on the material is needed for
assembly of proteinaceous fibers to manage properties.

Keywords: adhesion; adhesive; byssus; catechol; DOPA; mussel; plaque; thread

1. Introduction

1.1. Catechols in the Sea

Mussels, sandcastle worms, and tube worms may be the most famous proponents of catechol
chemistry [1]. These animals attach themselves to rocks using protein-based adhesives containing
3,4-dihydroxyphenylalanine (DOPA), for which the amino acid sidechain is a pendant catechol group.
The surface adhesive properties of DOPA groups arise when the catechol ring is in the reduced
(i.e., not oxidized) state [2,3]. Although some evidence does exist for oxidation when bonding at
organic surfaces [4]. Cohesive strength for the glues is derived from one electron (to semiquinone) or
two-electron (to quinone) oxidation of DOPA to then generate covalent cross-links, often with iron
beginning such reactivity [5,6].

As our understanding of these natural systems has expanded, so too has there been a blossoming
of biomimetic systems [7-10]. In a typical scenario, synthetic polymer backbones are synthesized to
substitute for the protein matrix [11,12]. Derivatives of catechol are then appended to the polymer
chain. In doing so, these efforts have given rise to new functional materials, including hydrogels,
coatings, and adhesives. With greater understanding of the animals’ biology, chemistry, and mechanics
will come the design ideas for new biomimetic systems.

Biomimetics 2017, 2, 16 57 www.mdpi.com/journal /biomimetics
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1.2. Animals Managing Their Glue with Mechanical Forces

Such a chemical perspective is helpful for materials design, although beyond the grasp of mussels,
themselves. We have been wondering how the animals manage their adhesive. They are well known
to attach atop substrates with the byssal plaque and thread structure visible in Figure 1. Our research
group has been working with these shellfish for several years now [13-16]. During these studies,
we have noticed that the animals are not completely passive after deposition of adhesive plaques.
Mussels do not apply the glue and then simply sit around. Rather, upon closer observation, it appears
as if the animals are pulling on their threads. This byssal tugging can be observed with movement
of the animal while the threads remain relatively stationary, appearing as if the animals are shaking
around a bit. Such motion is quite distinct from the constant opening and closing of their shells
(i.e., valves) or movement resulting from turbulent/high water flow.

hreads
"']If "

Figure 1. Marine mussel adhered to a glass wall of an aquarium tank. The byssal adhesive assemblies
consist of adhesive plaques and threads which remain tethered to the byssal retractor muscles inside
the shells.

From the surface up, there is the adhesive plaque and the thread, which is connected to the
byssal retractor muscle hidden inside their shells. This muscle, controlled by a decentralized nervous
system of paired ganglia, can contract and relax, thereby changing position of the animal relative to the
substrate, as well as balance tension on the adhesive threads [17]. Perhaps an occasional tug induces
mechanical strain on the thread and glue after deposition, helps to order the molecules, and creates
a material well suited for living amongst the crushing waves of the intertidal zone.

1.3. Mussel Byssus and Mechanics

Mussels have created several strategies for mitigating mechanical forces from their surroundings.
The byssal threads are often spread out in many directions, thereby aiding the ability to deal with forces
from waves and turbulent waters [18-20]. These threads are made of a solid, non-porous material.
The distal portion of threads, closest to the adhesive plaque on rocky substrates, is crystalline [18,21].
The proximal thread, nearest to the retractor muscles within the shell, is more elastic [18,21]. Generating
such gradients of stiff to flexible, the threads may be tuned to dampen shocks. By contrast, the plaques
have a microporous structure, potentially dissipating mechanical forces throughout the material [22].
Quite interestingly, this multi-component material changes in mechanical properties (e.g., tenacity)
with seasons, wave action, food supply, pH, and temperature [23-26]. We wonder if forces, be they
from the surroundings or the animals, are influencing the nature of the mussel’s attachment system.
There has been some evidence suggesting that byssal threads can increase in material hardness with
physical agitation or over time as the material ages [27,28]. Such motion, hydrated conditions, and the
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presence of dissolved oxygen in seawater could promote cross-linking based upon catechol chemistry.
Perhaps internal forces could also play a role in curing mussel adhesives.

1.4. Animal Mechanics May Influence the Performance of Mimics

Our current, state of the art mimics of mussel adhesive proteins are often designed with
a bottom-up approach. We start with small molecule insights, progress to larger molecules, such as
plaques, and then examine bulk properties. When designing the next generation of biomimetic
materials, we may wish to consider a more top-down approach from the animals’ perspective.

Examples of linking molecular with macroscopic design have been shown in the production
of biomimetic silk [29-31]. Spiders tailor silk protein properties by specific processing with their
spinnerets. Mechanical stresses induced by pulling on the silk helps to promote structural transitions
from a semi-amorphous material to crystalline 3-sheet and «-helical protein structures, giving silk the
highly-prized properties of a strong, yet elastic, material [30,32].

It took years of effort to learn how such mechanical forces were essential for obtaining properties
of real silk from mimics [30-33]. For example, silk proteins can be expressed in solution, isolated,
and used to make materials, but the properties were always lacking when compared to genuine silk
from spiders. Only when spinneret mechanical forces were incorporated could the desired, fully
mimetic material properties be achieved.

Spider silk is composed of repeat glycine-, proline-, and alanine-rich peptide domains forming
hierarchical structures for strength and elasticity [34]. Similarly, mussels have several mussel foot
proteins (mfp) rich in glycine and uncharged residues [35]. Mussels might also use a pulling technique
to modify the mechanical properties of their proteinaceous materials. This idea was proposed recently
with regard to the mussel byssal threads [36]. These threads begin from secretory vesicles and end up
being semi-crystalline structures. Mechanical forces from the animal may help organize the molecules
into regular structures.

What about the adhesive plaques, themselves? In contrast to mussel and spider threads,
the plaques are not crystalline. Rather, the adhesive has a foam-like structure [22]. Might mechanical
forces help form the bulk material? We do know that formation of mussel plaques requires
a large degree of cross-linking chemistry [1]. The DOPA residues in mussel foot proteins become
oxidized [1,6,13,37]. Subsequent reactions with nucleophiles, such as reduced DOPA residues, amines,
and thiols can bring about covalent cross-links to cure the material. However, this chemistry takes
place within the solid plaque, or perhaps a precursor that is a foam or gel. In any case, mobility of
reactive groups is low when compared to typical synthetic solution chemistry in which reagents are
combined in solvents.

How do the reactive groups such as an electrophilic semiquinone and a nucleophilic, unoxidized
DOPA find each other to couple within a solid material? We do know that such reactions are slow
within this solid matrix given that radicals from iron-induced oxidation can be observed hours after
the animals deposits this glue [13]. Most often in chemistry, radical species are so short-lived that they
cannot be isolated and observed the way that they can for mussel adhesive. Given that these reactive
groups appear to be at least somewhat trapped within a solid or semi-solid, we wonder if applied
mechanical forces may aid curing.

Figure 2 depicts a scenario in which reactive groups are physically separated from each other.
Similar to spider silk, application of mechanical forces can shift orientation or placement of molecules
with respect to each other. Bringing the electrophiles and nucleophiles closer together could then
enable covalent coupling and curing. This chemistry could help to account for our observations of
the animals tugging on their glue. If such interplay exists between curing chemistry and animal
mechanics, we will then have an additional parameter to consider when processing mussel-mimicking
synthetic polymers.
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Figure 2. Possible scenario depicting how reactive species within a solid could be brought closer

2. mechanical forees

together via mechanical forces. Tugging from byssal retractor mussels could better align reactive
groups for adhesive curing.

1.5. Testing the Influence of Forces from Mussels

After noticing consistent byssal ‘tugging’ by the animals, we became compelled to examine the
potential effects of this behavior on material performance. We generated two sets of mussels and their
adhesive: attached and detached. In the attached case, mussels deposited their glue onto surfaces and,
after three days, the adhesive performance was measured. In the detached case, newly forged threads
were immediately severed from the animal, resulting in samples that were connected to the animal for
no more than 12 h.

Threads connecting animal and adhesive plaque were cut from the animal at the point providing
the maximum thread length. These detached plaques were maintained in the same aquarium system
as the animals to complete the three-day period (Figure 3). Animals were periodically checked and
fresh adhesive was immediately detached from the animal (<12 h) until completion of the three-day
experiment. Adhesion performance was then assessed.

Figure 3. Experimental setup of marine mussels banded to aluminum substrates where: (A) Threads
remain attached to the animal, taught and controlled by byssal retractor muscles; (B) Threads have been
detached from the mussel at the closest point near their shell using a razor blade. The soft proximal
portion of the threads can be seen where the threads start to curl and wave. The crystalline distal
portions remain relatively straight.
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These experiments were carried out with both high surface energy 6061-T6 aluminum and low
surface energy poly(methyl methacrylate) (PMMA, referred to as acrylic) substrate panels. Typical
surface energy values fall around 41 and 169 mJ/m? for acrylic and aluminum, respectively [38].
Exploiting low and high surface energy substrates gives insights on the nature in which these adhesives
fail, which is further discussed in Section 3.1. In all, four datasets were created—attached on aluminum,
detached on aluminum, attached on acrylic, and detached on acrylic. In the end, property differences
between attached and detached plaques were found to be quite minimal, but there were observed
differences in plaque areas on the two different surfaces.

2. Materials and Methods

2.1. Animal Handling

Live blue mussels (Mytilus edulis) were obtained from fishermen in Maine, USA, and shipped
to our laboratory. The animals were maintained in an aquarium system that has been described
previously [14]. Briefly, the system entails water at 4 °C, with a surge system for periodic turbulent
flow to mimic periodic shore breaks along a coast, and artificial day/night cycles to represent Maine
in February. Mussels used for this study were all of 50-70 mm in length. Animal feeding remained
constant throughout the data collection period, which consisted of an enriched phytoplankton diet
(Phyto-Feast, Reef Nutrition, Campbell, CA) every two days.

2.2. Adhesive Deposition

If mussels are placed onto a new surface, they tend to “walk” away, finding neighbors to aggregate
with and stick together. Consequently, we placed the animals onto substrate sheets while held loosely
in place with rubber bands. The substrates used here were 10 x 10 cm sheets of 6061-T6 aluminum
(Farmers Copper Ltd., Texas City, TX, USA) and PMMA (United States Plastic Corp., Lima, OH, USA).
Aluminum substrates were cleaned with detergent, ethanol, and acetone rinses followed by 3x rinses
with deionized water. Acrylic substrates were prepared in the same manner, excluding the acetone
wash. Each mussel/substrate /rubber band assembly was connected to a large plastic grate via zip ties
in order to ensure exposure to consistent flow rates in a turbulent environment. Attached and detached
samples were alternately arranged along the grate to minimize any deviations in flow rate along the
sample set [24]. All mussels were oriented in the same manner in order to reduce variations in drag
produced from their shell, with their long axis perpendicular to the upcurrent and the narrower region
of valves facing into the current [20]. We did note that the aluminum substrates became slightly darker
after three days of exposure in salt water.

2.3. Attached versus Detached Adhesive

Mussels were divided into four groups: attached plaques and detached plaques, each on
aluminum or acrylic substrates. For the attached data, animals were placed atop substrates and
they formed plaques and threads. Mussels were kept in the turbulent aquarium and adhesion
measurements were made after three days. After years of working with these animals, we found that
a period of three days is a sufficient amount of time for the mussels to anchor themselves securely
to a given substrate. For the detached data, animals were placed onto the sheets of aluminum or
acrylic. Once the adhesive was deposited, threads were cut at a point adjacent to the shell. The threads
were cut as soon as they were visible or, at the longest, within 12 h of deposition. If further adhesive
was produced later, similar cuts were made. These substrates with plaques were maintained in the
aquarium, without the respective animals, for a total of three days. Thus, all adhesion data were
collected three days after placing the animals within the tank. The attached plaques remained with the
mussels for the whole three days. The detached plaques away from mussels for at least 2.5 days.
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2.4. Adhesion Measurements

At the end of the experiment, all remaining threads were cut from the animal and immediately
tested for adhesive strength using an Instron testing system (Instron 5544, Instron, Norwood,
MA, USA). Details of pulling plaques until failure were reported previously [14]. Briefly, clamps
surrounded the threads, were tightened, and pulled normal from the surface until failure. The mussel
byssus tends to be fanned out into several or all directions from the animal (Figure 1). Adhesion testing
can involve pulling each thread/plaque at different angles from the surface [39]. In practice, we tend
to prefer using a 90° pull, normal from the surface, for all measurements [14,15]. Use of this approach
allows for rapid collection of large data volumes in a consistent manner [14,15]. Such considerations are
especially important in studies like this current one in which we have examined almost 1000 plaques.
All plaque areas were measured using digital photography and Image]J software [40].

2.5. Statistics

A total of 36 mussels were used in this experiment, resulting in 18 mussels used for each attached
and detached group. Rather than running experiments on 18 mussels per group at one time, two data
runs were carried out. Each data run contained nine mussels for collection of attached and nine
mussels for collection of detached adhesive. Data from the two runs were then pooled. This approach
helps to minimize variabilities, such as animal behavior within a given time period [15,26]. Error bars
provided show 95% confidence intervals.

Each adhesive plaque was treated as an individual replicate. Pooled data included an average of
all plaques, which we tend to refer to as ‘average of all’. We have also examined the average values
for each mussel, and pooled those data separately, which we refer to as ‘average of the average’.
There were no significant differences between these calculation methods, except in the magnitude of
the error bars.

Statistics were calculated using SPSS software (IBM Corp., Armonk, NY, USA). An independent
Student’s t-test examined significant differences within adhesion, force of removal, plaque area,
and work of adhesion variables. The assumption of homogeny of variances were assessed using
Laverne’s test, where the a priori « was set at a value of 0.5. Alternate hypotheses were accepted
at p-values less than 0.05. Significance (*) is indicated in the figures. No statistical differences
were found within acrylic variables. Conversely, the aluminum group found significant differences
between attached and detached values within adhesion, force, and work of adhesion variables.
The different areas of adhesive plaques deposited on acrylic and aluminum substrates were also
statistically significant.

3. Results and Discussion

3.1. Adhesive Production and Failure Modes

For each dataset (attached aluminum, detached aluminum, attached acrylic, detached acrylic),
18 animals were used. Table 1 provides the pooled data for the plaques produced by the animals in
each case. In all, 923 plaques were deposited. There are several ways in which mussel adhesive may
fail under these conditions [14,39]. The plaque can be completely removed off the surface (“adhesive
failure”), the plaque itself may tear apart (“cohesive failure”), the junction of plaque and thread might
break (“thread—plaque failure”) or the thread may become severed (“thread breakage”). In practice,
thread breakage is rare given that we cover the entire thread with the clamp providing the forces.
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Table 1. Adhesion results of attached versus detached byssus on acrylic and aluminum.

Acrylic Aluminum
Detached Attached Detached Attached
Number of plaques 231 134 314 244
Average adhesion (kPa) 65+3 66 + 4 127 £ 4 135£5
Force of detachment (N) 0.34 £0.02 0.34 +0.02 0.53 +0.02 0.58 + 0.03
Plaque area (x107° m?2) 54£03 53+03 43+0.1 44+02
Work of adhesion (N/m) 148 + 14 176 £ 25 401 £ 22 441 + 30
Adhesive failure % 90.0 84.2 26.8 23.4
Cohesive failure % 4.8 7.5 57.3 58.6
Thread break failure % 35 3.0 10.8 8.6
Thread-plaque interface failure % 17 5.3 5.1 9.4

Speaking generally for all adhesives, high energy surfaces, such as metals or rocks, yield strong
adhesion, whereas bonds are less robust on low-energy plastics. Translated to the conditions used
here, mussel plaques are likely to exhibit significant degrees of cohesive failure on aluminum. Table 1
shows both the attached and detached plaques on aluminum failed cohesively just over half the time.
Adhesive failure comprised the majority of remaining events. By contrast, weaker bonding to acrylic
was manifested in a high percentage of adhesive failure, at 84% or more (Table 1). When comparing
attached versus detached plaques on either surface, there were no major differences in distribution of
failure modes. In at least this regard, the animals do not appear to be exerting any influence over the
material properties.

3.2. Overall Adhesion

For the low-energy acrylic substrate, Figure 4A shows the adhesion results. Performance of
plaques that remained attached to the animals showed no significant difference. Adhesion is often
expressed as the force of detachment divided by the overlap area. Hence, Figure 4B,C separate out
these values. The force at failure, in Newtons, was very similar for attached and detached plaques
on acrylic. Similarly, the plaque areas upon a given substrate remained quite constant between these
two datasets.
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Figure 4. Adhesive properties. (A) Average adhesion of attached (att.) and detached (det.) plaques
and threads on acrylic and aluminum substrates measured in kilopascals. Adhesion was calculated
as a function of removal force divided by plaque area. Note overall increase in adhesion seen on
a high surface energy substrate (aluminum) relative to a low energy surface (acrylic); (B) Force of
byssal removal on acrylic and aluminum substrates measured in newtons; (C) Average plaque area
deposited on acrylic and aluminum substrates. Note the change in plaque areas on acrylic versus
aluminum. Asterisks (*) indicate statistically significant differences (p < 0.05). All error bars show 95%
confidence intervals.
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The results slightly changed when looking at mussels on aluminum (Figure 4). The attached
plaques showed a small, yet significant, increase in adhesion to the detached counterparts. Likewise,
the maximum force at failure was very similar and the plaque areas were nearly identical for those
attached versus detached. With aluminum being a high-energy surface and giving rise to generally
high adhesion, potential differences might be seen more easily here versus with the acrylic surfaces.
Nonetheless, the performance was very similar for adhesion, force at failure, and area.

There is often a direct relationship between adhesive strength and the substrate surface
energy [38,41,42]. High-energy surfaces increase the spreadability of the adhesive due to enhanced
adsorption and surface binding, yielding an overall stronger bond relative to a low-energy surface.
This phenomenon was demonstrated by the changes to overall force and adhesion, where values
increased by nearly 100% on aluminum versus acrylic. Interestingly, the adhesive area increased
by ~30% on low-energy acrylic compared to high-energy aluminum. There has been research
investigating the relationship between the area of plaques and surface energy, but the reported
results are somewhat contradictory [14,43-46]. In the case of adhesive plaques, the mfp-5, mfp-3f, and
mfp-3s proteins are deposited along the adhesive-substrate interface [10,47]. The mpf-5 and mfp-3
proteins have the highest DOPA contents at 30% and 19%, respectively. Perhaps the mussel is able to
control the spatial deposition and differentiate between proteins. They may then be able to maximize
substrate binding via increasing mfp-5 and -3 at the interface of a low-energy substrate by upregulation
of these proteins, using mechanical forces to increase the adhesive area, or simply the spreadability of
the adhesive proteins behaves differently as the surface energy is changed.

Similarly, a larger plaque area would increase the overall protein as well as catechols in contact
with the surface. These changes could thus aid animal binding to low-energy surfaces and explain the
larger plaques observed versus upon high-energy aluminum. Placing such observations within the
context of designing biomimetic adhesives may teach us two lessons. First, greater overlap area will
enhance bonding to plastics. This idea is neither surprising nor unprecedented. More useful, however,
may be the second prediction. Mussel mimicking polymers may exhibit higher adhesion between
low-energy substrates when the catechol content is greater than those used to bind high-energy
surfaces. In other words, polymers designed with a low catechol content make better adhesives on
metals and other high-energy surfaces, whereas polymers with a higher catechol content may be used
for bonding low-energy plastics.

3.3. Work of Adhesion

Measuring the maximum load at failure of an adhesive material is a common way to express
the relevant force. An alternative view on the strength of a bond is the energy required to rupture
the joint. This work of adhesion is determined by integrating the area under force-versus-extension
curves and factoring in overlap area [38,41,42]. Figure 5A,B shows such plots for the cases of adhesive
failure on acrylic and aluminum for typical attached and detached plaques, which generally looked
similar in shape. It is interesting to note that force—extension graphs from aluminum samples initiated
with a steep slope within the first 1 mm of extension, followed by a more gradual slope until failure.
This yield has been observed in mechanical tests of mussel adhesive threads, suggesting that the
change in slope corresponds with transition of forces between several constituents and/or phases
within the material [28,48]. Our testing system is designed to reduce factors from the threads as much
as possible by covering almost the entire thread with the clamps. Nearly all of the observed forces are,
thus, to deform the adhesive plaque. These plots provide what may be the first evidence that yielding
phenomena could also be at play with the plaques.

The work of adhesion values for attached and detached plaques, both on acrylic and aluminum
are depicted in Figure 5C. Here, we chose to present data averaged over all failure modes. Nearly
all failure was adhesive in nature when on acrylic. Some differences may be found when separating
out, for example, adhesive versus cohesive failure on aluminum [49]. However, the general trends
remained the same. The work of adhesion on aluminum substrates showed a slight, yet significant,
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decrease with detachment relative to the attached adhesive. Similarly, adhesive on acrylic substrates
decreased a little when moving from being attached to detached, but the potential changes here
remained within the error limits. The observed differences here may be statistically significant, but are,
nonetheless, small.
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Figure 5. Work of adhesion data per unit area. (A) Typical force-extension curves on acrylic for attached
(att.) and detached (det.) samples. Curves represent average plaque area, force, and extension values
seen on acrylic; (B) Typical force—extension curves on aluminum substrates for attached and detached
samples. Curves represent average plaque area, force, and extension values seen on aluminum;
(C) Work of adhesion per unit area showing attached and detached values on acrylic and aluminum
substrates. The asterisk (*) indicates a statistically significant difference (p < 0.05). Error bars depict
95% confidence intervals.

4. Conclusions

Our growing understanding of bioadhesives has given rise to an array of biomimetic materials
and applications development. While we make such new systems, we are still teasing out the details
contained within the parent systems under the seas. Data presented here help to examine the degree
to which mussels influence the performance of their glue after deposition onto the substrate. On both
a low- and high-energy surface, bonding was more or less equivalent, whether or not the animal
had access to the adhesive. Measured plaque areas increased on a low- versus high-energy surface,
suggesting that the animals have means to maximize bonding to a variety of surfaces. The observed
tugging of mussels upon their byssus had very little influence on adhesion. These results indicate
that future adhesive mimics may slightly benefit from mechanical pre-stressing when on high-energy
surfaces. Mimics of mussel threads and spider silks, by contrast, are likely to improve properties
with applied mechanical forces during processing. Perhaps the tugging we are seeing is the animals
behaving in a manner akin to stretching when waking up in the morning.
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Abstract: Conjugation of naturally occurring catecholic compounds with thiols is a versatile and facile
entry to a broad range of bioinspired multifunctional compounds for diverse applications in biomedicine
and materials science. We report herein the inhibition properties of the caffeic acid- dihydrolipoic
acid S-conjugate, 2-S-lipoylcaffeic acid (LC), on mushroom tyrosinase. Half maximum inhibitory
concentration (ICgg) values of 3.22 4+ 0.02 and 2.0 + 0.1 uM were determined for the catecholase and
cresolase activity of the enzyme, respectively, indicating a greater efficiency of LC compared to the
parent caffeic acid and the standard inhibitor kojic acid. Analysis of the Lineweaver-Burk plot suggested
a mixed-type inhibition mechanism. LC proved to be non-toxic on human keratinocytes (HaCaT) at
concentrations up to 30 M. These results would point to LC as a novel prototype of melanogenesis
regulators for the treatment of pigmentary disorders.

Keywords: depigmenting agents; L-DOPA; dopachrome; tyrosinase; melanin; caffeic acid; dihydrolipoic
acid; lipoic acid; keratinocytes

1. Introduction

Several pigmentary disorders, such as melasma or lentigo, are associated with the overproduction
or accumulation of melanin as the result of inflammatory responses or abnormal function of melanocytes
inducing a local excess of pigmentation known as “hypermelanosis” [1-3]. The medical and aesthetical
unfavorable impact of such disorders has prompted a constant search for new non-toxic depigmenting
agents [4-6].

Since skin complexion is under control of several factors, including activity, expression, and stability
of tyrosinase and related enzymes, melanocytes homeostasis, and melanosome transfer to the
keratinocytes, commercially available depigmenting agents and melanogenesis regulators usually act
through different mechanisms [7,8].

One of the most common approaches for control of pigmentation involves the inhibition of tyrosinase
(EC 1.14.18.1) [9,10], a copper-containing enzyme exhibiting cresolasic or monophenolasic activity
(hydroxylation of monophenols to o-diphenols) and catecholasic or diphenolasic activity (dehydrogenation
of catechols to o-quinones) by a mechanism involving electron exchange with the copper atoms.
In particular, tyrosinase catalyzes the key steps of melanogenesis, namely the hydroxylation and oxidation
of L-tyrosine to dopaquinone [11,12].

When considering a new tyrosinase inhibitor several factors should be taken into account, such as
product efficacy, cytotoxicity, solubility, cutaneous absorption, and stability. Increasing attention
has been paid to the adverse effects of depigmenting agents in vitro and in vivo, especially further
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to the case of rhododendrol, a phenolic skin whitening agent that has been recently withdrawn
from the market because of its cytotoxic effects on melanocytes and the consequent induction of
leukoderma [13-16]. This has been ascribed to the tyrosinase-catalyzed oxidation of rhododendrol
producing toxic metabolites [14-17].

Several catecholic compounds have raised interest due to their tyrosinase inhibition
properties [18-21]. Among the catecholic compounds of natural origin, a prominent position is occupied
by caffeic acid (3,4-dihydroxycinnamic acid) due to its health-beneficial properties [22-24]. A number of
caffeic acid derivatives, mostly amides, have been described as tyrosinase inhibitors, while caffeic acid is
not, and this ability has been attributed to both the structural similarity of the caffeic acid moiety to the
substrate 3,4-dihydroxy-L-phenylalanine (L-DOPA) [20] and to the hydrophobicity and copper-chelating
properties imparted by the particular nitrogen substituents [25-28].

Recently, with a view to synthesizing multifunctional antioxidants inspired to bioactive
thiol-conjugates of naturally occurring phenolic compounds [29-35], we have focused our attention to
dihydrolipoic acid (DHLA), the reduced form of lipoic acid (LA). The LA/DHLA system is known to
be a powerful antioxidant being able to reduce reactive oxygen species, scavenge hydroxyl radicals,
hypochlorous acid, and peroxynitrite, and chelate Fe?* ions; moreover, LA and its reduced form
can exert their functions both in membrane and in cytoplasm, because of their solubility in fats and
water [36,37]. DHLA has also been reported to react with dopaquinone to give lipoyl-DOPA conjugates,
and such a kind of reaction is able to affect melanin production resulting in depigmentation [38,39].

On this basis, we report herein the tyrosinase inhibition properties of a conjugate of DHLA with
caffeic acid, namely 2-S-lipoylcaffeic acid (LC) (Figure 1).

r/\T/\\//’\\/COOH

SH
HO X COOH
HO LC

Figure 1. Structure of 2-S-lipoylcaffeic acid (LC).

2. Materials and Methods

2.1. Materials

2-Iodobenzoic acid, oxone®, (£)-LA, sodium borohydride, sodium dithionite, L-DOPA,
mushroom tyrosinase (EC 1.14.18.1), p-coumaric acid, caffeic acid, kojic acid, and 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (Milan,
Italy). Dulbecco’s modified Eagle medium (DMEM), L-glutamine, penicillin/streptomycin, and fetal
bovine serum (FBS) were purchased from Euroclone (Milan, Italy). All solvents were high-performance
liquid chromatography (HPLC) grade. Double-distilled deionized water was used throughout
the study.

2-Todoxybenzoic acid (IBX) [40] and DHLA [41] were synthetized as reported.

2.2. Methods

Ultraviolet-visible (UV-Vis) spectra were recorded on a Jasco V-730 spectrophotometer (Lecco, Italy).

Nuclear magnetic resonance (NMR) spectra were recorded at 400 MHz on a Bruker instrument
(Milan, Italy).

HPLC analyses were performed on an Agilent 1100 binary pump instrument (Agilent Technologies,
Milan, Italy) equipped with a UV-Vis detector, using an octadecylsilane-coated column, 250 mm x 4.6 mm,
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5 um particle size (Phenomenex SphereClone ODS, Bologna, Italy) at 0.7 mL/min, and the following
gradient: 0.1% formic acid (eluent a)/methanol (eluent b): 40% b, 010 min; from 40 to 80% b, 10-47.5 min.
The detection wavelength was set at 280 nm.

Liquid chromatography-mass spectrometry (LC-MS) analysis was performed on an HPLC 1100 VL
series instrument (Agilent Technologies) with an electrospray ionization source in positive ion mode
(ESI+). An Agilent Eclipse XDB-C18, 150 mm x 4.60 mm, 5 um (Agilent Technologies) was used,
with the same eluent used for the HPLC analysis at a flow rate of 0.4 mL/min. Mass spectra were
registered under the following conditions: nebulizer pressure 50 psi; drying gas (nitrogen) flow
10 L/min, at 350 °C; and capillary voltage 4000 V.

2.3. Synthesis of 2-S-Lipoylcaffeic Acid

A solution of p-coumaric acid (215 mg, 1.3 mmol) in methanol (18 mL) was treated with IBX
(561 mg, 2 mmol) under vigorous stirring at room temperature. After 7 min a solution of DHLA (1.12 g,
5.3 mmol) in methanol (18 mL) was added dropwise, and after additional 15 min the reaction mixture
was diluted with water and acidified to pH 1 with 6 M HCl. The mixture was then washed with
hexane/toluene 8:2 v/v (10 x 200 mL) and extracted with chloroform (7 x 200 mL). The combined
chloroform layers were dried over sodium sulfate and taken to dryness to afford pure LC (101 mg,
20% yield) as a yellow oil.

ESI+/MS: m1/z 387 (IM + HJ*), 409 (IM + Na]*); UV: Amax (CH30H) 252, 320 nm; 'H-NMR (CD;0D):
5 (ppm) 1.38 (m, 1H), 1.54 (m, 1H), 1.54 (m, 2H), 1.42 (m, 1H), 1.62 (m, 1H), 1.78 (m, 1H), 1.81 (m, 1H),
2.26 (m, 2H), 2.88 (m, 1H), 2.90 (m, 1H), 2.96 (m, 1H), 6.29 (d, | = 16 Hz, 1H), 6.86 (d, ] = 8.4 Hz, 1H),
722 (d, ] = 84 Hz, 1H), 840 (d, ] = 16 Hz, 1H); 3C-NMR (CD;0D): 5 (ppm) 25.4 (CHy), 27.3 (CHy),
34.1 (2 x CHy), 39.3 (CH>), 39.4 (CH), 40.2 (CH), 117.2 (CH), 118.1 (CH), 119.9 (CH), 121.7 (C), 130.7 (C),
144.2 (CH), 147.7 (C), 147.8 (C), 168.2 (C), 174.8 (C).

2.4. Mushroom Tyrosinase Inhibition Assay

One hundred microliters of a methanolic solution of LC were incubated in 2 mL (0.001-1 mM
final concentration) of 50 mM phosphate buffer (pH 6.8) at room temperature in the presence of
mushroom tyrosinase (20 U/mL). After 10 min 20 uL of a 100 mM solution of L-DOPA or L-tyrosine
in 0.6 M HCI (1 mM final concentration) were added and the course of the reaction was followed
spectrophotometrically measuring the absorbance at 475 nm for 10 min at 2 min intervals. In control
experiments the reaction was run in the absence of LC. When required, the assay was performed as
described but by adding L-DOPA to the reaction mixture soon after the addition of LC (3 uM).

In separate experiments, the assay was run as above with LC at 250 uM, in the presence or absence
of L-DOPA, and after 10 min the mixture was analyzed by HPLC.

2.5. Investigation of the Mechanism of Inhibition of Mushroom Tyrosinase Activity

The assay was run as above, using different concentrations of L-DOPA (0.125, 0.25, 0.5, 1, and 2 mM)
and LC (0, 2, 3 and 5 pM). Data were elaborated to build the Lineweaver-Burk plot.

2.6. Cell Viability Assay

Cytotoxic effects on immortalized human keratinocytes (HaCaT) were determined using the cell
proliferation reagent MTT. Briefly, 5 x 103 cells were seeded into a 96-well plate and were incubated
overnight at 37 °C with 5% CO,. Medium was then replaced with 100 L of fresh media containing LC at
0-30 uM and cells were incubated at 37 °C with 5% CO,. After 24, 48, or 72 h the LC-containing medium
was removed, and 100 uL of fresh medium without red phenol, containing 10% MTT reagent, were added
to each well and cells were incubated for 4 h at 37 °C in the dark. Subsequently, the absorbance at 570 nm
was measured in a microtiter plate reader (SINERGY H4, BioTek, AHSI S.P.A., Milan, Italy) and cell
viability was expressed as the mean =+ standard deviation (SD) percentage compared to control.
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3. Results and Discussion
3.1. Preparation of 2-S-Lipoylcaffeic Acid

The synthesis of LC was carried out by adapting a procedure previously reported for the
preparation of the conjugation product of hydroxytyrosol with DHLA [30]. This involved the
generation of the o-quinone of caffeic acid by the regioselective hydroxylation of p-coumaric acid with
2-iodoxybenzoic acid (IBX) [42], followed by addition of DHLA. The product was obtained in pure
form in ca. 20% yield by a sequential extraction with solvents of increasing polarity, without the need
for any chromatographic purification step. NMR, MS, and UV-Vis analysis confirmed the identity
of the compound as the conjugation product of DHLA with caffeic acid quinone via the C-2 of the
aromatic ring [43,44].

3.2. Inhibition of the Catecholase Activity of Mushroom Tyrosinase by 2-S-Lipoylcaffeic Acid

The enzyme inhibition properties of LC were investigated using mushroom tyrosinase, which is
routinely used for preliminary assessment of the activity of potential tyrosinase inhibitors [45-47].
For the assay of catecholase activity, L-DOPA was used as the substrate. The assay is based on the
spectrophotometric monitoring of dopachrome formation (wavelength of maximum absorbance (Amax)
475 nm), following oxidative cyclization of dopaquinone produced by tyrosinase-induced oxidation of
the substrate, in the presence and in the absence of the inhibitor [48] (Scheme 1).

COOH o] COOH [0] m
COOH
BERRE N
H

L-DOPA Dopaquinone Dopachrome
(Amax 475 nm)

Scheme 1. Dopachrome formation by tyrosinase-catalyzed oxidation of 3,4-dihydroxy-L-phenylalanine
(L-DOPA). Amax: Wavelength of maximum absorbance.

LC was incubated in 50 mM phosphate buffer (pH 6.8) in the presence of mushroom tyrosinase
(20 U/mL) at room temperature. After 10 min L-DOPA (1 mM final concentration) was added and the
absorbance at 475 nm was measured at different times (Figure 2).

0.7 +
0.6 T

0.5 1
—8—ctrl
0.4 T ~o—2uM

03 T ~@—3pM

i
0.2 4 5iM

Absorbance at 475 nm (AU)

0.1 3

Time (min)

Figure 2. Time course of the absorbance change at 475 nm in the oxidation mixture of L-DOPA
(1 mM) with mushroom tyrosinase in the absence (control (ctrl)) or presence of different concentrations
of LC. Reported are the mean values of at least three experiments (standard deviation (SD) < 5%).
AU: Arbitrary units.
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The percentage of inhibition was calculated using the following Equation:

% inhibition — ( 1 AAy75/min in the presence of the 1nh1b1tor) 100 )

T AAys /min in the absence of the inhibitor

As reported in Figure 3, a maximum 80% inhibition was observed with 5 uM LC. A half maximum
inhibitory concentration (ICsy) value of 3.22 £ 0.02 uM was determined.

—
8 8 8
i

8883

Inhibition (%)

0 1 2 3 4 5 6 7
[LC] (uM)

Figure 3. Percent of inhibition of mushroom tyrosinase activity vs. LC concentration using L-DOPA
(1 mM) as substrate. Reported are the mean =+ SD values of at least three experiments.

Figure 4 shows the inhibition effect of 10 uM LC on the formation of dopachrome when L-DOPA
is incubated with mushroom tyrosinase under the conditions previously described. Notably, at the
same concentration, caffeic acid and the well-established tyrosinase inhibitor kojic acid [49,50] did not
induce any inhibition.

Figure 4. Tyrosinase-catalyzed oxidation mixtures of L-DOPA (1 mM) in the absence (B) or in the
presence of 10 uM inhibitor (LC: 2-S-lipoylcaffeic acid; CAF: Caffeic acid; KOJ: Kojic acid).

These results not only show the superior inhibition properties of LC, but also underline the
importance of the functionalization with DHLA in imparting tyrosinase inhibition properties to the
parent catechol caffeic acid. It is well known that insertion of a chalcogen can affect the properties of
catechol systems by lowering the O-H bond dissociation enthalpy [29,51,52]. However, the possibility
that the higher inhibitory activity observed following conjugation with DHLA is not due to the
presence of the sulfur substituent, per se, but rather to the hydrophobicity acquired by the compound
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cannot be excluded. Actually, the tyrosinase inhibition properties of caffeoyl-amino acidyl-hydroxamic
acid derivatives have been ascribed in part to their hydrophobicity, making them suitable for binding
to the active site of tyrosinase [26-28].

On the other hand, the primary sulfhydryl group of DHLA has been reported to react with
dopaquinone produced by the tyrosinase-catalyzed oxidation of L-DOPA, leading to the formation of
covalent lipoyl adducts and inhibiting dopachrome formation [38,39]. Given the presence of a free,
although secondary, SH group, in separate experiments the possibility that LC could react with
dopaquinone in the same way was investigated: the assay was run under the usual conditions and
after 10 min the mixture was analyzed by HPLC which, however, did not reveal any consumption of
the inhibitor nor formation of new products, ruling out a possible reaction of LC with the oxidation
products of L-DOPA.

These results also suggested that LC is not an alternative substrate of the enzyme, since no
consumption was observed even in the absence of L-DOPA. This is an issue of considerable importance,
since the toxicity of some depigmenting agents has been mostly attributed to their acting as substrates
of tyrosinase and, as such, being oxidized by the enzyme, leading to the formation of highly reactive,
cytotoxic o-quinones [47,53,54].

Finally, the effect of pre-incubation on the inhibitory activity was investigated, by performing
the spectrophotometric assay as above but with the addition of L-DOPA to the reaction mixture
immediately after addition of LC. The time course of the absorbance change at 475 nm was comparable
to that observed when LC was preincubated with the enzyme for 10 min before addition of L-DOPA,
ruling out any role of pre-incubation in the inhibition effects exerted by LC.

3.3. Inhibition of the Cresolase Activity of Mushroom Tyrosinase by 2-S-Lipoylcaffeic Acid

The ability of LC to inhibit the monophenolasic activity of mushroom tyrosinase was investigated as
described above using L-tyrosine instead of L-DOPA as substrate (Figure 5). AnICsj value of 2.0 4 0.1 uM
was determined.

100
90 T
80

Inhibition (%)
- N W 8 g O o~
o o o o O o

(=]

[LC] (uM)

Figure 5. Percent of inhibition of mushroom tyrosinase activity vs. LC concentration using L-tyrosine
(1 mM) as the substrate. Reported are the mean =+ SD values of at least three experiments.
3.4. Investigation of the Mechanism of Inhibition of Mushroom Tyrosinase Activity by 2-S-Lipoylcaffeic Acid

Lineweaver—Burk plot analysis was used to determine the mode of tyrosinase inhibition by LC.
In Figure 6 the double-reciprocal plots of tyrosinase inhibition using L-DOPA as substrate is reported
for different concentrations (0, 3, and 5 uM) of LC.
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Figure 6. Lineweaver—Burk plot for the inhibition of mushroom tyrosinase-catalyzed L-DOPA oxidation
by LC at 0 (control (ctrl)), 3 or 5 uM. Data were obtained as mean 4 SD values of 1/V, inverse of

the increase of absorbance at 475 nm per min (AA,75/min), of three independent experiments with
different concentrations of L-DOPA.

The results were a family of straight lines with different slopes and different x- and y-intercepts,
suggestive of a mixed inhibitor, lowering the maximum rate (V,x) and increasing the Michaelis
constant K, in a dose dependent-manner (Figure 7).
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Figure 7. The effect of LC on the enzymatic kinetics for the mushroom tyrosinase-induced oxidation of
L-DOPA. Data were obtained as mean =+ SD values of the increase of absorbance at 475 nm per min
(AA475/min) (V) of three independent experiments with different concentrations of L-DOPA.

Several mixed-type inhibitors of mushroom tyrosinase have been described in the literature
and, in most cases, complex kinetics are involved and the phenomena have been left unexplained.
Recently, non-specific binding sites have been invoked to explain the mixed-type inhibition in
mushroom tyrosinase activities [55]. However, in our case, available data do not allow discussion in
more detail of how the ternary complex of substrate-enzyme-inhibitor is formed, to assess whether
the free thiol group participates in the inhibition mechanism and by what mechanism, and what the
role of the hydrophobic aliphatic chain of the DHLA residue is.

3.5. Cytotoxicity Evaluation

With the aim of evaluating the possible use of LC as a tyrosinase inhibitor in vivo, its cytotoxicity
was preliminarily evaluated on human keratinocyte cells (HaCaT) by performing the MTT assay [52,56].
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As shown in Figure 8, HaCat cells did not exhibit any significant reduction in proliferation rate when
incubated with increasing amounts of LC over 72 h.
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Figure 8. Effect of LC on HaCaT cell viability determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay. Cells were cultured in normal growth medium and
then subjected to treatment with LC (black: Control; dark grey: 0.3 uM; grey: 3 uM; white: 30 uM) for
24,48, and 72 h. Cell viability was evaluated by measuring the As7onm. Results are expressed as the
percentage (means + SD from at least three experiments) compared to the control.

4. Conclusions

The use of natural catechols and derivatives as tyrosinase inhibitors for the treatment of pigmentary
disorders associated with the overproduction or accumulation of melanin is well documented.
We have reported herein that 2-S-lipoylcaffeic acid (LC), the S-conjugation product of caffeic acid
and dihydrolipoic acid, is a promising lead structure for the development of catechol-based natural
product-like tyrosinase inhibitors. LC was found to be able to inhibit both the catecholase and cresolase
activity of mushroom tyrosinase with ICs( values as low as 3 uM, whereas under the same conditions
caffeic acid did not show any effect, pointing to insertion of the dihydrolipoyl chain as an effective
means of potentiating the inhibitory activity.

Whether this effect is due to the S-substituted catechol moiety alone or reflects the cooperative
effect of the adjacent SH group cannot be assessed on the basis of the present data. It seems likely,
however, that the potent inhibitory effects on tyrosinase reflect a synergic combination of caffeic acid
as a substrate (L-DOPA)-like scaffold on which an efficient copper-binding arm (DHLA) is installed
modulating catechol redox and chelating properties and conferring to the conjugate a higher degree
of lipophilicity.

Although further experiments are needed to assess the actual potential of LC as a depigmenting
agent in vivo, it is worth noting that the compound was non-toxic on immortalized human keratinocytes
at concentrations up to 30 tM. Moreover, control experiments revealed that LC is not a substrate of
tyrosinase, a critical issue for the toxicity of depigmenting agents in vivo. Although we are aware that
additional, more cogent experiments are necessary to corroborate the lack of toxicity, the results of this
paper can provide the necessary background for further studies on mammalian melanocyte cell lines,
which will be directed to confirm activity on mammalian enzyme and pigment cells.

Opverall, these results further expand the framework of the practical opportunities offered by the
thiol-quinone coupling reactions, with particular reference to the dihydrolipoic/lipoic acid chemistry.
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Abstract: The study of compounds able to interfere in various ways with amyloid aggregation is
of paramount importance in amyloid research. Molecules characterized by a 4-thiaflavane skeleton
have received great attention in chemical, medicinal, and pharmaceutical research. Such molecules,
especially polyhydroxylated 4-thiaflavanes, can be considered as structural mimickers of several
natural polyphenols that have been previously demonstrated to bind and impair amyloid fibril
formation. In this work, we tested five different 4-thiaflavanes on the hen egg-white lysozyme
(HEWL) amyloid model for their potential anti-amyloid properties. By combining a thioflavin T
assay, atomic force microscopy, and a cell toxicity assay, we demonstrated that such compounds
can impair the formation of high-order amyloid aggregates and mature fibrils. Despite this, the
tested 4-thiaflavanes, although non-toxic per se, are not able to prevent amyloid toxicity on human
neuroblastoma cells. Rather, they proved to block early aggregates in a stable, toxic conformation.
Accordingly, 4-thiaflavanes can be proposed for further studies aimed at identifying blocking agents
for the study of toxicity mechanisms of amyloid aggregation.

Keywords: catechol; hydroxylated 4-thiaflavanes; inhibition; amyloid aggregation; hen egg white
lysozyme; antioxidant activity

1. Introduction

Amyloid aggregation is a degenerative process characterized by deposition at tissue levels of
organized insoluble super-molecular protein assemblies with a typical cross-f secondary structure.
Such degeneration gives rise to amyloidosis, a composite range of diseases classically divided into
neurodegenerative (e.g., Alzheimer’s disease, Parkinson’s disease, etc.) and systemic (e.g., cystic
fibrosis, light chain amyloidosis) amyloidosis. More than 20 different human proteins, intact or
fragmented, proved their amyloidogenicity in vivo, among which we may count amyloid 3 (Ap)
peptide (in Alzheimer’s disease), a-synuclein (in Parkinson’s disease), islet amyloid polypeptide
(in type II-diabetes), light chains of immunoglobulins, variants of human lysozyme [1,2], and
transthyretin (TTR) [3]. It is nowadays widely accepted that amyloid aggregation is a general tendency
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of polypeptide chains [4-6] that, in fact, may be induced to form amyloid aggregation in appropriate
conditions [7].

Lysozyme, a 130-residue-long bacteriolytic enzyme largely distributed in different tissues, organs,
and external secretions, has been highlighted as an interesting model for the study of amyloid
aggregation. Although wild-type lysozyme is not directly involved in amyloid diseases, several naturally
occurring single point mutations (e.g., lle56Thr, Phe57Ile, Trp64Arg, and Asp67His) are connected with
familial non-neuropathic systemic amyloidosis [8]. In addition, the wild-type lysozyme either from
humans, horses, or hens, under appropriate conditions, is able to form amyloid fibrils in vitro [9-11].

In this work, we used the hen egg-white lysozyme (HEWL—14.3 kDa, 129 amino acids, 40%
identity with the human enzyme) inducing its aggregation through a heat treatment in acidic
conditions [12]. Despite the fact that HEWL is not associated with in vivo diseases [13], it has been
demonstrated that high temperatures and low pH induce the breakage of X-Asp peptide bonds, leading
to the formation of peptide fragments (among which one contains the residues corresponding to those
mutated in human familiar diseases Ile56Thr and Asp67His). Such fragments have a high tendency to
form amyloid aggregates [11] and amyloid-like fibrils in a few days. In addition, a direct toxic effect
of HEWL aggregates added to cell cultures or injected in rat brains, mimicking the toxic effect of A3
peptide, has been demonstrated [14].

A substantial body of literature over the years documents that extracts from natural herbs and
plants or common dietary elements such as wine [15] or green-tea [16] are of great benefit to general
human health, mainly due to their antioxidant power [17,18]. Among the molecules proposed to be
essential for achieving such effects are polyphenols [19], a wide and heterogeneous group of substances
well characterized in terms of structure [20]. Apart from protecting cells from oxidative stress, several
phenolic compounds have been shown to be effective in inhibiting amyloid aggregation in various
protein models such as transthyretin, microglobulin, x-syuclein, Ap peptide and lysozyme, with
supposed specific action mechanisms independent of their antioxidant properties [21-25]. Of particular
relevance for this work, catecholic- and hydroquinone-containing phenols were reported to act as
inhibitors of amyloid aggregation for their ability to induce quinoprotein formation [26].

&

Fiavone mkeeto:
Epaaragine

Figure 1. Design of hydroxylated 4-thiaflavanes and their biomimetisms. (A) Synthesis of hydroxylated
4-thiaflavanes used in this study. (B) Structure of 4-thiaflavanes tested in this study. (C) Biomimetism
of 4-thiaflavanes with 2-arylchromane (flavane) and flavone skeletons.

Dihydrobenzo[1,4]oxathines, and in particular compounds possessing a polyhydroxylated
4-thiaflavane skeleton, have received great attention in chemical, medicinal, and pharmaceutical
research. During the last decades, their syntheses as well as their abilities as antioxidants, hypertensive
agents, estrogen receptor modulators, adrenoreceptor antagonists, and artificial sweeteners have
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been reported in papers and patents [27]. As shown in Figure 1, such 4-thiaflavane derivatives are
structural mimickers of several natural polyphenols. In particular, compounds 4 and 5 (see Figure 1)
are thia-substituted biomimetic examples of catechin derivatives showing a free catechol residue on
the B ring. In this work, we investigated whether selected hydroxylated 4-thiaflavane derivatives may
act as an inhibitor of amyloid aggregation for the widely used and accepted HEWL amyloid model.

2. Materials and Methods

2.1. Materials

Reagents and chemicals, unless otherwise specified, were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and used without further purification, including lysozyme (HEWL, code L6876).

2.2. Preparation of 4-Thiaflavane Derivatives

Hydroxylated 4-thiflavanes were prepared as previously reported by inverse electron demand
hetero Diels—-Alder reaction of transient ortho-thioquinones with properly substituted styrenes. This
allowed for the direct synthesis of compounds bearing hydroxy or methoxy groups on the selected
position of the A and/or B ring of the thiaflavane skeleton (Figure 1) [28-30].

Lyophilized thiaflavane powders were weighted and dissolved in pure dimethyl sulfoxide
(DMSO) at a concentration of 100 mM. For assays, they were freshly diluted at appropriate
concentrations in assay buffers. The chemical structures of the thiaflavanes used in this study are
depicted in Figure 1 and their absorbance spectra shown in Figure 2A.
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Figure 2. 4-Thiaflavane derivatives inhibit hen egg-white lysozyme (HEWL) amyloid aggregation.
(A) Absorption spectra of 4-thiaflavanes derivatives (compound 1-5) used in this study. (B) Aggregation
kinetic of HEWL in the presence of 4-thiaflavane compounds as followed by a thioflavin T (ThT) assay
for 15 days. (C) The absence of competition of 4-thiaflavane compounds with ThT on preformed HEWL
fibrils. Values in (B,C) are expressed as the mean + standard deviation of at least three independent
measurements. AU: Arbitrary units.

2.3. Preparation of Hen-Egg White Lysozyme for Aggregation

HEWL solutions were freshly prepared before each assay. HEWL powder was weighted and
dissolved in 10 mM HCl (pH 2, HEWL buffer) via vortexing at room temperature at a concentration of
1 mM (14.7 mg/mL). The solution was then filtered using 0.2 um syringe filter discs (EMD Millipore,
Milan, Italy).

2.4. Aggregation Conditions

HEWL aggregation was achieved by incubating the pH 2 solution at 65 °C for up to 15 days [11,31].
4-Thiaflavanes were mixed to HEWL at a 1:1 molar ratio at a 1 mM concentration, immediately before
incubation at 65 °C. Control HEWL aggregation was performed in the presence of 1% DMSO. All
aggregation experiments were repeated at least three times.
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2.5. Thioflavin T Assay

For the thioflavin T (ThT) assay [32], 25 uM ThT was freshly prepared from a 2.5 mM stock solution
in a 25 mM sodium phosphate buffer, pH 6 (ThT buffer). For each measurement, 245 uL of the diluted
ThT solution was added to a sample volume of 5 L. on a polystyrene multiwell plate. ThT fluorescence
was measured at 25 °C with a Fluoroskan Ascent FL multiwell plate reader (Thermo Scientific,
Waltham, MA, USA) using 440 nm and 485 nm as excitation and emission wavelengths, respectively.
All measurements were performed in triplicate. Kinetic traces were analyzed via non-linear fitting to
the sigmoidal function F = Fy + (F; — Fy) /(1 + exp((x — t9)/dx)), I being the time-dependent fluorescence
intensity, F; the fluorescence at the beginning of the aggregation, Fy the fluorescence at the end of the
aggregation process, fy the time at which 50% of the total variation in fluorescence is reached, and d,
the time constant. The apparent rate constant (kf) for the growth of fibrils is given by 1/dy, the lag time
is calculated as ty — 2dy, and the fluorescence amplitude is given by Ff — Fi. All these analyses were
performed with QtiPlot v0.9.8.0 software (http:/ /www.qtiplot.com).

2.6. Atomic Force Microscopy

For atomic force microscopy (AFM) analysis, a drop of aggregating solutions (HEWL with or
without 4-thiaflavanes) were vortexed and laid onto a freshly cleaved mica disc (Ted Pella Inc., Redding,
CA) for about 2 min. Excess of sample was removed by washing twice with 1 mL of bidistilled water,
the preparation was then dried with a soft nitrogen flow. AFM experiments were performed in air, in
non-contact mode, using a PicoSPM microscope equipped with an AAC-Mode controller (Molecular
Imaging, Phoenix, AZ, USA). The probes were non-contact Silicon cantilevers (model NSG-01, NT-MDT
Co., Moscow, Russia) with a 150 KHz typical resonance frequency. Scanner calibration was periodically
checked by means of a reference grid (TGZ02 by MikroMash, Tallin, Estonia) with a known pitch
of 3 um and a step height of 100 nm. Scan size ranged from 450 x 450 nm to 30 x 30 um. Images
were processed and analyzed with Gwyddion software v2.34 (http://gwyddion.net). For the analysis,
the pre-processing involved (i) levelling the map by mean plane subtraction, (ii) correcting lines by
matching height median, (iii) correcting horizontal artefacts (scars), (iv) applying a Gaussian smoothing
filter of 2 px, and (v) shifting minimum data value to zero.

2.7. Cell Growth and Citotoxicity Assay

Human SH-SY5Y neuroblastoma cells (American Type Culture Collection, Manassas, VA, USA)
were cultured in Dulbecco's modified Eagle’s medium DMEM F-12 Ham with 25 mM HEPES
(N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid) and NaHCO3 (1:1) supplemented with 10%
fetal bovine serum (FBS, Sigma-Aldrich), 1 mM glutamine, and antibiotics.

The cytotoxicity of the aggregates was assessed by an MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) reduction inhibition assay [33]. Briefly, SHSY-5Y cells in exponential
growth were incubated for 48 h in the presence of HEWL aggregates matured alone or in the presence
of 4-thiaflavanes. The growth medium was removed, and the plates were incubated for 2 h in a
5% CO,-humidified atmosphere at 37 °C in the presence of a medium solution containing 0.5 mg/mL
of the MTT reagent. After 2 h, the solution was removed and replaced with a lysis buffer containing
20% sodium dodecyl sulfate (SDS) and 50% dimethylformamide (DMEF, pH 4.7), and further incubated
for 1 h. The absorbance of blue formazan was measured at 570 nm with an iMark™
(BioRad, Hercules, CA, USA).

microplate reader

3. Results

3.1. 4-Thiaflavane Derivatives Obstacle/Impair Amyloid Aggregation Kinetics

HEWL aggregation is primed by a fragmentation process that may be induced by heating a
concentrated HEWL solution in acidic conditions. We tested the anti-aggregation properties of
hydroxylated 4-thiaflavanes (Figure 1) on HEWL by incubating them at a 1:1 molar ratio prior to
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heating, thus allowing the fragmentation to occur in the presence of 4-thiaflavanes under study. The
aggregation kinetic of HEWL in the presence of 4-thiaflavanes was followed by ThT assay (a universally
accepted fluorogenic probe for cross 3-aggregates). HEWL aggregation proved to be deeply altered
by three out of the five 4-thiaflavanes tested, namely 4, 5, both containing a catechol residue, and
3 (Figure 2B). While compounds 3, 4 and 5 were able to almost completely inhibit ThT signals,
suggesting a deep impact on amyloid aggregate maturation, compounds 1 and 2 proved to have
little effect on the estimated lag phase of the aggregation process (3 + 2 and 5 & 0.5 days for 1 and 2,
respectively, compared to 4 & 1 days for HEWL) and a moderate effect on the plateau phase (about
30%). This analysis suggested that aggregation is not completely abolished and possibly stabilized in
a different final conformation, with lower affinity for the ThT dye or with a lower concentration of
amyloid aggregates.

3.2. 4-Thiaflavane Derivatives Do Not Compete with Thioflavin T

It has been recently demonstrated that ThT signals can be strongly affected by compounds
with phenolic moieties, due to the optical or physical competition with the ThT binding site on
aggregates [34], leading to misinterpretation of amyloid inhibition by exogenous compounds. In order
to exclude optical interferences, we measured the absorption spectra of 4-thiaflavane derivatives
dissolved at a 1 mM concentration in a ThT buffer using 1% DMSO as a blank. Figure 2A shows that
none of the substances tested showed significant absorption in the 400-500 nm region, where ThT is
excited and emitted when cross-f3 structures are present. Secondly, we tested whether 4-thiaflavanes
could compete with ThT by incubating them with ThT on preformed HEWL amyloid fibrils. The
rationale behind this assay was based on the assay time: amyloid aggregates are considered extremely
stable and resistant to disaggregation, being solubilized only by strong denaturing agents such as
DMSO or hexafluoroisopropanol (HFIP). It therefore appears unrealistic that disaggregation could
occur in a few minutes of assay time in very mild conditions such as those required for the ThT
assay. As shown in Figure 2C, none of the 4-thiaflavanes proved to compete significantly with ThT,
since fluorescence signals recorded in the presence of preformed fibrils were not reduced by the
addition of 4-thiaflavanes at concentrations ten times higher than that of ThT. We therefore concluded
that competition or interference could not have been the reason for the fluorescence loss in our
kinetic experiments.

3.3. Polyhydroxylated 4-Thiaflavanes Inhibit the Formation of Amyloid Fibrils

In order to study the morphology of the HEWL amyloid aggregates after 10 days (the time
required to HEWL to convert into mature fibrils), we deposited the aggregating solutions on freshly
cleaved mica and its surface was scanned by AFM. As shown in Figure 3, HEWL fibrils with a height
of about 4 nm were highly abundant in the absence of 4-thiaflavane derivatives. Their burden was
found to be highly reduced in the presence of all 4-thiaflavane derivatives.

By combining morphology maps, height distribution analysis, and z-profile analysis, we studied
the morphology of aggregates formed at this time point. Compound 1 showed a drastic reduction in
the number of fibrils formed and the accumulation of round particles of about 2—4 nm in height, a size
similar to the diameter of the residual fibrils. A similar behavior was observed for compound 2 with
an apparent increase in the ability of reducing fibrillar structures. Both compounds were only in part
effective in reducing ThT signals, suggesting that round particles partly maintain the cross-f3 amyloid
structure targeted by such dye, resembling the structure of early aggregates. Compound 3 proved to
completely abolish the formation of fibrils, resulting in the accumulation of round particles again with
an apparent size of 2-4 nm but with a drastically reduced affinity for ThT. The aggregation of HEWL
in the presence of compound 4 exhibited a completely different morphological pattern, showing a
mixture of round particles of different diameters and small fibrils. The fibrils observed in this case
were almost invariantly larger than that observed with other compounds or untreated HEWL, with
apparent diameters above 10 nm, and unable to give rise to an increase in ThT signals. In addition,
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and peculiar to this compound, particles with heights surpassing 100 nm were detected. A complete
absence of fibrils and a drastic reduction in globular particles of 3-5 nm were eventually observed for
compound 5. Details of the results of the z-profile measurements for all samples are further available
as accompanying supplementary materials.
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Figure 3. Atomic force microscopy (AFM) maps of HEWL incubated in aggregation conditions for
10 days in the presence or absence of the 4-thiaflavane derivatives (compounds 1-5): (A) amplitude
maps; (B) morphology maps and the corresponding (C) profile traces, together with the mean and
median z-high values plotted as horizontal dashed or dotted lines, respectively; (D) height distribution
of the whole map. Scale bar: 2 pm.

84



Biomimetics 2017,2, 6

3.4. 4-Thiaflavane Derivatives Do Not Prevent Toxicity Induced by Early Amyloid Aggregates

For assessing whether the drastic reduction of aggregate load evidenced in both ThT assay
and AFM was accompanied by a reduction of aggregate-induced cytotoxicity, we incubated actively
growing SHSY-5Y neuroblastoma cells with HEWL aggregates that had matured for 3 days both alone
or in the presence of thiaflavanes. In fact, in a preliminary cytotoxicity kinetic analysis, the 3-day
incubation time proved to be the most toxic phase of HEWL aggregates formed in our conditions
(data not shown). 4-Thiaflavane derivatives alone proved to be safe for cells at concentrations used
in the assay (Figure 4A). On the contrary, we found that 4-thiaflavanes were able to show little or no
protective effects on cells treated with 3-day aggregates (Figure 4B), indicating that premature toxic
aggregates were present in the solutions and that their formation was not prevented by the presence,
during the aggregation process, of such compounds. This is in clear contrast to the impairment of the
polymerization process evidenced by ThT and by AFM. In order to exclude possible artefacts due to
the heat-induced conversion into toxic compounds of 4-thiaflavanes tested, we also heated compounds
alone. We verified that 4-thiaflavanes were also safe for cells after heating, resulting in cells that showed
no signs of toxicity. We also verified the opposite condition, i.e., that heating could have induced a
loss of protective effect that 4-thiaflavane derivatives could have exerted per se (e.g., as an antioxidant,
or with some other property independent of the effect of amyloid material). To do this, we added
freshly prepared 4-thiaflavanes to cells, concomitantly with untreated 3-day aggregates. Additionally,
in this case, we did not find particular signs of protection. When the cells were treated with aggregates
that had matured for 10 days, a completely different picture was observed. HEWL alone, in the form
of mature fibrillar aggregates (see Figure 3), showed a markedly reduced toxicity with respect to the
untreated control. On the contrary, thiaflavane-treated HEWL showed a pronounced toxicity, similar
to that observed for the 3-day maturation especially for compounds 4 and 5 (Figure 4B).
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Figure 4. Cytotoxicity assay on SHSY5Y cells. (A) Absence of cell toxicity after 48 h incubation with
monomeric HEWL or 4-thiaflavanes (compounds 1-5). (B) Cell toxicity after 48 h incubation with
3 and 10 days old aggregates of HEWL incubated with or without 4-thiaflavanes (compounds 1-5).
Bars represent the mean =+ standard deviation of at least three independent measurements. Ctrl:
untreated cells.

4. Discussion

The possibility of blocking or reverting amyloid aggregation with small molecules may have
a great impact on worldwide health. Amyloidosis, a group of over 20 different and heterogeneous
diseases, are directly linked to the accumulation of amyloid matter into organs and are severely
affecting human population. Amyloidosis, including neurodegenerative diseases such as Alzheimer’s
disease or Parkinson’s disease as well as systemic diseases such as reactive systemic amyloidosis,
TTR, and light chain amyloidosis are increasingly recognized as important death factors for public
health systems.
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Many studies have so far demonstrated that molecules with peculiar structural features are able
to impair the formation or the elongation of amyloid fibrils, among which are a number of synthetic or
natural compounds with polyphenolic rings [23]. Several activity—structure studies have shown that,
though the effect of the addition of such exogenous compounds could be beneficial in some cases in
terms of the prevention of amyloid formation or the reduction of amyloid load, the activity spectrum
is bound to a defined experimental set and confined to certain amyloid related proteins and peptides,
such as Ap peptides, x-synuclein, and TTR.

In this study, we used HEWL as a model of amyloid aggregation. The reason for this choice was
based on the need to decouple the effect of metal ions on aggregation to the documented chelating
properties of 4-thiaflavanes [35]. In fact, many amyloid models have been found to be deeply affected
by the presence of copper or iron ions, and in traces, leading to alterations of the aggregation kinetics,
of the lag phase, or of the morphology of the resulting fibrils. Such effects have never been reported
for HEWL, so we considered it a good model for our class of compounds, allowing us to establish
a direct link between the structure of the molecules and the effect on aggregation inhibition. In fact,
we found that the poor solubility of compounds such as 1 and 2 is not of benefit in reducing amyloid
signals, which is contrary to what has been found for other compounds, such as curcumin, which
has been declared to be extremely active in aggregation in vitro despite its absolute insolubility in
aqueous buffers. In our conditions, the most active 4-thiaflavanes were molecules with a higher degree
of hydroxylation, leading to increased solubility and a reasonably higher capability of interacting
with nascent aggregates, blocking their elongation into higher order assemblies such as mature fibrils.
Moreover, despite the lack of a direct relationship between antioxidant activity and the inhibition of
amyloid aggregation, it is worth mentioning that compounds 4 and 5, containing a catechol moiety,
showed a much higher antioxidant activity with respect to compounds 1, 2, and 3 [36].

A relevant body of literature exists trying to shed light on the true nature of the cytotoxicity
induced by amyloid material. Initially, it was strongly believed that toxicity was due to early aggregates
only (a stage at which large portions of hydrophobic protein regions are exposed, waiting to gain
stabilization, with polymerization and burial of these regions inside highly ordered structures).
Recently, it has been shown that this cannot be considered a general rule because of the existence
of proteins for which mature fibrils largely surpass the toxicity of early aggregates [37]. HEWL has
been previously shown to behave in the “classic” way, losing toxicity as fibrils grow and as early
aggregates are progressively sequestered from the medium to the fibril. We verified this behavior
in our experimental conditions, selecting day 3 as the one displaying the maximal toxicity that was
progressively lost at longer times, until day 10, when fibrils were completely mature, as shown by
AFM. At this time point, we measured extremely reduced ThT signals for compounds 3, 4, and 5, but
we found a toxicity comparable to that of untreated HEWL. When the incubation time was increased to
allow HEWL controls to develop into non-toxic mature fibrils, the HEWL samples treated with active
compounds were found to maintain a toxicity comparable to samples tested at early aggregation stages.
Nevertheless, the ThT signal proved to be, in most cases, highly reduced. Our results seem to suggest
that the effect of 4-thiaflavane derivatives was to impair (in part or almost completely, depending
on the compound) the elongation of HEWL fibrils, leading to the formation of round particles with
diameters similar to that of amyloid species and that are highly toxic to cells, stable over time, and
poorly responsive to ThT binding.

According to a recent finding, molecules containing catecholic and (less efficiently) hydroquinone
moieties may be able to drive the formation of quinoproteins, i.e., to covalently modify proteins in
a hot acidic environment [26] and hamper HEWL fibril formation. Compounds 4 and 5 bear in the
B ring a catechol-like structure that, given aggregation conditions (acidic pH and high temperature),
may induce protein derivatization and form ortho-quinonic adducts. Similarly, compounds 1, 2, and 3
present a phenol ring that, in the same conditions, can undergo acid hydrolysis and further oxidation,
leading to the formation of p-quinoic adducts. Our results on hydroxylated 4-thiaflavanes seem to
suggest that the abovementioned reaction mechanisms may drive the observed reduction in amyloid
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formation without a loss of cell toxicity. The ability of compound 3 to drastically reduce the load in
fibrils (despite its structural similarity with the less effective compounds 1 and 2) partly contrasts this
vision and suggests that additional research is required to definitively validate the above hypothesis.

Although our findings strongly discourage the usage of the investigated 4-thiaflavanes as potential
drugs for amyloidosis, the opposite route seems interesting. Since these compounds have been shown
to be safe for cells at the tested doses, their contribution to cell toxicity following incubation with
toxic aggregates is minimal, allowing a coherent assay of aggregate toxicity. In fact, one of the most
challenging aspects of amyloid studies is that intermediate, toxic structures are transient in nature and
their effect is confined in a restricted, highly variable temporal frame.

Further biophysical studies will be needed to elucidate the structures and the features of the toxic
aggregates stabilized by the 4-thiaflavane derivatives tested in this work and their mechanism of action.
Of particular interest is the observation that such particles give reduced or impaired ThT signals, a fact
that is counterintuitive given their toxicity, which is similar to 3-day HEWL early aggregates, which
proved to give rise to aggregates that efficiently bind ThT. Furthermore, it cannot be excluded that the
structural features of such aggregates may be different in response to different compounds, although
the results collected so far seem to suggest as the major player a population of small, globular particles
with a quite uniform size.

If confirmed on other amyloid systems, these results suggest that hydroxylated 4-thiaflavanes are
promising stabilizing agents for toxic aggregates that are useful for studying, for example, the effect of
single or multiple mutations on a uniform and homogeneous population of toxic species.
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Abstract: Polydopamine (PDA) is related to eumelanins in its composition and structure. These
pigments allow the design, inspired by natural materials, of composite nanoparticles and films
for applications in the field of energy conversion and the design of biomaterials. This short
review summarizes the main advances in the design of PDA-based composites with inorganic
and organic materials.
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1. Introduction

The strong underwater adhesion of mussels [1], and the exceptional mechanical properties of
squid beaks [2] and see worm jaws [3], which are achieved without high inorganic content contrarily
to bones and teeth where the inorganic material content is high, raised the question how such
exceptional properties are reached. Analysis of the composition and structure of the mussel byssus,
squid beaks, and marine hydroid perisarc [4] showed that those materials are essentially composites
between proteins, polysaccharides, and melanin-related materials. The chemical principles implied
in the formation of those composites rely on the rich chemistry of catechol and catecholamines, the
molecular building blocks of melanins: pH-dependent redox chemistry, electrostatic interactions,
and complexation with metallic cations are implied in the formation of melanins, their interaction
with proteins and other materials [5,6]. The need for simplified design principles of adhesives
mimicking the properties of the mussel foot proteins (mfps) led to the use of dopamine as the
precursor of films adhering to the surface of almost all known materials [7]. Indeed, dopamine
contains a catechol moiety (like the L-3,4-dihydroxyphenylalanine (L-DOPA) residue in mfps) and a
primary amine function (like L-lysine in mfps). The films obtained during the oxidation of dopamine
using either O, dissolved in water (at basic pH values) or exogeneous oxidants (NalOy, sodium
peroxodisulfate) [8] offer fascinating opportunities not only to coat all kinds of materials (metals, oxides,
polymers), but also to post-functionalize them with either inorganic or organic compounds. During all
synthesis routes of polydopamine (PDA) and related materials, the catecholamine solubilized in an
appropriate buffer solution has simply to be mixed with an excess of oxidant to yield to the formation
of particles/precipitates in solution and to a homogeneous film at interfaces after an initial island
growth regime. Note that the growth rate of the PDA films and their composition depends markedly
on the used buffer and the used oxidant [8-10].

The strong adhesion afforded by those PDA, and related catechol- and catecholamine-based
coatings (norepinephrine [9], L-DOPA), as well as their broad reactivity with cations and nucleophiles
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(thiols and amines), offers a broad range of applications, allowing the design of new composite
materials, particles, and films [10-12]. One of the driving principles in the manipulation of PDA is to
consider its close compositional and structural analogy with eumelanins [13,14], the brown-black dye
affording photoprotection to the skin [15].

It is the aim of this short review to summarize the main recent advances in the design of PDA-,
melanin-, and catechol-based composite materials, particles, and films. The main principles in the
design of those composites will be explained without trying to be exhaustive, but rather illustrative. We
will, hence, classify the composites obtained with inorganic and organic materials rather than focusing
on their possible applications. The rationale behind this classification is that the composites with
inorganic and organic materials rely on the different interaction modes afforded by PDA, melanins, or
catechols. This mini-review will end with a section devoted to highlighting perspectives in this field.

2. Composites of Polydopamine and Inorganic Materials

2.1. Carbon-Based Composites

Graphene oxide can be reduced in graphene in the presence of norepinephrine which, in turn,
is oxidized and polymerized in poly(norepinephrine). The resulting material covers graphene and
affords colloidal stability to the composite [16]. When dopamine is modified with an azide function,
the PDA-covered graphene can be further functionalized with molecules carrying alkynes through
1,3-dipolar cycloadditions (i.e., via “click chemistry”) [17].

Graphene oxide functionalized with PDA is an efficient support to fix S and CS; in the design
of cathodes for Li-S batteries. In this case the volume expansion of sulphur during discharge, and
the leaching of sulphur-containing species is strongly limited and allows to increase the number of
charge-discharge cycles of the batteries [18].

Carbon nanotubes coated with PDA can be modified with an initiator of atom transfer radical
polymerization to coat the nanotubes with polydimethylamino-ethyl methacrylate brushes, which can
be subsequently quaternized with CH3l. Finally, Pd nanoparticles can be deposited on that composite
structure which displayed an excellent electrochemical behavior when deposited on indium tin oxide
electrodes [19].

The pyrolysis of PDA at temperatures above 500 °C yields a nitrogen-doped graphitic material
because O is lost during the pyrolysis [20]. This concept was used to improve the electrochemical
performance of spray-dried Si/graphite (Si/G) composite anodes in Li batteries [21]. The Si and carbon
nanopowders were blended and reacted with dopamine (at pH = 8.5 during 24 h using O, as the
oxidant) resulting in a PDA-coated blend which was subsequently pyrolyzed to yield a composite
displaying an electronic conductivity of 1.44 Sm~! compared to 1.2 S m™! for the Si/G blend. More
interesting, the capacity retention is of 82% after 100 lithiation—deliathiation cycles for the Si/G-PDA
composite, whereas it falls to 6.8% for the uncoated Si/G blend [21].

Multi-walled carbon nanotubes (MWNT) decorated with PDA are excellent supports for Pt
nanoparticles allowing for an optimal Pt utilization (6051 mW mg~! of catalyst) and a high-power
density in polymer electrolyte membrane fuel cells (Figure 1). In such a membrane design, PDA plays
the same role as Nafion® (DuPont) in other cells to afford a high protonic conductivity, between the
anode (oxidation of Hy) and the cathode (reduction of O,). In addition, PDA was shown to protect
the electronic conductor, the MWNTSs, against corrosion in the hard operation condition of the fuel
cell [22].

94



Biomimetics 2017, 2,12

Count %

Counl %

] M.
) b-'...-‘t
it B e
=t "l.u.‘:'“‘u‘m 5
-, oy o
] b s, 5
—u—PLMWNT \ “ 3° g
] \ z —a-PLMWNT
-4~ PMWNT-PDA Z
2 o —+—POMWNT-PDA

[ 'mAcem®

Sg88

T T T T T T

I'mAcem?

Figure 1. Transmission electron microscopy (TEM) images and corresponding particle size distribution
histograms of (a) Pt-decorated multi-walled carbon nanotubes (Pt/MWNTs) and (b) Pt/MWNTs with
polydopamine (Pt/MWNTs-PDA) catalysts used in the design of polyelectrolyte membrane-based fuel
cells. (c) Polarization and (d) power density curves of fuel cell (Pt/MWNTs)s5p and (Pt/MWNTs-PDA)s5.
The composite membranes were produced by 50 spray cycles on a hot substrate. Reprinted from [22],
Copyright (2016), with permission from Elsevier.

2.2. Composites with lons and Nanoparticles

The strong interactions between melanins and Na* cations has been used to evaluate melanin—Na™*
composites as anodes in fuel cells with a A-MnO; cathode [23].

PDA films deposited on planar surfaces contain enough catechol groups to reduce metallic cations
into nanoparticles [7]. In particular cotton coated with PDA was exposed to a solution containing
Ag" cations to deposit silver nanoparticles affording excellent antibacterial activity to the fabric [24].
X ray photoelectron spectroscopy has allowed to show that the reduction of Ag* cations into Ag is
accompanied by an oxidation of catechol groups into quinones but without affecting the concentration
of free radicals in the PDA film [25].

Coating of superparamagnetic Fe;O4 nanoparticles of different core size with PDA allowed to
increase the biocompatibility of those core-shell nanoparticles [26]. The deposition of melanin-FezOy
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composite films on Au(111) electrodes allows to catalyse the electroreduction of hydrogen peroxide in
alkaline and neutral solutions [27].

Citrate-capped gold nanoparticles are useful as localized surface plasmon resonance (SPR)
elements and are hence useful for label-free biosensing. Indeed, a binding event causes a change in the
refractive index at the surface of the particle and a concomitant red shift in the plasmonic absorbtion
bands. When used in solution, separation-redispersion steps are required to separate the particles from
the unbound ligands. These separation—redispersion steps induce some particle loss and aggregation.
In the latter case, the sensitivity of the aggregates to further changes in the refractive index are lost,
as well as their sensing ability. To overcome these problems, and to ensure multiple uses of these
sensing elements, their immobilization on transparent surfaces is helpful, provided the particles do
not desorb or move on the substrate to finish in a cluster. Such an aggregation process would result
in a loss of active surface area. The deposition of a thin PDA film on the surface of citrate-capped
Au nanoparticles was found not to hinder the responsiveness of the nanoparticles and to obtain a
stable SPR spectrum after several washing—drying cycles which are relevant for real world sensing
applications [28].

Core-shell magnetite-polystyrene particles 90 nm in diameter can be aligned to form chains in a
magnetic field. When dopamine is oxidized in the presence of this magnetic field the nanoparticles
remain aligned even after removing the external magnet. Stable nanochains of up to 20 pm in
length can be obtained this way. They can subsequently be aligned in an external magnetic field and
used as nanostirrers. The PDA shell can be used to reduce metal cations into metallic nanoparticles
affording some catalytic activity to the nanostirrers. These catalysts can be easily separated from the
reaction mixture and allow for self-mixing. For instance, Au-decorated PDA-capped nanochains allow
the catalysis of the transformation of 4-nitrophenol into 4-aminophenol in the presence of NaBHj.
When self-stirred in the presence of an external magnetic field, the rate constant of the reaction is of
0.208 min~! in comparison to 0.132 min~! in the absence of a magnetic field. Finally, the PDA-capped
nanochains can be easily functionalized with thiol-modified poly(ethylene glycol) (PEG) or with
thiol-modified DNA aptamers [29].

TiO, nanoparticles were coated with a catechol-based bifunctional initiator of poly(methyl
methacrylate) to synthetize inorganic core-organic shell stable particles [30].

2.3. Composites with Clays and Zeolites

When L-DOPA is oxidized in the presence of laponite, its polymerization is considerably
accelerated with respect to homogeneous L-DOPA solutions, the clay is delaminated and embedded
in a gel [31]. Later on, the influence of another clay, saponite, on the formation of a eumelanin-like
composite material was investigated [32].

3-(3,4-Dihydroxyphenyl)-DL-alanine (DL-DOPA) was reacted with V,05-nH,O gels to form a
dark blue metallic-colored film after solvent casting of the DL-DOPA + V,05-nH,O mixture. The
lamellar structure of V,Os is preserved upon the intercalation of the melanin like material [33], but
with an increase in the interlayer spacing. This allowed an increase in the reproducibility of the Li*
insertion—-deinsertion process in the V,Os-based gel. In addition, electron paramagnetic resonance
spectroscopy showed that the incorporation of the melanin-like material in V,05 was accompanied by
a partial reduction of V*? cations into V** cations. Finally, the room temperature electrical conductivity
of the composite was increased from 1.1 x 107 Sem ™! to 5.2 x 1073 S cm™! upon incorporation of
about 2% (w/w) of melanin-like material [33].

When 5,6-dihydroxyindole (DHI) and its N-methyl derivative are oxidized in the nanopores of
zeolite L at a ratio of 10 mg indole derivative to 300 mg porous material, the composite is red. Its
dissolution with HF (to remove the inorganic core) and the analysis of the organic content reveals the
presence of indole dimers. Hence, the self-assembly process of DHI is hindered in the nanoporous
environment of the zeolite. However, when the same oxidation process is performed in the larger
pores of SBA-15, a black eumelanin derivative is obtained [34].
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3. Composites of Polydopamine with Organic Materials

3.1. Interactions between Melanins and Porphyrins

Melanins are known to interact strongly with cationic porphyrins to change the optical properties
of the dye, in particular its delayed luminescence is substantially reduced in the presence of
melanin [35].

These strong interactions (of an electrostatic nature and completed by m— interactions) between
porphyrins and phtalocyanines and melanin-like materials have been exploited to incorporate cationic
Cu(II) phtalocyanines in PDA films by dissolving Alcyan Blue (AB) up to 0.2 mM in a 10.6 mM
dopamine solution at pH 8.5. Dopamine was oxidized by dissolved O, to yield PDA [7]. The obtained
films incorporate AB as manifested by a marked blue color and the presence of Cu in the X-ray
photoelectron spectra (XPS). This incorporation of dye is apparent after short reaction times, but the
spectral signature of AB and the detection of Cu is not possible anymore after longer reaction times,
typically after about 10 h (Figure 2) [36]. This decrease of the characteristic optical and compositional
signature of AB does not originate from leaching out from the film but from a quantitative incorporation
in the composite PDA-AB film: all the available AB (with a solubility in water limited to about 0.3 mM)
is incorporated in the film after a short reaction time and when the deposition is continued for
longer deposition times, only small oligomers of oxidized dopamine are incorporated in the film to
allow for the deposition of almost “pure” PDA. Then the upper parts of the film, close to the film
solution/interface reflect the composition of PDA and not of PDA-AB. If homogenous PDA-AB films
have to be deposited, the substrate should be exposed regularly to fresh dopamine—AB mixtures [36].

3.2. Layer-by-Layer Deposition of Polydopamine-Based Materials

Negatively-charged PDA aggregates and polycations can be assembled into composite thin films
using the layer-by-layer deposition method [37-39]. The obtained films are more transparent and more
permeable for a redox probe like hexacyanoferrate anions, than PDA films directly deposited on the
same substrate from a dopamine solution [40].

The PDA particles obtained by adding poly(allylamine hydrochloride) (PAH) in the reaction
mixture are of a controlled size (depending on the dopamine/PAH ratio) and positively-charged. They
can be assembled with polyoxometalate anions to yield electroactive films [41].

An alternative strategy to incorporate PDA in films deposited according to the layer-by-layer
deposition method is to use those films as templates for the formation of PDA from dopamine solutions
in the presence of O, as an oxidant [42,43].

When dopamine is oxidized in the presence of a polyelectrolyte multilayer film made from the
alternated deposition of poly(L-lysine) (PLL) and hyaluronic acid (HA), the film becomes rougher,
and homogeneously filled over a thickness of about 1 pm with PDA. The mobility of PLL labeled
with fluorescein as a fluorescent probe is reduced (its diffusion coefficient decreases from 5.8 to
3.2 x 1072 um? s ! after 1 h of dopamine oxidation) and the mechanical properties of the composite
film are affected: a (PLL-HA)y4 film spontaneously dissolves when put in ultrapure water but
after only 4 h of contact with dopamine in oxidizing conditions, it can be detached from its quartz
support as a free-standing membrane after short immersion in a 0.1 M HCl solution [42]. The same
concept has been adapted for films made from the alternate adsorption of poly(allylamine) and clay
platelets (montmorillonite, MMT). The obtained composite films kept the layered structure of the
original (PAH-MMT), films (Figure 3a,b), became impermeable to hexacyanoferrate anions (Figure 3c),
smoother and more homogeneous in their elasticity even if the average Young’s modulus (1 GPa)
decreased with respect to the unmodified multilayered film (4.5 GPa) (Figure 3d) [43].
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Figure 2. Composites obtained by adding Alcyan Blue (AB) in an oxygenated dopamine solution as
shown at the top. (a) Digital pictures of glass slides after being put in dopamine-AB blends with AB
concentrations of 0.05, 0.1, and 0.2 mM after 1, 3, and 24 h of reaction. The dopamine concentration
was the same, 10.6 mM, in all experiments and the films were deposited from 50 mM Tris buffer at
pH 8.5 using dissolved O, as the oxidant. (b) Ultraviolet-visible (UV-Vis) spectra taken on quartz
slides put in dopamine—AB mixtures after 3 h of reaction and increasing the AB concentration from
0.05 to 0.2 mM as indicated in the inset. (c) UV-Vis spectra taken on quartz slides put in dopamine-AB
mixtures after 24 h of reaction and increasing the AB concentration from 0.05 to 0.2 mM as indicated
in the inset. (d) Evolution with time of the Cu/C (e) and the C/N (4) ratios for the polydopamine
(PDA)-AB (0.1 mM) films, and the C/N (M) ratio for the PDA films. These atomic ratios are obtained
from X-ray photoelectron spectroscopy (XPS). Reprinted from [36], Copyright (2015), with permission
from Elsevier.
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Figure 3. Layer-by-layer deposition of clay and poly(allylamine hydrochloride) (PAH) followed
by post-modification with polydopamine. (a) Cross-sectional scanning electron microscope (SEM)
image of a poly(allylamine hydrochloride)-montmorillonite (PAH-MMT);5@polydopamine-coated
film obtained after 14 h of contact with dopamine (2 mg mL~1)in oxidizing conditions (pH = 8.5, O, as
the oxidant). (b) X-ray diffractogram of the MMT powder (—) of (PAH-MMT);5 film before (—)
and after (——) 14 h of contact with dopamine in oxidizing conditions. (¢) Cyclic voltammetry (at a
potential scan rate of 100 mV s~!) measured on a pristine amorphous carbon electrode (—-), on the
same electrode covered with a (PAH-MMT);p—PAH film (—) and after 14 h of dopamine oxidation
(—)- The redox probe was 1 mM K;Fe(CN)g dissolved in 50 mM Tris buffer + 150 mM NaCl (pH = 8.5).
(d) Surface topography over (1 pm x 1 pm) of (PAH-MMT);g and (PAH-MMT);p@polydopamine
films and distribution of their corresponding elastic moduli. Reproduced with permission from [43].

A multi-layered film made of (3-aminopropyl)trietoxysilane (as an anchoring layer), PDA (as a
covalent attachment platform) and stearoyl chloride (as a final lubricating layer) was deposited on
glass to produce a robust lubricating composite with a two-fold decreased friction coefficient with
respect to glass [44].

3.3. Dopamine Grafted on Polymers and Gels

Many researchers have shown the possibility to graft dopamine onto polymers [45,46] and
to use these materials to design gels for biomedical applications. Of the highest interest was the
demonstration that vanadyl cations (VO**) can gelify chitosan modified with catechol groups at a low
vanadyl/catechol ratio, whereas Fe* cations allow the production of more rigid gels, only at higher
cation concentrations. This will allow the production of polymer—catechol composite hydrogels based
on metal coordination with a lower cytotoxicity as evaluated with NIH3T3 cells [47].

A mixture of alginate modified with catechol groups and pluronic bis-SH (comporting end-chain
functional groups) allows the production of physical gels above the lower critical solution temperature
of pluronic bis-SH. These gels can subsequently be cross-linked via catechol and thiol moieties in
the presence of a strong oxidant, NalOy4. The obtained gels not only display excellent antibacterial
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activities against Porphyromonas gingivalis, but also excellent biocompatibility towards a human line of
gingival fibroblasts [48].

3.4. Polydopamine—Protein Composites

Inspired by the strong binding of proteins on natural melanin grains [49], and the fact that
PDA is an excellent support for protein binding [50] in an active state [51], it was believed that PDA
synthesis in solution would be influenced by the presence of proteins. Indeed, it was found that human
serum albumin (HSA) resulted in a decrease in the size of PDA aggregates in solution after 24 h of
dopamine oxidation in a protein/dopamine ratio-dependent manner (Figure 4). Simultaneously the
deposition of PDA on the solid-liquid interface was reduced when the concentration of dissolved HSA
increased [52].
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Figure 4. Variation of the hydrodynamic diameter of polydopamine (PDA) particles, as measured
by dynamic light scattering; with the concentration of human serum albumin (HSA) added in the
dopamine solution (10.6 mM in the presence of 50 mM Tris buffer at pH = 8.5). Dopamine has been
oxidized with dissolved O, (open vessel) for 24 h at room temperature before the measurement.
Reprinted from [52], Copyright (2014), with permission from Elsevier. The inset (personal data from the
author) represents a transmission electron micrograph of the PDA suspension obtained in the presence
of HSA at 1 mg mL~1.

Similar results have been obtained when dopamine was oxidized in the presence of proteins from
chicken egg white [53] suggesting that a large, but yet unknown, set of proteins allows the interaction
and interference with PDA during its formation.
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3.5. Polydopamine—Polymer Composites

When dopamine is oxidized in the presence of poly(vinyl alcohol) (PVA) the obtained
polydopamine particles are of controlled size [54] in a manner similar to what has been described in
the case of HSA and the proteins from chicken egg white.

PVA is also incorporated in PDA coatings when this polymer is added in the dopamine solution.
Surprisingly, when poly(N-vinylpyrrolidone) is added to the dopamine solution, no PDA film
deposition was found [55]. When poly(N-isopropylacrylamide) (PNIPAM) is added to the dopamine
solution, the obtained PDA@PNIPAM coatings display temperature-dependant interactions with
proteins and cells owing to the presence of the temperature-sensitive polymer in the composite
coating [56].

Polymer membranes can be easily functionalized with PDA which allows to confer higher
selectivity in filtration processes as reviewed recently [57]. Such composite membranes of high
hydrophilicity or hydrophobicity allow for the separation of oil from water [58]

PDA not only forms films at the solid-liquid and liquid-liquid interfaces, but also at the water—air
interface. However, the obtained films are apparent only in the absence of agitation because the formed
PDA films are too brittle to withstand strong shear stresses [59]. Nevertheless, these materials can be
useful because they are transferable to the surface of solids, for instance, poly(tetrafluoroethylene),
by means of a horizontal Langmuir-Schaeffer transfer. This offers the interesting opportunity to coat
only one face of a planar substrate. However, for many applications, a robust and flexible PDA-based
film may be useful. To that aim, it has been shown that the addition of branched poly(ethylene imine)
(PEI) to the dopamine solution allows the fabrication of robust free-standing membranes that can
be handled with tweezers and which display an anisotropic composition: they are PDA-rich close
to the film-air interface, and PEI-rich close to the water—film interface [60]. Later, this concept has
been extended with alginate-catechol in the dopamine solution to yield Janus-like free-standing films
that change their shape in response to changes in the relative humidity (Figure 5) [61]. The adhesion
strength of those membranes are humidity- and side-dependent.

3.6. Polydopamine and Conductive Polymers

The electrical conductivity of melanins and PDA films is low, humidity-dependent, and lies
typically in the 107131075 S cm~! range [62]. This conductivity is most probably of protonic nature,
but also implies some redox process due to the composition of melanins [63,64]. The simultaneous
presence of hydroquinones, semiquinones (radical species), quinones, and quinone imine forms allow
for many kinds of charge storage, hence, allowing interesting applications of melanins and PDA films
as supercapacitors [65].

In addition, PDA is highly biocompatible, which is not the case for many conductive polymers.
The emerging concept is then to try to blend both kinds of materials, PDA and conductive polymers,
to find a good compromise between acceptable biocompatibility and improved electrical conductivity.
This would allow the design of new flexible electrodes for stimulation of cells, neurons, etc.

PDA has been blended with polyaniline (PANI) in a reactive layer-by-layer manner. PDA
was deposited from dopamine solutions at pH 8.5 using O, as the oxidant whereas PANI was
deposited from cold acidic solutions using formic acid as the dopant and sodium peroxodisulfate as
the oxidant [66]. The obtained layered films displayed a conductivity close to 1072-10"1 S cm ! after
immersion in a 1.5 M HCl solution. The conductivity of the films decreased when the mass fraction of
PDA increased. Nevertheless, this deposition method is cumbersome and of multistep in nature.
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Figure 5. Composite alginate-catechol@polydopamine membranes. (a) Images showing the
responsivity of PDA-alginate—catechol (PDA-Algcat) membranes to the addition of water. (b)
Scanning electron microscopy (SEM) images of the dry membrane obtained from an Algcat solution
at 20 mg mL~! and (c) its UV-Vis spectrum. ABS: Absorbance. (d) Pull-off data of a PDA-Algcat
membrane at different concentrations of Algcat depending on the side of the membrane (30% relative
humidity), and (e) pull-off data as a function of the relative humidity. Reprinted from [61]. Copyright
(2017) American Chemical Society.

The possibility to deposit PDA films from slightly acidic solutions (pH = 5, 50 mM sodium acetate
buffer) using strong oxidants (like sodium periodate) [67] will perhaps offer the opportunity to deposit
composite PDA-PANI films from solutions containing a mixture of dopamine and aniline. However, it
is not excluded that aniline could react with 5,6-dihydroxyindole (the final oxidation state of dopamine)
to yield a new compound and a film with different properties. Indeed, when mixtures of dopamine and
pyrrole are oxidized with ammonium persulfate, the obtained particles are of smaller size than those
obtained in the presence of pyrrole only (Figure 6a), they adhere much more strongly on the surface
of solid substrates (Figure 6b), and the electrical conductivity passes through a maximum (of about
1S cm™1) at dopamine/pyrrole mole fraction of about 0.06 [68]. The electrical conductivity of films and
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pellets of the obtained particles decreased when the synthesis was performed at a higher mole fraction
in dopamine because the fraction of insulating PDA increased (Figure 6¢). The marked increase in
conductivity observed at low mole fraction in dopamine was attributed to better cohesion and adhesion
between neighboring particles. Similar results were obtained with L-DOPA or 1,2-dihydroxybenzene
added to pyrrole in the polymerization batch. All these results were interpreted on the basis of the
formation of a copolymer in which the catechol units are incorporated in the polypyrrole chains.
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Figure 6. Influence of the presence of dopamine in pyrrole solutions on the properties of the obtained
particles. (a) Particle size as determined by dynamic light scattering and films; (b) Peak force in peeling
tests; (c) Electrical conductivity after polymerization in the presence of ammonium persulfate. Pyrrole
and dopamine structures are shown at the top. Adapted with permission from [68].
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3.7. Polydopamine-Based Composites for Improved Sensing

PDA was deposited in the internal lumen of a 0.5 mm polyetheretherketone (PEEK) tube, a
dialdehyde starch porous composite was then fixed on this adhesion coating. The composite coating
allowed for the detection of hexanal and 2-butanone derivatized with 2,4-dinitrophenyl hydrazine.
The released conjugates where then quantified by means of high-performance liquid chromatography
(HPLC). This eco-friendly and cheap conjugate could be used up to 30 times without a notable decrease
in performance. The limit of detection for hexanal and 2-butanone as specific markers for liver cancer,
was of 1.4 and 1.6 nmol L™}, respectively, comparable with other solid phase extraction methods.
Statistical analysis showed that this method allowed to distinguish patients with liver cancer from
healthy patients [69].

4. Future Perspectives of Polydopamine-Based Composites

Even if PDA has shown to be an interesting material to build up composites to yield either core
shell nanoparticles, composites with carbon-based nanomaterials, multilayered films, intercalated
composites, and stable PDA—protein bioinspired nanoparticles, no doubt that the design principles of
such composites will be improved if we gain a better understanding of the structure of PDA. Moreover,
the question of a polymeric structure or more probably a self-assembled aggregate of small oligomers of
5,6-dihydroxyindole is still open [70]. If PDA is, indeed, a self-assembled structure with local graphitic
order, as suggested by high-resolution transmission electron micrographs [71,72], one may think about
processing methods to increase the size of ordered domains in PDA to produce composite materials
having a higher electrical conductivity. In this context, defining synthesis conditions allowing to
produce a conductive material from a mixture of aniline (yielding to polyaniline in oxidative conditions)
and dopamine (or other catecholamines) is challenging. Indeed, PDA is most often obtained in basic
conditions, whereas doped polyaniline is ideally obtained in strongly acidic conditions.

The design of PDA-based composites for the design of biomaterials with antibacterial properties
and composites allowing for improved adhesion on two different materials will certainly benefit from
a better understanding of the structure of PDA and melanin. The ageing process of such composites in
real usage conditions has to be investigated in a more detailed manner even if the ageing of PDA in
the harsh conditions of proton exchange membranes in fuel cells appears promising [22].

The de-excitation mode of photoexcited melanins and PDA into phonons [73] to produce heat has
almost not been exploited in the design of eumelanin- and PDA-based composites.

Finally, the most important recent finding is the possibility to produce stable PDA-based
suspensions, in a biomimetic manner, in the presence of proteins in the reaction medium. Such
nanoparticles could be processed in two- and three-dimensional printing processes to yield new
scaffolds for the design of new biomaterials and materials aimed for energy conversion processes.
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Abstract: The covalent functionalization of surfaces with molecules capable of providing new
properties to the treated substrate, such as hydrophobicity or bioactivity, has been attracting
a lot of interest in the last decades. For achieving this goal, the generation of a universally
functionalizable primer coating in one-pot reaction and under relatively mild conditions is especially
attractive due to its potential versatility and ease of application. The aim of the present work is
to obtain such a functionalizable coating by a cross-linking reaction between pyrocatechol and
hexamethylenediamine (HDMA) under oxidizing conditions. For demonstrating the efficacy of
this approach, different substrates (glass, gold, silicon, and fabric) have been coated and later
functionalized with two different alkylated species (1-hexadecanamine and stearoyl chloride).
The success of their attachment has been demonstrated by evaluating the hydrophobicity conferred
to the surface by contact angle measurements. Interestingly, these results, together with its chemical
characterization by means of X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared
spectroscopy (FT-IR), have proven that the reactivity of the primer coating towards the functionalizing
agent can be tuned in function of its generation time.

Keywords: catechol; coating; surface modification; hydrophobicity; cross-linking; polydopamine;
surface functionalization

1. Introduction

Macro- and micro/nano-surface functionalization by means of thin films with thicknesses
measuring a few nanometres has become a topic of considerable interest in the past years due to the
possibility of tuning their physico-chemical properties without significantly affecting bulk features or
particle sizes. In this sense, the generation of molecular self-assembled monolayers (SAMs) represents
a relatively simple and efficient way for surface modification [1]. Nevertheless, this approach usually
requires chemical specificity between substrate and anchoring group. For example, thiols are useful for
noble metals such as gold [2-6], platinum [7-10] and palladium [7,11], phosphates and phosphonates
for metal oxides [12-15] and silanes for hydroxyl-bearing materials such as cellulose [16,17] and
silicon oxides [18-22], zinc oxides [23,24], iron oxides [25,26], boron [27], and alumina [6] among
others. In order to overcome this limitation, several research groups have drawn inspiration from
mussel adhesive proteins, since it is known that they are able to strongly stick onto virtually any
kind of surface, thus being usable as models for universal anchoring elements [28-30]. Research on
these proteins suggests that the presence of considerable amounts of the non-essential catecholic
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amino acid L-3,4-dihydroxyphenylalanine (L-DOPA) is responsible, to a large extent, for this gluing
effect, and particularly to the presence of the catechol moiety, as has been demonstrated in single
molecule experiments [31]. Thus, catechol-based molecular SAMs could be good candidates for the
functionalization of almost any kind of surface. Nonetheless, stable SAMs can only be obtained on
certain substrates where the interaction between catechol and surface is strong enough for achieving
a proper stabilization of the molecular monolayer. This is the case of some metal oxides, where a
coordination bond is established [32-34]. If only weak interactions come into play, such as hydrogen
bonding, electrostatic forces or m—7 stacking, cooperativity between catechol moieties is essential for
generating a stable thin film on the surface. This cooperativity can be achieved by polymerizing
a catechol bearing a certain functional group whose properties are to be transferred to the treated
surface, such as hydrophobicity [35], or making the catechol part of a more complex polymeric
backbone [36-39]. However, this strategy usually entails following more or less complex synthetic
pathways for obtaining the final catechol-based coating material. An alternative approach is the
self-polymerization of catecholic molecules under oxidative conditions for obtaining coatings with
thicknesses of few nanometres, which can be later functionalized. This is the case of polydopamine,
which is obtained by oxidative polymerization of dopamine [40]. This first coating, which has been
reported to adhere to a wide range of materials [40], can be reacted a posteriori with an alkanethiol,
for example, for transferring its hydrophobicity to a given substrate [41]. Based on this same strategy,
several authors have been searching for alternative approaches to polydopamine using other catechols
as anchoring elements, like caffeic acid [42] and gallic acid [43,44], which are copolymerized along
with diamines to favor their cross-linking. It has been demonstrated that the successfully generated
copolymer films can be later tailored with different kinds of molecules thanks to the presence of
reactive groups like amines and carbonyls.

In the present work, we report the copolymerization, under mild basic conditions, of pyrocatechol
with different nitrogen-based cross-linkers. As a proof of concept, the obtained polymeric primer
is functionalized ex situ by reaction with different alkyl-bearing molecules with the objective
of transferring their hydrophobicity to the treated substrates. The chemical and morphological
characterization of the coatings at different stages of the process demonstrate that the copolymerization
of the simplest catecholic molecule with hexamethylenediamine (HMDA) is enough for successfully
generating a coating that can be later used as a chemically functionalizable platform onto a wide range
of materials (Figure 1).

OH
Carbonate buffer
OH N (pH=9.1
e T
+ HoN 2
Figure 1.  Schematic representation of the copolymerization between pyrocatechol and

hexamethylenediamine (catHMDA).

2. Materials and Methods

2.1. Materials

All reagents were purchased and used without further purification from Sigma-Aldrich
(Madrid, Spain). Solvents were used as received without additional drying or degasification.
Aqueous carbonate buffer (pH = 9.1) was prepared by dissolving 265 mg of Na,CO3 and 1.89 g
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of NaHCOj in 250 mL of Milli-Q® water (Merck Chemicals & Life Science S.A., Madrid, Spain).
Glass (cut from microscope borosilicate glass slides (Labbox, Madrid, Spain)); and silicon substrates
(CNM, Barcelona, Spain) were cleaned in an ultrasonic bath for 10 min, first in acetone and then
in ethanol, rinsed with Milli-Q® water and finally dried under a nitrogen flow. Gold-coated glass
substrates (Labbox) for Fourier-transform infrared spectroscopy (FT-IR) analysis were obtained by
deposition with a high vacuum sputter coater (Leica, Wetzlar, Germany), a 100 nm gold layer on glass
substrates previously cut with a diamond tip. Polyester fabric substrates (Servei Estacio, Barcelona,
Spain) were cut and blown with nitrogen before use.

2.2. Preparation of the Primer Coatings for Their Physicochemical Characterization

Primer coatings were synthesized in 15 mL glass vials by dissolving benzene-1,2-diol (10 mmol)
and hexamethylenediamine (HMDA, 10 mmol) in carbonate buffer (6 mL, pH = 9.1). The substrates
(glass, gold or silicon) were placed in the vials together with the reagents. Then, the carbonate buffer
was added under homogenous magnetic stirring. The vials were covered with pierced Parafilm®
(Labbox) in order to allow the entrance of oxygen to the reaction mixture. Finally, the samples were
washed with Milli-Q® water, dried with air flow and stored in a desiccator under vacuum.

2.3. Functionalization of the Primer Coatings with Hydrophobizing Agents

Primer-coated glass substrates were placed in 15 mL glass vials together with 6 mg of the
corresponding hydrophobizing agent (1-hexadecanamine or stearoyl chloride). Then, 6 mL of hexane
were added, the vial closed and kept under magnetic stirring for 24 h. Finally, the substrates were
washed with hexane, dried with air flow and stored in a desiccator under vacuum conditions.

Variations of the contact angle values due to the presence of adsorbed solvent molecules were
discarded by preparing blank samples of the coatings, following the above protocol but without
addition of hydrophobizing agents.

2.4. Material Coating and Functionalization under Optimized Conditions

The substrates (fabric, silicon and gold) were placed horizontally in glass petri dishes for the
deposition and formation of the primer coatings following the process described in Section 2.2.
The resulting primer-coated substrates were then incubated for 24 h in glass petri dishes containing
1 mg/mL of hydrophobizing agent (1-hexadecanamine or stearoyl chloride) in hexane. Finally,
the substrates were washed with hexane, dried with air flow and stored in a desiccator under
vacuum conditions.

2.5. Contact Angle

Static contact angle measurements were performed with an EasyDrop contact angle meter
(KRUSS GmbH, Hamburg, Germany) using 15 uL water droplets. Each substrate was measured
at three different points for obtaining an average of the whole surface. The measurements were
performed approximately one minute after the droplet deposition.

2.6. Chemical Characterization

Ultraviolet—visible (UV-Vis) spectra have been acquired on glass substrates using a Cary 4000
Spectrometer (Agilent Technologies, Santa Clara, CA, USA). Surface FT-IR experiments have been
performed with the Hyperion 2000 FT-IR microscope (Bruker Optik GmbH, Ettlingen, Germany)
in reflection mode equipped with a nitrogen cooled mercury—cadmium-—telluride (MCT) detector
(InfraRed Associates, Inc., Stuart, FL, USA) using a 15X reflection objective, a gold mirror as reference
and scanning for 30 min with a resolution of 4 cm~!. X-ray photoelectron spectroscopy (XPS)
measurements were performed with a Phoibos 150 analyser (SPECS EAS10P GmbH, Berlin, Germany)

in ultra-high vacuum conditions (based pressure 10~1° mbar, residual pressure around 10~7 mbar).
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Monochromatic Al Ke line was used as X-ray source (1486.6 eV and 300 W). The electron energy
analyser was operated with pass energy of 50 eV. The hemispherical analyser was located perpendicular
to the sample surface. The data was collected every eV with a dwell time of 0.5 s. A flood gun of
electrons, with energy lower than 20 eV, was used to compensate the charge. The primer coatings were
deposited on silicon substrates during three different times: 12, 24 and 48 h. All the data was treated
with CasaXPS version 2.3.17PR1.1 (Casa Software LTD, Teignmouth, UK) and OriginPro version 8.0988
(OriginLab Corporation, Northampton, MA, USA) software.

2.7. Morphological Characterization of the Coatings

Measurements of the coating thickness were obtained from a Stylus Profilometer (D-500,
KLA Tencor, Milpitas, CA, USA), with a vertical range of 1200 pum; 0.38 A and 100 nm as vertical and
lateral resolution, respectively. The measurements were performed with stylus force in the range of
1-5 mg. The primer coatings were deposited on glass substrates with a mask in the middle for the
formation of a step suitable for the thickness measurement.

Images of treated fabric were obtained from scanning electron microscopy (SEM) (FEI Quanta
650 FEG, Thermo Fisher Scientific, Eindhoven, The Netherlands) in secondary electron mode with a
beam voltage between 15 and 20 kV. Samples were coated with 15 nm of platinum by sputter coater
(Leica).

2.8. Statistical Analysis

The statistical analysis of the contact angle measurements was carried out by performing three
replicates per sample. The obtained results per sample were used for calculating the standard deviation
using the n-1 method with Excel version 2010 (Microsoft Office, Redmond, WA, USA) software.

3. Results and Discussion

3.1. Generation of the Primer Coating

In a first attempt to generate a functionalizable primer coating by cross-linking of pyrocatechol
with a nitrogenated species, three different reagents were tested for copolymerization in basic
media: NHj3 aqueous solution (25% w/w), p-phenylenediamine and HMDA. Reactions using NHz
or p-phenylenediamine yielded no coating on glass substrates. Despite the fact that an evident
darkening of the solutions took place with time during these reactions, no material remained on
the glass substrates after cleaning with water, as could be clearly observed with the naked eye,
but also with UV-Vis spectroscopy. Finally, contact angle measurements were also performed on these
samples, but values did not significantly vary from those of the untreated glass. Thus, the pyrocatechol
polymerization products obtained with NHj or p-phenylenediamine did not seem to be able to generate
a stable coating on this substrate. In the case of HMDA, a brownish coating remained on glass after
thoroughly cleaning with water. Ultraviolet-visible spectroscopy showed a band around 345 nm,
which was assigned to the polymerization product between pyrocatechol and HMDA (catHMDA).
This technique was also used for following coating growth with time (Figure 2A). Surprisingly,
no maximum was reached even after four days of reaction, and the deposition of material seemed to
follow a linear trend, without appreciable shift of the position of the band (inset in Figure 2A).
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Figure 2. Study of the catHMDA growth with time. (A) Ultraviolet—visible (UV-Vis) spectra of
catHMDA on glass vs. reaction time. Inset shows the linear trend of the maximum of absorbance at
345 nm as a function of the reaction time. (B) Static contact angle measurements of catHMDA-coated
glass as a function of the reaction time. Data is shown as mean + standard deviation. a.u.:
Arbitrary units.

This observation is also supported by profilometry measurements, showing that the measured
thickness of samples at 12, 24, 48 and 96 h also follows a nearly linear trend, being of 55 £+ 8,95 £ 5,
160 =+ 10 and 386 & 7 nm, respectively. Thus, it seems that under the reaction conditions used in these
experiments, catHMDA grows on the glass substrates at an essentially constant rate during at least the
first four days. A feasible explanation for this phenomenon is that, since the cross-linking reaction
needs the prior oxidation of the catechol to the corresponding quinone and, in turn, this step needs the
presence of oxygen, the rationed entrance of this last to the reaction mixture makes the process to run
gradually. However, static contact angle measurements of the same samples showed that a significant
decrease of this value takes place with time, parallel to the growth of the material (Figure 2B). A first
quick increase of the contact angle in relation to the naked surface can be observed after 2 h of reaction.
From here, the surface becomes more hydrophilic as the reaction time increases. These results suggest
that the outer surface of the coating exposes more hydrophilic moieties as the reaction progresses.
Nevertheless, and unlike layer thickness, no linearity was observed for this parameter. In fact, three
different stages could be clearly differentiated regarding the variation of contact angle with time:
between 2 and 8 h, when the highest contact angles around 57° are obtained; from 12 to 24 h, where a
slight decrease down to around 50° may be appreciated; and between 48 and 96 h, when a dramatic
drop of this parameter down to around 30° takes place, being even lower than that of the blank surface.
It is worth mentioning that these values were reproducible after several weeks, demonstrating the
robustness of the coating. Overall, results suggest that although the generation of the coating seems
to take place gradually as mentioned above, its chemical composition should be varying with time,
considering the availability of reactants in the medium (starting ratio of catechol:HMDA 1:1.5). As the
catechol monomer is depleted, excess amine might favor the formation of more hydrophilic layers
with free amine chain ends, which would explain the observed drop in contact angle values. In order
to shed some light on this issue, XPS was used for the analysis of atomic chemical bonding of the
primer coatings on silicon substrates at three different times: 12, 24 and 48 h. In all the cases, the C1s,
N1s and O1s peaks yielded a very similar spectrum as expected and appeared in a closely position
with a concentration of 75.83 £ 0.27%, 14.34 £ 0.13% and 7.81 =+ 0.08%, respectively (Figure 3).
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Figure 3. X-ray photoelectron spectroscopy (XPS) spectra of the primer coatings deposited on silicon
substrate at different reaction times. The inset table shows the binding energy (BE) and the atomic
concentration (At.) of C, N and O. a.u.: Arbitrary units.

To study in detail the bonding environment of the coating deposited on SiO,, high-resolution
XPS curve-fitting was performed. Figure 4 shows the XPS spectra with the fitting results for each
peak of the primer coatings at the studied times. Table 1 shows the corresponding assignments for the
resulting components. The energies were in agreement with previously reported values for similar
systems [43—47].

Figure 4A shows the Cls spectra for each time. Five peaks have been properly fitted, which would
correspond to five different chemical environments in the primer coating. They confirm the presence of
catechol coexisting with its oxidized quinone state as can be noted by the C-OH signals at 286.45, 286.64
and 286.83 eV, and the C=0 signals at 288.31, 288.42 and 288.43 eV for 12, 24 and 48 h reaction times,
respectively. The Ols spectra (Figure 4C) also support the coexistence of these two species. In addition,
it can be observed that the peaks corresponding to the reduced (catechol) state (both at C1s and Ols
spectra) decrease with time, whereas those assigned to quinonic species increase, which would indicate
an over-oxidation of catechol moieties at progressively longer reaction times. Regarding N1s spectra
(Figure 4B), an increase of both aliphatic and aromatic amine-related components can be observed.
C-N aromatic contributions could be assigned to the amino groups that are directly bonded to the
catechol rings and are supposed to be involved in the cross-linking of the material, whereas C-NH
aliphatic would be indicating the presence of unreacted amine tail ends. Although both signals rise
with time, it can be noted that the one corresponding to the unreacted (aliphatic) amine tails undergoes
a more significant increase.

This would be in agreement with our previous statement about the drop in the contact angle
values for long reaction times, since free amine-rich top layers would confer hydrophilicity to the
primer coating surface.
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Figure 4. Curve-fitting results for Cls, N1s and O1ls high-resolution XPS spectra at 12, 24 and 48 h.
CPS: Counts per second. The scheme on the right represents the different kinds of chemical bonds in
catHMDA. The atoms are arbitrary numbered for the XPS peak assignment.
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Table 1. Curve-fitting assignments for Cls, N1s and Ols peaks at 12, 24 and 48 h.

Peak Time ! (h) Atom Atomic Bond BE (eV) At. (%)

C3,5,6 Clarom.) 284.61 12.06

89,1011 C-C/C-Haiiph) 285.07 32.52

12 C7,12 C-Naliph,) 285.71 19.48
C4/C1,2 C-N(arom,/C-OH 286.45 27.87

C1,2 Cc=0 288.31 8.07

C3,5,6 Clarom.,) 284.53 5.34

Cls C89,1011  C-C/C-Hliph,) 285.13 34.64
24 C7,12 C-Naliph,) 285.81 26.61

C4/C1,2 C-N(arom.)/C-OH 286.64 21.04
C1,2 Cc=0 288.42 12.37

C3,5,6 Clarom,) 284.57 4.52

89,1011 C-C/C-Haiiph) 285.22 36.52

48 C7,12 C—N(aliph,) 285.94 29.64
C4/C1,2 C-N(arom,)/C-OH 286.83 15.27
C1,2 Cc=0 288.43 14.05
- N1 C-NH, 399.87 81.26

N2 C-Narom.) 401.11 10.51
N1s o N1 C-NH; 399.08 82.14
N2 C-Narom.) 401.65 11.26
48 N1 C-NH, 399.87 88.49

N2 C-N(arom.) 401.78 11.51
0 01,2 Cc=0 531.63 48.39

01,2 C-OH 533.27 51.61

Ols 24 01,2 Cc=0 531.75 49.41
01,2 C-OH 533.29 50.59
48 01,2 Cc=0 531.95 56.08
01,2 C-OH 533.45 43.92

1 catHMDA generation time. aliph.: Aliphatic; arom.: Aromatic; At.: Atomic concentration; BE: Binding energy.

Characterization of the primer coatings obtained at 12, 24 and 48 h by means of FT-IR also shows,
on the one hand, an increase in the thickness of the coating with time, as can be noted by the increase
in absorbance of the corresponding spectra (Figure 5).
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Figure 5. Fourier-transform infrared spectroscopy (FI-IR) spectra of the primer coatings after 12, 24 and
48 h of reaction. a.u.: Arbitrary units.
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On the other hand, FT-IR clearly shows that both HMDA and catecholic/quinonic species are
present in the coating. The broad band around 3240 cm~! and its shoulder at higher wavenumbers
around 3400 cm ! may be assigned to the NH, and O-H vibrations from catechol and amine moieties,
respectively. The bands observed in all the spectra at 3050 cm !, and between 1560 and 1580 cm !
can be respectively assigned to C=C-H and C=C vibrations from the catecholic/quinonic rings,
whereas peaks around 2853 and 2924 cm~! would correspond to the asymmetric and symmetric
stretching vibrations of the methylene C-H bonds from the alkyl chain of the HMDA. All spectra
present shoulders of the intense bands around 1575 cm™!, and between 1620 and 1710 cm™ L.
Although they are not perfectly resolved, it is feasible to assign them to C=O quinonic groups,
that otherwise have also been observed, as described above, by XPS. Finally, the peak at 1264 cm!
observed in all the spectra could be assigned to a secondary amine bridging an alkyl and an aromatic
ring. Since these measurements are a read of the whole material (unlike XPS, as it is not a superficial
technique) and, in addition, the resolution of the bands is not optimal mainly for shorter reaction times,
it is complicated by only means of FT-IR to establish an evolution of the functional groups with time.
Nevertheless, these findings along with the XPS, UV-Vis and profilometry data would suggest that the
primer coating consists in a cross-linkage of catechol/quinone rings through HDMA that gradually
increases its thickness with time in an almost linear trend. The longer the time of reaction, the higher
the concentration of quinones, and unreacted tail-end amines can be found in the surface of the coating.
Thus, its reactivity towards a given functionalizing agent should be considered in function of the time
of its generation.

3.2. Functionalization of the Primer Coating

Considering the presence of quinones and primary amines in the surface of the catHMDA coating,
its reactivity towards a nucleophilic and an electrophilic attack as functionalization strategies was
explored and evaluated. For this, an amine and an acyl chloride, both bearing alkyl chains, were used
as functionalization agents, since their successful attachment may be easily tested by measuring
the resulting contact angle. Thus, catHMDA coatings were generated at different times and later
incubated with the functionalizing agents (Figure 6). As mentioned above, the reactivity of the
primer coating would be expected to change with reaction time, concomitantly with changes in its
chemical composition.

In Figure 6, different trends for the functionalizing agents can be observed. Although both maxima
achieve similar values around 85°, the amine nucleophilic attack seems to be more successful on the
catHMDA obtained after 16 h (catHMDA-16 h), whereas the electrophilic attack of the acyl chloride
seems to be optimum for the catHMDA coating generated for 48 h (catHMDA-48 h).

This trend would support the primer coating characterization results: on one hand, the longer
time for the generation of catHMDA, the larger number of primary amines can be found in the surface,
thus increasing the probability of being attacked by an electrophilic reagent during the subsequent
functionalization incubation. On the other hand, it has also been observed that the amount of quinones,
liable to later reacting with nucleophiles, increases with the generation time of catHMDA. Nonetheless,
HMDA can react with these quinones during the generation of the primer coating, thus blocking
reactive positions towards other nucleophiles in the later functionalization process. In fact, this could
be the reason why a larger number of tail-end amines can be found as an overlayer on the coating
for longer reaction times by means of XPS (Table 1, N1s). Considering these observations, it seems
feasible that at a certain point the reactivity of catHMDA towards nucleophiles would decrease, with a
concomitant increase in reactivity towards electrophiles. This point of inflection can be observed
in Figure 6 approximately after 16 h. The extremely low contact angles obtained up to 20 h for the
incubation with stearoyl chloride, being even lower than the uncoated glass substrate, could be due
to a chemical modification of the coating surface during this process. An increase in the number of
primary amines on the surface for longer generation times, besides increasing the reactivity towards
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an acyl chloride, could be buffering such side effects. Nevertheless, further studies would be needed
to shed light on this issue.

In order to confirm the attachment of the functionalizing agents, as well as to determine the
mechanisms involved in the corresponding processes, the functionalized coatings showing optimal
contact angles (catHMDA-16 h/amine and catHMDA-48 h/stearoyl) were analysed by XPS. Figure 7
shows the wide scan XPS spectra and the compositional analysis, where an increase of the atomic
percentage of carbon can be noted, reaching values higher than 80%, which would be compatible with
the attachment of the bulky alkyl chains to the surface. Additionally, the presence of N and O was
also confirmed.

I Amine
[ stearoy!

Contact angle ()
2

0 4 8 12 16 20 24 48

catHMDA generation time (h)

Figure 6. Contact angles of catHMDA generated at different times (4-48 h), after incubation with
1-hexadecanamine (blue) and stearoyl chloride (orange). Both incubations are carried out for 24 h in
hexane. Data is shown as mean =+ standard deviation.
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Figure 7. XPS spectra of the functionalized primer coatings deposited on a silicon substrate. The inset

table shows their chemical composition. a.u.: Arbitrary units.
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The core-level spectra Cl1s, N1s and Ols for both functionalized coatings are presented in Figure §,
and relevant peak data and assignments listed in Table 2. The energies are in agreement with reported
values for similar chemical bonding [43,48,49]. In both systems, besides the signals coming from the
underlying catHMDA primer coating, new signals which could be assigned to the new established
bonds after the incubation process can be observed. In the case of catHMDA-16 h/amine, the Cls
spectrum (Figure 8A) shows a component at 286.23 eV that can be assigned to the formation of an
imine bond (C=N), also confirmed in the N1s spectrum with a signal at 399.73 eV.
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Figure 8. Curve-fitting results corresponding to Cls, N1s and Ols high-resolution XPS spectra for (A)
catHMDA-16 h/amine and (B) catHMDA-48 h/stearoyl.

This would hint at covalent bonds being formed by nucleophilic attacks of amines on the carbonyl
groups of the quinone rings (Figure 9B), which seem to be present in large amounts for intermediate
reaction times (Figure 9A). With regard to Michael-type additions, they cannot be completely ruled
out, since signals at 400.67 and 402.17 eV, corresponding to secondary amines bridging aromatic
and aliphatic carbons, are also observed in this spectrum. Although cross-linking of catechol rings
through HMDA is the main origin of such signals, some contribution coming from the attachment of
1-hexadecanamine to the aromatic ring by means of a 1,4-addition is also feasible in this context. In the
case of catHMDA-48 h/stearoyl (Figure 8B), one of the fitted component in C1s peak with highest
binding energy (289.67 eV) can be attributed to an amidic carbon atom (N-C=0), thus confirming the
condensation between free amines in the catHMDA and stearoyl chloride (Figure 9C). The presence of
the amide bond is also confirmed by the 532.86 eV peak in the Ols high-resolution spectrum.

Chemical characterization by means of FT-IR has also been performed after the functionalization
processes, but no significant peaks coming from these overlayers have been detected due to the
considerable larger thickness of the underlying catHMDA coating, which absorbs most of the FT-IR
signal. Nevertheless, contact angle and XPS measurements have been enough for confirming
the successful functionalization of the catHMDA primer coating with 1-hexadecanamine and
stearoyl chloride.
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Table 2. Curve-fitting assignments corresponding to Cls, N1s and Ols peaks for catHMDA-16 h/amine
and catHMDA-48 h/stearoyl.

catHMDA ! Peak Atomic Bond BE (eV) At. (%)
C-C/C-Hiiph) 285.20 4292
C’N(aliph.) 285.81 18.93
Cls C=N 286.23 18.51
C-OH 287.11 5.73
. C=0 288.43 13.91
Amine
C=N 399.73 15.62
Nls C-Niph) 400.67 62.72
C-Narom) 402.17 21.66
Ols C=0 532.12 49.84
C-OH 533.64 50.16
C-C/C-Hiiph) 28537 16.29
C—N(aﬁph‘) 285.63 58.94
Cls C-N(arom)/C-OH 286.93 17.20
Cc=0 288.51 5.56
0O=C-N 289.67 2.01
Stearoyl 0=C-N 399.98 1851
N1s C—N(aliph.) 400.63 61.30
C-Narom) 402.26 20.19
C=0 531.76 35.53
Ols O=C-N 532.86 27.88
C-OH 533.95 36.59

1 Optimized catHMDA for each functionalization. aliph.: Aliphatic; arom.: Aromatic; At.: Atomic concentration; BE:
Binding energy.
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Figure 9. Chemical structure of the catHMDA coating and its functionalization. (A) Tentative
schematic representation of the primer coating (catHDMA) and its evolution in function of the
reaction time, where an increase in the amount of quinones and non-reacted amine tail ends can be
observed. (B) Proposed schematic mechanism of the attachment of 1-hexadecanamine to catHDMA-16 h
(the optimal generation time of the primer coating for its functionalization with this reagent is
16 h) (C) Proposed schematic mechanism of the attachment of stearoyl chloride to catHDMA-48 h
(the optimal generation time of the primer coating for its functionalization with this reagent is 48 h).
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Finally, three different substrates (gold, silicon and fabric) were rendered hydrophobic in the
optimal conditions for the generation of the primer coatings and their further functionalization.
Contact angle values at the different stages of this treatment are shown in Figure 10.
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Figure 10. Wettability study after functionalization of catHDMA. (A) Contact angles of water on gold,
silicon and fabric substrates (blank /uncoated, coated with catHMDA, and coated + functionalized with
1-hexadecanamine and stearoyl chloride). Data is shown as mean =+ standard deviation. (B) Images of
water droplets on the three substrates before and after functionalization with catHMDA-16 h/amine
and catHMDA-48 h/stearoyl.
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As can be seen in Figure 10A, in all the cases catHMDA-48 h/stearoyl leads to the highest contact
angle values, approximately 10° above those obtained with catHMDA-16 h/amine. Interestingly, it can
be noted that for substrates having similar roughness, like gold and silicon, the contact angle values
are almost equal for the same treatment. This could be evidence for the universality of this coating,
which would provide the same functionalization capacities independently of the chemical nature of
the treated surface. The greater roughness of the fabric substrate causes a significant increase in the
final contact angles, due to the structuration of the surface. The morphology of this last sample coated
with catHMDA-16 h/amine has been analyzed by SEM. As shown in Figure 11, almost no differences
in appearance can be seen between the untreated (Figure 11A,B) and the treated fabric (Figure 11C,D),
where the presence of a coating is hinted at by small cracks across its surface, as observed at higher
magnification (Figure 11D and zoom inset). Thus, even after 16 h of generation of the coating,
the submicron thickness of the coating does not significantly modify the morphology of the treated
textile, which is important for preserving its mechanical and breathability properties.
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Figure 11. Scanning electron microscopy (SEM) images of fabric samples (A,B) before and (C,D) after
being coated with catHMDA-16 h/amine. Inset in (D) shows zoom area of the coated polyester fabric
fibers, where small cracks can be observed on its surface.

4. Conclusions

A functionalizable polydopamine-like coating (catHMDA) was successfully obtained by
cross-linking polymerization of pyrocatechol with HMDA under oxidizing conditions. Regarding the
growth of the coating, UV-Vis spectroscopy and profilometry measurements show that the thickness
of catHMDA on flat surfaces follows an almost linear trend with time under the reaction conditions.
The XPS measurements suggest that its superficial chemical composition also changes with time,
thus opening the possibility of tuning its reactivity in function of this parameter. As a proof-of-concept,
different substrates were coated with catHMDA and later functionalized with 1-hexadecanamine and
stearoyl chloride, demonstrating the versatility of this platform for its functionalization following both
nucleophilic and electrophilic attack approaches. The bulky alkyl chain in both species successfully
conferred robust hydrophobicity to four different surfaces (glass, gold, silicon and fabric). These results
demonstrate the potential of catHDMA as a universal coating that can act as a flexible platform
for further functionalization with, for example, biomolecules of interest in biomaterials science,
amongst others. However, future work should be directed in order to explore the degradability
of these coatings. In addition, the use of more superficial techniques could be of interest for shedding
more light on the chemical composition of the top atomic layers of these systems.
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Abstract: In situ forming hydrogels with catechol groups as tissue reactive functionalities are
interesting bioinspired materials for tissue adhesion. Poly(ethylene glycol) (PEG)—catechol tissue
glues have been intensively investigated for this purpose. Different cross-linking mechanisms
(oxidative or metal complexation) and cross-linking conditions (pH, oxidant concentration, etc.)
have been studied in order to optimize the curing kinetics and final cross-linking degree of the system.
However, reported systems still show limited mechanical stability, as expected from a PEG network,
and this fact limits their potential application to load bearing tissues. Here, we describe mechanically
reinforced PEG—catechol adhesives showing excellent and tunable cohesive properties and adhesive
performance to tissue in the presence of blood. We used collagen/PEG mixtures, eventually filled with
hydroxyapatite nanoparticles. The composite hydrogels show far better mechanical performance
than the individual components. It is noteworthy that the adhesion strength measured on skin
covered with blood was >40 kPa, largely surpassing (>6 fold) the performance of cyanoacrylate,
fibrin, and PEG—catechol systems. Moreover, the mechanical and interfacial properties could be easily
tuned by slight changes in the composition of the glue to adapt them to the particular properties
of the tissue. The reported adhesive compositions can tune and improve cohesive and adhesive
properties of PEG-catechol-based tissue glues for load-bearing surgery applications.

Keywords: tissue glues; reinforced hydrogels; bioinspired adhesives; catechol-functionalized
polymers; nanocomposite

1. Introduction

Tissue adhesives are promising biomaterials for wound closure, fixation of implants, and medical
devices. Compared with sutures, tissue glues are less traumatic, and easier and faster to use,
especially on soft tissues such as lung, liver, or kidney. Commercially available tissue glues can
be classified into two categories: natural-based tissue adhesives including fibrin (Tisseel® and
Artiss®, Baxter; Evarrest®, Ethicon), albumin (BioGlue®, CryolLife), gelatin (FloSeal®, Baxter) or
chitosan (Celox®, MedTrade); and synthetic tissue adhesives based on cyanoacrylate (Dermabond®,
Ethicon; Leukosan®, BSN Medical; Histoacryl®, B. Braun), poly(ethylene glycol) (PEG) (CoSeal®,
Baxter), or isocyanate (TissuGlu®, B. Braun), among others [1]. Several properties are desirable
for a good tissue adhesive: strong adhesion in the presence of body fluids, biocompatibility,
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biodegradability, fast polymerization, adaptability to the mechanical properties of the tissue, and low
cost. Cyanoacrylates and fibrin glues are among the most extensively used tissue adhesives.
Despite this, none of them meets all requirements listed above [2]. Cyanoacrylate glues show
high adhesion strength, rapid curing, and low cost. However, their degradation products are
cytotoxic, making them unsuitable for internal use. Fibrin glues are biocompatible and biodegradable,
but they exhibit poor mechanical strength. Considerable effort has been expended to develop in
situ cross-linking hydrogels compatible with physiological conditions as alternative tissue gluing
systems [3-11]. The main focus has been reinforcing interfacial properties by exploiting chemistries to
improve reactivity with tissue [3]. Relevant outcomes in terms of interfacial strength in the presence of
blood have been reported. However, all systems come up short for load-bearing applications in the
clinic because of poor mechanical strength under physiological conditions [12,13].

Over the last few years, reinforced hydrogels with improved mechanical performance have
been developed. Reinforcement can be achieved by mixing with micelles or micro- or nanoparticles
that strongly interact with the polymer chains [14,15], with fibrillar nanostructures [16-18], or with
other polymers [19,20]. Examples of PEG-based nanocomposite hydrogels include PEG diacrylate
hydrogel containing hydroxyapatite [21] or Laponite [22] nanoparticles, or dopamine-functionalized
4-arm PEG hydrogel containing Laponite [23] or Fe3O4 [15] nanoparticles. Alternatively, double or
interpenetrating networks combining two types of polymers have demonstrated impressive mechanical
performance [14,24]. Examples of double networks include alginate/collagen-I mixtures for skin
wound healing [25] or PEG diacrylate—collagen interpenetrated networks as cell scaffolds [26] and for
vascular tissue engineering [27].

Catecholamine-functionalized polymers have attracted considerable attention as tissue adhesives in
the last few years [3,10]. The idea of the catechol moiety as adhesive unit is inspired by the high content
of dihydroxyphenylalanine (DOPA) amino acid of the adhesive mussel foot proteins (mfps) used by the
mussel to attach to rocks in the sea. In tissue applications, oxidized catecholamines can undergo self-reaction
(polymerization) or can bind to nucleophiles (such as -NH; or —SH in the protein components of the
tissue) under physiological conditions. This leads to rapid and effective cross-linking and tissue-binding
of the catechol-derived material. A broad range of catecholamine-functionalized hydrogels have been
reported, such as alginates [28,29], hyaluronan [30-32], heparin [33], gelatin [11], polyvinylpyrrolidone [34],
PEG [8,35-40], and chitosan [10]. Reported applications of these materials include wound closure [35],
hemostasis [10], adhesion in blood vessels [28], cell therapy [31,32], cell culture [33], biological glue [11],
islet transplantation in the liver [8], or fetal membrane repair [37]. The catechol-based tissue glues show
good interfacial strength in in vivo applications. However, as hydrogel-based materials, they present
modest mechanical performance in wet environments, and their use in load-bearing applications is
severely limited.

Cohesive and adhesive properties need always to be considered in the design of any adhesive,
and optimized to the particular chemistry, mechanical properties, and mechanical solicitation of the glued
parts. In this work, we present different formulations of mechanically robust PEG-based hydrogels and
explore their potential as alternative matrices for tissue gluing with considerably better mechanical strength
than reported systems. We describe adhesive networks based on collagen and PEG—catechol hydrogel,
and hydrogel composites containing hydroxyapatite particles to improve the mechanical stability of the
hydrogel matrix. The adhesion performance to pork skin was evaluated under different conditions: dry,
wet, and in the presence of blood, and compared with reported and commercial systems. A biocompatible
hydrogel composition was identified, with cohesive properties far better than PEG—catechol, both on wet
skin and in the presence of blood. This system attained adhesion strength of ca. 40 kPa on skin tissue
covered by blood, 6-fold higher than cyanoacrylate and 12-fold higher than fibrin.
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2. Materials and Methods

2.1. Reagents and Materials

Tissues from pork (fresh skin) were obtained from a local butcher. The cyanoacrylate-based
tissue adhesive Leukosan® was obtained from BSN Medical (Hamburg, Germany). The fibrin-based
tissue adhesive ARTISS® was purchased from Baxter (Unterschleifheim, Germany). Collagen (type L,
from rat tail, here referred to as Coll) and hydroxyapatite (nanopowder, <200 nm, referred to as HAp)
were purchased from Sigma-Aldrich (Taufkirchen, Germany). 4-arm PEG succinimidyl carboxymethyl
ester (PEG-NHS, My, of 5, 10, and 40 kDa) was purchased from Jenkem Technology (Plano, TX, USA).
All other reactants were purchased from Sigma-Aldrich and used as received. Poly(ethylene glycol)
0,0",0”,0""-tetra(acetic acid dopamine) amide (PEG-Dop, Mw of 5, 10, and 40 kDa) were prepared
following reported procedures from our group [40,41]. Details on the synthetic procedure and
characterization (proton nuclear magnetic resonance (*HNMR) spectra, Supplementary Figure S1) can
be found in the Supplementary Materials.

2.2. Preparation of Adhesive Formulations

For the preparation of pure PEG-Dop hydrogel, PEG-Dop was dissolved in 0.01 M phosphate-buffered
saline (PBS, pH 7.4) at 10%, 20%, 30%, and 40% (w/v). An equivolume of NalOj solutions (concentration
range 30-240 mM) in deionized (DI) water was added to induce gelation. The Dop:NalO, molar ratio was
adjusted according to the specific requirements of experiments. For the adhesive test, 20 uL of the mixture
of polymer and oxidant were spread on the skin. This amount was sufficient to cover 113 mm? area of the
tissue probe without significant overflow.

PEG-Dop/HAp: Nanocomposite hydrogels of PEG-Dop/HAp were prepared by adding the HAp
nanoparticles suspension (prepared previously) to the PEG-Dop solution at 1%, 2%, 5%, and 10%
(w/v). The mixture was vortexed and sonicated for 5 min to ensure homogeneity. The concentration of
PEG-Dop was kept constant at 30% (w/v). Mixtures with NalOy solution were prepared and used as
described above.

PEG-Dop/Coll and PEG-Dop/HAp/Coll: for the preparation of these two precursors, 1 M NaOH
solution, 10x PBS, and DI water should be precooled and the whole mixing process should be
performed on an ice bath. A collagen solution in 0.1 M acetic acid was neutralized with 1 M NaOH
and 10x PBS to collagen concentrations of 0.1%, 0.2%, and 0.4% (w/v). PEG-Dop was added to
the collagen solution and vortexed for 10 min to obtain a precursor of PEG-Dop/Coll (30% (w/v)
PEG-Dop). For the PEG-Dop/HAp/Coll mixture, the HAp particles were first suspended in DI
water by vortexing and sonicating for 10 min. The HAp suspension and PEG-Dop solution were
added simultaneously to a previously neutralized collagen solution, and the mixture was vortexed
and sonicated for 5 min for homogeneity. The pH of the resulting mixture was 7.0-7.4 and the
concentration of the precursor was 0.2% (w/v) for collagen, 5% (w/v) for HAp, 30% (w/v) for PEG-Dop,
and 1x for PBS. All collagen-containing systems were subsequently incubated at 37 °C for 3 h to allow
collagen fibrillogenesis. Finally, the PEG-Dop/Coll and PEG-Dop/HAp/Coll network were mixed with
an equivolume solution of 120 mM NalOy in DI water and applied to the tissue samples for adhesion tests
as described above.

Collagen (0.2% (w/v)): Collagen (Type I, from rat tail) was diluted in 0.1 M acetic acid and
neutralized with 1 M NaOH and 10x PBS to a collagen concentration of 0.2% (w/v) in 1x PBS at the
pH of 7.0-7.4 (Note: precooled NaOH solution, 10x PBS, and DI water should be used, and the mixing
should be performed in an ice bath). The collagen solution was kept at 37 °C to allow fibrillogenesis.
After 3 h, 20 uL of the collagen solution was sandwiched between two skin disks and cured for 30 min
at 37 °C.

Commercial tissue adhesives: 20 uL of cyanoacrylate or fibrin adhesive was applied to uniformly
coat the skin surface without significant overflow, and cured between two disks of skin.
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2.3. Adhesion Measurements

Fresh porcine skin was obtained from a local butcher and stored at —20 °C for a few months.
When needed for the adhesion measurements, a portion of the tissue was defrosted and kept at room
temperature in aluminum paper to prevent from drying. The defrosted tissue was used within a day.

For the adhesion measurements, porcine skin was cut into disks of 13 or 12 mm diameter with
a hollow punch and the fat was removed with a scalpel. For adhesion measurements on wet skin,
the skin disks were immersed in PBS for 2 min before adding the tissue glue on the skin covered by
a thin layer of PBS. For adhesion measurements in the presence of blood, the skin sample was immersed
in blood before the test. Blood was collected under informed consent from a healthy human donor,
following the regulations and protocol approved by the ethic commission of the Arztekammer des
Saarlandes (EK-0001) and used within 10 min, or stored with heparin anticoagulants and kept at 4 °C
for no longer than two days. No significant differences were found when the tests were performed
with fresh blood or with heparin anticoagulants-treated blood.

Adhesion measurements were performed with a Zwick Roell 1446 Universal Testing Machine
(Zwick Roell, Ulm, Germany) equipped with a 200 N load cell (Supplementary Figure S2). The protocol
of adhesion test was adapted from the American Society for Testing and Materials (ASTM) standard
F2258-05, to better suit our measurements. The main differences between our procedure and the ASTM
standard were the shape of the skin samples (circular instead of squared, as we found circles were
easier to cut precisely and reproducibly with a hollow punch), the pulling speed (1 mm/min instead
of 2 mm/min, as the lower speed proved to be more reproducible in our hands), and the method for
keeping the samples moist during the curing (no wet gauze was used, but was replaced by the specific
conditions detailed below, in order to mimic application in clinics).

For measurements performed in dry conditions, cut skin disks of diameter 12 or 13 mm
(contact area 113.04 or 132.7 mm?, respectively) were immobilized with superglue on a “T” holder
(Supplementary Figure S2). The adhesive mixture was deposited between the skin disks, a load of
0.2 N was applied and the adhesive was left for 30 min in the machine to allow complete gelation.
The glue was always covering the whole area of the skin sample. For adhesion measurements on wet
samples cured underwater, the samples were prepared as described before, but (i) the skin samples
were immersed in PBS for 2 h and the flowing PBS was removed from the skin disks by tissue paper
before applying the glue; and (ii) the skin-glue-skin sandwich was immersed in PBS for 30 min under
a weight of 20 g for gelation. Then, the cured sample was glued to the machine for measurement.
For adhesion measurements in presence of blood, blood was used instead of PBS and the curing was
performed at 37 °C under a weight of 20 g, immersed in blood (approx. 5 mL was employed). The skin
disks were pulled off at a rate of 1 mm/min.

The adhesion strength and work of adhesion were calculated from the maximal of the stress
vs. strain curve. Each measurement was performed eight to ten times. In the box plots of the adhesion
strength values (kPa) shown below (Figures 1, 3 and 4), the average stress (square and obtained value),
the median stress (line), and the type of failure (I, interfacial failure; C, cohesive failure; C + I, mixture of
interfacial and cohesive failure; T + C, mixture of tissue and cohesive failure) are specified for each
glue as well.

2.4. Statistical Analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA) used to determine
significant difference in the result for each group of measurement followed by a post-hoc Tukey’s test
(GraphPad software, La Jolla, CA, USA). A value of p < 0.05 was used for statistical analysis,
and significance difference was set to p < 0.05, p < 0.01, and p < 0.001.
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2.5. Tensile Measurements

Tensile measurements were performed with a Zwick Roell 1446 Universal Testing Machine
(Zwick Roell, Ulm, Germany) equipped with a 200 N load cell. The precursor mixtures (PEG-Dop
30%, PEG-Dop 30%/Coll 0.2% or PEG-Dop 30%/Coll 0.2%/HAp 5% (w/v)) and an equivalent
volume of oxidant solution (120 mM NalO, in DI water) were injected in a rectangular mold
(0.8 mm x 25 mm x 75 mm) and cured for 2 h. The mold was covered by a glass slide and kept
in a closed humid box to prevent from drying. For the tensile measurements, rectangular hydrogel
samples were prepared, and the exact dimensions and effective length of the samples were measured
before each experiment with a digital vernier scale. Tensile measurements were performed at a strain
rate of 20 mm/min until failure. The Young’s modulus, the tensile strength, and strain were respectively
calculated from the initial slope and the maximal stress upon failure of the stress vs. strain curve.
Each measurement was performed in triplicate.

2.6. Scanning Electron Microscopy Imaging

The microstructures of hydrogel samples were characterized with a scanning electron microscopy
(SEM) FEI Quanta 400 (FEI, Hillsboro, OR, USA). The samples PEG-Dop 15%, PEG-Dop 15%/HAp
2.5%, PEG-Dop 15%/Coll 0.1%, and PEG-Dop 15%/HAp 2.5%/Coll 0.1% (w/v) were cured between
two disks of skin for adhesion measurements. After being cured for 30 min, the cured hydrogels
were immersed for 10 min in DI water and then serially transitioned from water to ethanol for
20 min immersions in 20%, 40%, 60%, 80% solutions of ethanol in water, ending with overnight
immersion in pure ethanol. Ethanol dehydrated hydrogels were dried in a K850 critical point dryer
(LOT-QuantumDesign GmbH, Darmstadt, Germany). Prior to imaging, dried hydrogels were mounted
on SEM sample stages using carbon tape and sputter-coated with a gold layer. The samples were
imaged at 5 kV.

2.7. In Vitro Cytocompatibility Studies

Preparation of hydrogel samples: 13 mm diameter glass coverslips were cleaned with ethanol
followed by 10 min oxidative plasma treatment. Cleaned substrates were immersed in a 10 mg/mL
solution of dopamine buffered with Tris-HCl 10 mM to pH 8.5 for 30 min, rinsed with ultrapure water
and dried under an Nj stream. With this treatment, a thin poly(dopamine) layer is deposited onto
the glass. A quantity of 20 uL of a PEG-Dop 30%, Coll 0.2%, Hap 5% (w/v), and 120 mM NalOy4
mixture was deposited on a Sigmacote® (Sigma-Aldrich, Taufkirchen, Germany) treated glass slide
(76 mm x 26 mm) [42] and covered with the polydopamine-coated glass slide. The Sigmacote® layer
avoids reaction and attachment of the glue with the glass substrate. The hydrogel was cured for 1 h
in a closed humid box. The formed hydrogel was then gently peeled-off from both glass surfaces,
washed with PBS three times, and kept immersed in PBS until cell seeding. Live/dead and MST-1
assays were performed in triplicate.

Live/dead assay: The cytocompatibility of the substrates was performed with Live/Dead Cell
Double Staining (Sigma-Aldrich) based on fluorescein diacetate (FDA) and propidium iodide (PI) by
following the manufacturer’s protocol. Briefly, 1.929 cells (50,000 cells/well) were seeded in 24-well
plates (Greiner Bio-One, Kremsmiinster, Austria) overnight. The hydrogel sample was sterilized by
immersion in 75% EtOH for 3 min, then introduced to the well; the cells were then incubated in the
presence of the hydrogel for 24 h. After 24 h culture, the cell medium was removed and the cells
were washed once with PBS. Subsequently, a working solution (30 ug/mL FDA and 40 ug/mL PI)
was then added directly to the cells for 5 min, the staining solution was removed, and the cells
were washed with PBS once. Subsequent imaging was performed using epifluorescence microscopy:.
Live cells were stained green (excitation/emission ~490/515 nm) while dead cells appeared in red
color (excitation/emission ~535/617 nm). As control experiments, untreated cells (cells incubated in
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the absence of the hydrogel) were used as PI negative control (viable cells), and 0.1% Triton X-100 (TX)
treated cells for 5 min were used as PI positive control (dead cells).

Cell viability assay: Cell viability tests were performed using WST-1 staining (Sigma-Aldrich)
following the manufacturer’s protocol. Briefly, L929 cells (50,000 cells/well) were seeded in 24-well
plates (Greiner Bio-One) overnight. The hydrogel sample was then introduced to the well and the cells
were incubated in the presence of the hydrogel for 24 h. Untreated cells (cells incubated in absence
of hydrogel) were used as control. After 24 h, the WST-1 reagent was diluted in cell culture medium
in a 1:10 ratio and added to the cells. Metabolically active cells cleaved the stable tetrazolium salt
WST-1 to a soluble formazan. After 4 h incubation, the 24-well plates were measured at wavelengths
450 and 690 nm with a plate reader (Infinite M200; Techan, Durham, NC, USA). The mean absorbance
of untreated cells was defined as 100%, and the absorbance of the cells incubated with hydrogel was
calculated relative to this value.

3. Results and Discussion

PEG-Dop with high substitution degree (>90%) and different molecular weights (5, 10, and
40 kDa) were synthesized in a 1 g scale and used for adhesion testing in different mixtures. Pull-off
experiments on glued pork skin samples were established to characterize adhesion performance
using a tensile testing machine [8,28]. The adhesion strength was calculated from the maximum force
detected in the pull-off curves, at which the glue started detaching from the skin (interfacial failure) or
breaking in two parts (cohesive failure, Supplementary Figure S3).

In preliminary experiments, the adhesion strength of PEG-Dop/NalO4 mixtures at conditions
reported by other groups [43] was tested for reference. PEG-Dop (15% (w/v)) with 120 mM NalO,
showed an adhesive strength of 63.6 kPa. Interestingly, PEG-Dop glue predominantly failed cohesively,
i.e., a crack propagated through the gluing material, while the glue—skin interface remained stable.
These results suggest that the strength of the interface PEG-Dop-skin is stronger than the PEG-Dop
hydrogel itself. Consequently, adhesion performance of the PEG-Dop-skin system might be improved
by mechanically reinforcing the polymeric network.

The stability of PEG-Dop underwater was checked by immersing the glued skin in PBS for
30 min before performing the adhesive test. PEG-Dop showed average values of adhesion strength of
25.5 kPa, significantly lower than in dry conditions (63.6 kPa) but still remarkable when compared
with commercial systems like cyanoacrylate or fibrin (Figure 1A). Mainly, the failure type was cohesive.
Poly(ethylene glycol) is a highly hydrophilic polymer that can easily uptake water depending on
its cross-linking degree. Water uptake softens the gel and leads to lower cohesive properties and
adhesive strength.

Our results suggest that cohesively-failed PEG-Dop used in reported works [28,40,41] might
offer improved adhesive performance if the mechanical properties of the cured gel were to
be significantly improved without compromising the interfacial strength provided by the Dop
modification. Encouraged by this finding, we explored this possibility by tuning the formulation of
PEG-Dop gels following four different strategies: (i) changing the molecular weight of 4-arm PEG
and polymer concentration in the gluing solution, (ii) adding HAp nanoparticles to PEG-Dop glues,
(iii) mixing with Coll, and (iv) tuning the ratio between Dop and oxidant.

Adhesive tests on PEG-Dop gels with different molecular weights (Mw of 5, 10, and 40 kDa)
were performed first. An increase of Mw from 5 to 10 kDa resulted in enhanced adhesion strength
from 46.5 to 63.6 kPa (Figure 1B). The failure was cohesive in both cases, in spite of the net loss of the
density of Dop groups available for bonding with tissue in the 10 kDa PEG. A higher Mw (40 kDa) led
to a decrease in adhesion strength (47.7 kPa) and a mixture of cohesive and interfacial failure. This can
be associated with the lower density of Dop groups in the 40 kDa PEG-Dop and consequent reduced
number of the skin-glue covalent interactions and weakening of the interface. Therefore, for the
following experiments we chose PEG-Dop (Mw of 10 kDa).
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A further improvement of the adhesion strength of PEG-Dop mixtures was achieved by optimizing
the final concentration of 10 kDa PEG-Dop. Tests with 5%, 10%, 15%, 20% (w/v) were performed
(Figure 1C). The highest adhesion strength was found for 10% (w/v) PEG-Dop, with adhesion strength
of 64.5 kPa and a cohesive failure; whereas 5% (w/v) PEG-Dop showed lower adhesion strength
(43.0 kPa) and a mixture of interfacial and cohesive failure. PEG-Dop content higher than 15% did not
lead to significant improvement of the adhesive properties. A PEG-Dop concentration of 15% (w/v)
was selected for the following experiments, since consumption of catechol groups is expected to occur
when mixing with HAp or Coll in later experiments and a minimum of 10% intact catechol groups

was assumed for maximizing adhesive performance.
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Figure 1. Adhesion strength of 10 kPa poly(ethylene glycol) O,0’,0”,0" -tetra(acetic acid dopamine)
amide (PEG-Dop)/NalOy-based glues as function of the concentration of individual components
in the gluing mixture. (A) Dry and wet test conditions (as compared with commercial tissue
glues); (B) Molecular weight of poly(ethylene glycol) (PEG) (15% (w/v) PEG-Dop); (C) PEG-Dop
concentration (120 mM NalOy); (D) Hydroxyapatite (Hap) nanoparticle concentration (15% (w/v)
PEG-Dop, 120 mM NalOy); (E) Collagen (Coll) concentration (15% (w/v) PEG-Dop, 120 mM NalOy);
(F) Oxidant concentration (15% (w/v) PEG-Dop). Failure type: I, interfacial; C, cohesive; C + I,

Concentration of collagen (w/v)

Concentration of oxidant (mM)

mixture of interfacial and cohesive. * p < 0.05, ** p < 0.01, *** p < 0.001.

Addition of nanoparticles able to strongly interact with the polymer chains of the hydrogel
is an effective way to reinforce mechanical properties and can lead to strong nanocomposite
hydrogels [21,4449]. When the interaction between the nanoparticle surface and the polymer chain
is strong, the nanoparticles act as multivalent crosslinkers within the polymer network and enhance
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its mechanical strength. We applied this strategy to PEG-Dop hydrogels by mixing biocompatible
HAp nanoparticles [50]. According to literature reports, the Dop end-groups in the PEG chain are expected
to coordinate with the ionic surface of the HAp nanoparticles and reinforce the network [51-53]. In fact,
tensile tests of PEG-Dop (15%)/HAp (2.5%) mixtures showed a >6-fold increase in the Young’s modulus
in comparison with the PEG-Dop hydrogel without added nanoparticles (Figure 2 and Table 1). Adhesion
testing of PEG-Dop (15% (w/v)) formulations with increasing ratios of HAp particles (0, 0.5, 1, 2.5, and
5% (w/v)) gave increasing adhesion strengths (Figures 1D and 3). The type of adhesive failure remained
cohesive for all samples. In conclusion, the addition of HAp nanoparticles led to a higher mechanical
resistance of the hydrogel and to an increase in the final adhesive performance at concentrations up
to 2.5%. It is important to note that the positive effects of the addition of HAp in terms of mechanical
reinforcement are presumably counteracted by lower cross-linking degrees of the PEG matrix, since Dop
units become coordinated to the HAp surface and are no longer available for self-reaction. This might be
the reason why HAp concentrations higher than 2.5% did not further improve the adhesive performance.
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Figure 2. Representative tensile curves of PEG-Dop, PEG-Dop/Coll, composite hydrogel PEG-Dop/HAp,

and composite mixture PEG-Dop/Coll/HAp. Concentration of the different components is as follows:
15% (w/v) PEG-Dop, 2.5% (w/v) HAp, 0.1% (w/v) Coll.
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Figure 3. Adhesion strength values of PEG-Dop adhesives (15% (w/v) PEG-Dop, 2.5% (w/v) HAp,
0.1% (w/v) Coll), compared with commercial cyanoacrylate and fibrin glues on dry skin. Failure type: I,
interfacial; C, cohesive; T + C, mixture of tissue and cohesive. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 1. Tensile tests of PEG-Dop, PEG-Dop/Coll, composite hydrogel PEG-Dop/HAp and composite
mixture PEG-Dop/Coll/HAp.

Young’s Modulus (kPa)  Tensile Strength (kPa) Strain (%)

PEG-Dop 152 +£47 18+13 1823 £42.7
PEG-Dop/Coll 86.9 +18.8 66.7 £ 6.5 1009 £ 21.4
PEG-Dop/HAp 96.6 4.9 452 +12 64.7 £ 3.0

PEG-Dop/Coll/HAp 181.5 £ 39.3 88.5+9.5 61.3 +20.6

Concentration of the different components is as follows: 15% (w/v) PEG-Dop, 2.5% (w/v) HAp, 0.1% (w/v) Coll.
Mean value + standard deviations are given, n = 3.

We then tested the ability of PEG-Dop to form homogeneous mixtures with collagen type I at
increasing concentrations (0.05-0.2% (w/v)). Collagen type I forms physical networks at pH 7-7.4 and
37 °C [27]. In the mixture PEG/Coll, the catechol units might also react with the nucleophiles (like amine
groups) of the collagen and both networks are expected to be covalently interconnected. Homogeneous
networks were obtained under conditions specified in the Materials and Methods section. The polymer
mixture significantly enhanced the tensile strength of the PEG-Dop hydrogel, as reflected in the tensile
test in Figure 2. The adhesive performance was also significantly improved. The adhesion strength of
the PEG-Dop/Coll increased from 63.6 kPa (0% Coll) to 89.3 and 97.1 kPa when adding 0.05% and
0.1% Coll content (Figures 1E and 3). Pure collagen (0.2% (w/v)) gave a very low adhesion strength of
2.9 + 1.4 kPa and failed interfacially (data not shown). The PEG-Dop/Coll mixtures including Coll content
higher than 0.2% showed lower adhesion strengths (69.6 kPa), which we associate with the difficult
solubilization of Coll at >0.4% concentrations, and consequent poor mixing and inhomogeneity of the
PEG-Dop/Coll network. All adhesives showed cohesive failure, indicating that the interfacial interaction
of Dop units with the skin was retained in the mixed hydrogel with collagen, in spite of catechol groups
being eventually consumed by reaction with collagen and not by reaction with the tissue.

In an effort to push cohesiveness further, 2.5% (w/v) HAp nanoparticles were added to the
PEG-Dop 15%/Coll 0.1% hydrogel. The Young’s modulus obtained for PEG-Dop, PEG-Dop/Coll and
PEG-Dop/Coll/HAp was 15.2, 86.9, and 181.5 kPa, respectively (Table 1), confirming the significant
mechanical reinforcement by the mixing of HAp nanoparticles in the hydrogel. The PEG-Dop/Coll/HAp
hydrogel showed a higher tensile strain (ultimate stress upon failure) than the PEG-Dop/HAp mixture
due to the high elasticity of Coll (Table 1). In other words, collagen does not only enhance the strength
of hydrogel, but also improves the strain loss induced by addition of HAp nanoparticles. The composite
showed the highest adhesion strength (115.5 kPa). Note that this value is 15.4-fold higher than in fibrin,
and represents ca. 60% of the adhesion strength of the cyanoacrylate glue (Figure 3). In summary,
the incorporation of Coll and HAp nanoparticles in the PEG-Dop hydrogel significantly improved the
cohesion and skin adhesion properties of the system. Importantly, the cohesive properties can be varied
by tuning the Coll and HAp concentrations, to possibly match the properties of the different tissues for
application. In all cases, cohesive failure was observed, indicating that there is still room for further
improvement of the adhesive performance with other hydrogel compositions for load-bearing application,
i.e., by using double networks incorporating dissipative elements [54-56]. This possibility will be studied
in the future.

According to a previous report [43], the mechanical properties and curing speed of PEG-Dop are
highly affected by both the alkalinity of the oxidant solution and the ratio of Dop vs. oxidant applied;
this can impact the adhesive performance. In a final attempt to improve the performance of the
hydrogels, we tested the adhesion strength of PEG-Dop glues at a Dop:oxidant ratio of 1:1; when the
oxidant was added either in DI water or in 0.4 M NaOH solution. Adhesion strength in DI water
was significantly higher (63.6 kPa, final pH of the mixture was 6) than in basic conditions (4.3 kPa,
final pH of the mixture was 12). Failure type also changed from cohesive (in water) to interfacial
(in NaOH) (Supplementary Figure S4). We attribute this difference to the fast curing speed observed
when using the oxidant at a higher pH. The cross-linking of the system occurred immediately upon
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mixing, before the gel was placed on the skin and, therefore, a very small number of catechol groups
were available for gluing to skin and reinforcing the interface.

The effect of the Dop:oxidant ratio was tested with the PEG-Dop/HAp/Coll system. Oxidant
concentrations of 30, 60, 120, 180, 240 mM were used, which correspond to a Dop:oxidant ratio of
4:1,2:1,1:1, 1:1.5, and 1:2, respectively. At 30 mM oxidant concentration, no stable hydrogel was formed.
At increasing oxidant concentrations of 60-240 mM, an increase in the adhesive strength up to 126.0 kPa
and a change in the failure type from interfacial to cohesive were observed (Figure 1F). The oxidant
concentration affects the ratio of catechol and quinone groups in the curing gel available for reaction with
the different components, PEG, Coll, or HAp. The polymerization speed also increased with the oxidant
concentration. Gelation time is a relevant parameter to medical applications, and has to be adjusted to the
specific surgery conditions [40,43]. For the following experiments we used 120 mM oxidant.

In a real application, tissue adhesives need to perform in the presence of body fluids. Therefore,
the adhesive strength of prospective tissue glues should be tested in the presence of PBS or blood.
We characterized the adhesion performance of PEG-Dop/Coll/HAp on wet skin (after immersion in
PBS for 2 min) and skin covered with blood (containing heparin anticoagulants) and compared with the
performance on dry skin (Figure 4). PEG-Dop/Coll/HAp lost only 18% of its adhesion strength on wet skin
(95 kPa). Importantly, this value was close to the adhesion strength of commercial cyanoacrylate glue to wet
skin (108.1 kPa). It is worth mentioning that failure remained cohesive on our composite hydrogel on wet
skin, while failure in cyanoacrylate changed to be interfacial. We attribute the loss of adhesive performance
of cyanoacrylate in the presence of water to its hydrophobic nature, which prevents tissue contact and
possibly penetration when water is in between. Notably, PEG-Dop/Coll/HAp significantly outperformed
cyanoacrylate in adhesion tests in the presence of blood. Our composite hydrogel showed adhesion strength
of 38.9 kPa, which is ~5.6-fold higher than adhesion strength of cyanoacrylate (6.9 kPa) under comparable
conditions. Failure remained cohesive in the composite gel, indicating that the strong interfacial interaction
between the dopamine-modified system and the bloody tissue was retained, and possibly further reinforced
by attractive interactions between the collagen and the blood proteins. This was also found in fibrin glue,
which changed from interfacial to cohesive failure when measured on skin in the presence of PBS or blood.
Fibrin-blood interactions during fibrinogenesis and clot formation seem to positively influence adhesion
of fibrin glues to skin. However, the adhesion strength of fibrin was ~13.4-fold lower than the adhesion
strength of PEG-Dop/Coll/HAp under the same measuring conditions. In summary, PEG-Dop-based
tissue glues can lead to customized systems with application-specific cohesive and adhesive properties,
including mechanically demanding uses.
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Figure 4. Adhesion strength values of PEG-Dop adhesives on “dry” skin, and “wet” skin (either with
phosphate-buffered saline (PBS) or with blood) compared with commercial tissue glues. Failure type: I,
interfacial; C, cohesive; T + C, mixture of tissue and cohesive. *** p < 0.001.

It should be noted that the reinforcement mechanism of collagen type I in our mixtures is
not clear. An important feature of collagen type I is its possibility to form fibrils, and fibrillar
protein structures can mechanically reinforce gels. In order to test if fibril formation occurred in our
gels, the morphology of bulk PEG-Dop, PEG-Dop/HAp, PEG-Dop/Coll, and PEG-Dop/Coll/HAp
hydrogels was characterized by SEM. Samples cured for 30 min were subjected to critical point
drying and imaged by SEM. Porous structures were observed in all hydrogels (Figure 5). Changes in
pore sizes were observed with added HAp, Coll, or both to the polymer mixture. Addition of HAp
resulted in a more compact structure (smaller pores). In PEG-Dop/HAp hydrogel (Figure 5B), HAp
appeared to be not homogeneously distributed, with the pores around HAp smaller than pores in other
places. PEG-Dop/Coll hydrogels (Figure 5C) showed similar pore sizes to PEG-Dop, although size
distribution was broader. Individual collagen fibers were not observed in the mixture, which typically
have a striated morphology [57]. The final formulation showed an intermediate pore geometry
(Figure 5D) which, according to the mechanical tests, was beneficial to the improvement of strength
and maximum strain of the hydrogel. Future studies will change the gel preparation method and
explore possible beneficial properties of fibril formation for mechanical reinforcement of the gels.
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Figure 5. Scanning electron microscopy (SEM) images of the bulk structure of (A) PEG-Dop;
(B) PEG-Dop/HAp; (C) PEG-Dop/Coll; (D) PEG-Dop/HAp/Coll. Concentration of the different
components was: 15% (w/v) PEG-Dop, 2.5% (w/v) HAp, 0.1% (w/v) Coll. In all cases, scale bar: 20 um.

Finally, we tested the cytocompatibility of the PEG-Dop/Coll/HAp hydrogel. Fibroblasts were
cultured for 24 h either in the presence or absence of a thin hydrogel, and live/dead and WST-1 assays
were performed to determine cell viability (Supplementary Figure S5). Cells incubated in presence
of hydrogel remained viable (96%, in relation to a control of cells incubated in absence of hydrogel).
These results are in agreement with those reported on the literature for PEG-Dop, which has proved
biocompatible in vitro and in vivo [8,37].

4. Conclusions

Research in tissue glues has mainly been focused on improving the reactivity between artificial
polymers and tissue with effective and biocompatible chemistries using in situ forming hydrogels.
However, adhesive failure in hydrogels is often of a cohesive nature as a consequence of their
swelling and low mechanical stability. Consequently, efforts in the design of more mechanically
robust hydrogel backbones can significantly increase adhesive performance of hydrogel-based tissue
glues. For this purpose, reinforced hydrogels offer interesting possibilities. In our work, mechanical
reinforcement of PEG-Dop with collagen and by adding HAp nanoparticles lead to a significant
increase in adhesive performance. It is important to note that these systems surpass by far the adhesion
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strength of commercially available products and reported adhesive systems in the presence of blood.
The biocompatibility and the optional tunable degradability of PEG-Dop gels including peptide
sequences in the backbone make this material’s design promising for the real application of bioinspired
tissue glues in medicine. Finally, the cohesive properties of the hydrogel might be further reinforced
by introducing dissipative components in the backbone, as recently demonstrated for tough hydrogels,
by integrating double network architectures, or by allowing fibrillar collagen to form an internal
physical network. These possibilities will be the subject of further studies by our group.

Supplementary Materials: The following are available online at www.mdpi.com/2313-7673/2/4/23/s1. Synthesis
of PEG-Dop, Figure S1: Proton nuclear magnetic resonance (*H-NMR) spectra of PEG-Dop polymers, Figure S2:
Pictures of the set-up used for the adhesion strength measurements, Figure S3: Picture of pork skin samples
bonded with PEG-Dop adhesive hydrogel and fractured during the adhesion test, Figure S4: Adhesion strength
values of 15% (w/v) PEG-Dop mixtures with 120 mM oxidant in 0.4 M NaOH solution vs. in DI water, Figure S5:
Cytotoxicity experiments.
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Abstract: Mussels are marine organisms that have been mimicked due to their exceptional adhesive
properties to all kind of surfaces, including rocks, under wet conditions. The proteins present on
the mussel’s foot contain 3,4-dihydroxy-L-alanine (DOPA), an amino acid from the catechol family
that has been reported by their adhesive character. Therefore, we synthesized a mussel-inspired
conjugated polymer, modifying the backbone of hyaluronic acid with dopamine by carbodiimide
chemistry. Ultraviolet-visible (UV-Vis) spectroscopy and nuclear magnetic resonance (NMR)
techniques confirmed the success of this modification. Different techniques have been reported
to produce two-dimensional (2D) or three-dimensional (3D) systems capable to support cells
and tissue regeneration; among others, multilayer systems allow the construction of hierarchical
structures from nano- to macroscales. In this study, the layer-by-layer (LbL) technique was used to
produce freestanding multilayer membranes made uniquely of chitosan and dopamine-modified
hyaluronic acid (HA-DN). The electrostatic interactions were found to be the main forces involved
in the film construction. The surface morphology, chemistry, and mechanical properties of
the freestanding membranes were characterized, confirming the enhancement of the adhesive
properties in the presence of HA-DN. The MC3T3-E1 cell line was cultured on the surface of the
membranes, demonstrating the potential of these freestanding multilayer systems to be used for bone
tissue engineering.

Keywords: mussel-inspired; biomimetic; dopamine; multilayer freestanding membranes;
adhesiveness; osteogenic differentiation; bone tissue engineering

1. Introduction

Catechol-based materials have been investigated quite a bit in the last decade, presenting an
interesting structural and chemical versatility capable of being applied in different fields such as
food and agrochemical engineering, green technology, analytical, materials science, biomedicine, and
biotechnology [1-3]. In fact, catechols are aromatic derivatives with two contiguous (ortho-)hydroxyl
groups that occur ubiquitously in nature, being a part of different biochemical processes and
functions as simple molecular units or even as macromolecules [4,5]. These interesting molecules
occur in different systems such as fruits, tea, and insects, but it is on marine mussels that
catechols were identified as being responsible for their extremely adhesive properties under wet
conditions [4,6]. This adhesiveness is mediated by a class of protein, the mussel adhesive proteins
(MAPs), known for containing a high amount of the noncationic amino acid 3,4-dihydroxy-L-alanine
(DOPA) [7,8]. Intense research has been conducted in this field over the last few decades and it
has been proven that the catechol element of DOPA is mainly responsible for the strong adhesion
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to different type of wet substrates, from inorganic to organic ones [7,9]. To develop MAPs-based
materials, different strategies have been employed [10]. Recombinant DNA technology permits the
engineering of MAPs precursors purified from Escherichia coli and converting into DOPA-containing
mimetic by tyrosinase treatment [11]. Another strategy is the chemical modification of polymer
backbones with adhesive moieties; for instance, DOPA-modified poly(ethylene glycol) macromers
were synthetized through standard peptide chemistry and suggested to produce catechol-based
hydrogels [12]. Also DOPA-modified poly(vinyl alcohol) hydrogels were produced with self-healing
and pH-responsiveness properties [13]. The chemical modification with DOPA or its derivatives
(like dopamine (DN)) of different natural polymers has also been investigated in recent years, from
chitosan [14] to alginate [15], or even dextran [16] or hyaluronic acid [17]. For instance, DOPA-modified
alginates with different substitution degrees were synthesized and used to produce membranes with
enhanced adhesive and biocompatible properties [18].

Natural-based polymers are generally recognized by their high biocompatibility when compared
with synthetic ones, exhibiting some recognition domains for cell-binding or cell-mediated processes
and making them very interesting materials for tissue engineering and biomedical applications [19].
However, some challenges remain; mechanical properties and controlled biodegradability have been
gaining increasing importance. Therefore, some strategies have been envisaged to enhance the potential
of tissue engineering and biomedical products and their bioactivity, modifying the physico-chemistry
or even the topography of the materials [20,21]. To improve the adhesive properties of materials,
mainly in a hydrated environment such as the human body, researchers have been investigating the
marine mussel system and taking advantage of the chemical reactivity of catechol moieties [6,22,23].

In this study, a biomimetic approach was combined with the use of natural-based polymers
to obtain a mussel-bioinspired system for tissue engineering purposes, focusing on bone tissue
engineering. Nowadays, autologous or allogeneic bone transplantation are still the most employed
strategies for bone defect treatment, but it entails some risks of causing secondary trauma or even
immune system rejection [24]. To overcome these drawbacks, several efforts have been applied to find
a bone substitute that is ideally composed of three elements: cells, support material, and bioactive
agents. An ideal tissue substitute must mimic the extracellular matrix (ECM) and different material
parameters should be taken into account, such as the chemical groups, the biochemical properties,
and the topography at the material—cell interface [25,26]. To date, different processing methodologies
have been suggested to produce bone substitutes where the support material mimics ECM; nano- and
microscale control of different properties along with the deposition of hierarchical films have been
suggested for this purpose [27,28].

Layer-by-layer (LbL) is a versatile and inexpensive technique that has been widely applied in
this context, being based on the sequential of complementary multivalent molecules on a substrate
via electrostatic and/or nonelectrostatic interactions [29-32]. Different authors have reported LbL
strategies to mimic some aspect of ECM [33]; Mhanna et al. [34] coated polydimethylsiloxane substrates
with specific ECM macromolecules using LbL technology; they used collagen type I, chondroitin sulfate,
and heparin and, depending on the composition of the film, they studied specific ECM—cell interactions.
Layer-by-Layer-based products have also been exploited for bone tissue engineering purposes, offering
fine control over different parameters like film thickness, architecture, chemistry, and even mechanical
and topographical properties [35,36]. Oliveira et al. [37] assembled 10 tetralayers of human platelet
lysates and marine-origin polysaccharides by LbL technology and then shaped them into fibrils by
freeze-drying; the resulting scaffolds could induce the differentiation of human adipose stem cells into
mature osteoblasts. In turn, Crouzier et al. [38] showed that cross-linked poly(L-lysine)/hyaluronic
acid (HA) can serve as a reservoir for recombinant human bone morphogenetic protein-2 (thBMP-2)
delivery to myoblasts and induce their differentiation into osteoblasts in a dose-dependent manner.
Overall, the LbL technique allows us to produce bioinspired and tunable materials to local deliver
immobilized growth factors or other bioactive agents and even to instruct stem cells towards osteogenic
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phenotypes. Moreover, these films can be deposited on an extensive range of substrates of different
composition, size, and shape.

Herein, LbL methodology was used to produce bioinspired freestanding multilayer membranes
containing catechol groups on the surface and the bulk to improve the adhesiveness properties of the
material. In this sense, DN moieties were chemically grafted onto HA to develop multilayer membranes
through electrostatic interactions with chitosan (CHT). The modification of HA was confirmed by
nuclear magnetic resonance (NMR) and ultraviolet—visible (UV-Vis) spectroscopy. The ability to
construct multilayer films was monitored using quartz crystal microbalance with dissipation (QCM-D).
Adhesion mechanical tests and in vitro adhesion assays assessed the effect of having DN on the
performance of the freestanding multilayer membranes.

Overall, the combination of the versatility of LbL methodology with the protein mussels’
inspiration prompted us to exploit catechol-containing multilayer membranes to enhance the interfacial
interaction between cells and materials, which takes advantage of the adhesive properties conferred
by DN moieties. The potential to induce in vitro bone tissue regeneration was investigated, using a
pre-differentiated MC3T3-E1 cell line.

2. Materials and Methods

2.1. Materials

Chitosan with a N-deacetylation degree of 80% and a molecular weight in the range of
190-310 kDa, HA as hyaluronic acid sodium salt from Streptococcus equi with a molecular weight
in the range of 1500-1800 kDa, DN as dopamine hydrochloride with a molecular weight of 189.64 g
mol~! and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) (purum > 98.0%
(AT)) were purchased from Sigma (St. Louis, MO, USA). These materials were used as received, except
CHT, which was purified afterwards, following a standard procedure reported elsewhere [39].

2.2. Synthesis of Dopamine-Modified Hyaluronic Acid

The conjugate of HA modified with DN was synthesized using EDC as an activation agent of
the carboxyl groups on HA chains, based on the procedure proposed by Lee et al. [40]. Basically, 1 g
of HA was dissolved in 100 mL of phosphate-buffered saline (PBS, Sigma) solution and the pH was
adjusted to 5.5 with a hydrochloric acid (HCI, 37%, reagent grade, Sigma) aqueous solution. Then,
this solution was purged with nitrogen for 30 min and mixed with EDC and DN and maintained in
reaction at 4 °C for 3 h. The pH was maintained at 5.5. Extensive dialysis was performed to remove
unreacted chemicals and urea byproducts. After this step, the resulting conjugate was lyophilized for
one week and then stored at —20 °C, protected from the light, to avoid oxidation.

2.2.1. Ultraviolet-Visible Spectrophotometry

Ultraviolet—visible spectrophotometer (Jasco V-560 PC) was used to confirm the substitution of
dopamine in the conjugate. A solution of 1 mg mL~! in sodium acetate buffer (Scharlab, Barcelona,
Spain) with 0.15 M sodium chloride (NaCl, LabChem, Pittsburgh, PA, USA) at pH 5.5 was prepared
for the UV-Vis analysis and placed in 1 cm quartz cells. The wavelength range used for this analysis
was from 190 nm to 900 nm. Sodium acetate buffer with 0.15 M sodium chloride and at pH 5.5 was
used as the reference solution.

2.2.2. Nuclear Magnetic Resonance

'H-NMR analyses were made dissolving overnight the HA, DN and HA-DN in deuterated water
(D0, Cambridge Isotope Laboratories, Inc., Andover, MA, USA) at a concentration of 1 mg mL~!
("H-NMR). The spectra were obtained using a spectrometer BioSpin 300 MHz (Bruker, Billerica, MA,
USA). The spectra were recorded at 298 K and 300 MHz for 'H.
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2.3. Quartz Crystal Microbalance with Dissipation

The formation of the multilayers of CHT and HA-DN was followed in situ by QCM-D (Q-Sense,
Biolin Scientific, Goteborg, Sweden). The mass change results from the variation of the normalized
resonant frequency (Af /v) of an oscillating quartz crystal when adsorption occurs on the surface and
the dissipation factor (AD) provides a measure of the energy loss in the system. The measurements
can be conducted at the fundamental frequency and at several overtones number (v =1, 3,5, ..., 11).
Chitosan was used as the polycation while HA or HA-DN acted as the polyanion. Fresh polyelectrolyte
solutions were prepared by dissolution of HA-DN, HA, and CHT in sodium acetate buffer containing
0.15 M of NaCl to yield a final concentration of 1 mg mL~!, at pH 5.5. The sensor crystals used were
AT-cut quartz (Q-Sense) with gold-plated polished electrodes. These crystals were excited at 5 MHz
as well as at 15, 25, 35, 45, and 55 MHz corresponding to the 3rd, 5th, 7th, 9th, and 11th overtones.
The crystals were previously cleaned with a pre-exposition to UV ozone (BioForce Nanosciences,
Salt Lake City, UT, USA) irradiation during 10 min followed by an immersion on a 5:1:1-mixture
of mQ-water, ammonia (25%, Sigma), and hydrogen peroxide (30%, Sigma) at 75 °C, during 5 min.
Then the crystals were exposed to a sequential sonication for 3 min in acetone, ethanol, and isopropanol
(all from Sigma) and then dried with flowing nitrogen gas avoiding contamination prior to use. To
ensure that the crystals are perfectly clean and therefore show a null frequency, all the experiments
started with a buffer/solvent baseline. Then, the polyelectrolyte solutions were injected into the
cell during 10 min at a flow rate of 20 uL min~!, starting with CHT. A rinsing step of 10 min with
the solvent was included between the adsorptions of each polyelectrolyte. The multilayer systems
were assembled at pH 5.5. The pH was adjusted with HCl or sodium hydroxide (NaOH, pellets,
Fine Chemicals, Akzo Nobel Chemicals S.A., Mons, Belgium). Chitosan/HA films were prepared for
comparison, to conclude about the DN effect onto the multilayer system. Films with eight bilayers
were produced. All experiments were conducted at 25 °C. During the entire process Af /v and AD
shifts were continuously recorded as a function of time. Thickness measurements were performed
using the Voigt viscoelastic model implemented in the QTools software (Q-Sense, version 3.1.29.619).
Changes in resonant frequency and dissipation of the fifth overtone were fitted. Based on the assumed
growth models, the thickness of the multilayer films after 200 cycles was estimated for each system.

2.4. Freestanding Production and Characterization

Multilayer CHT/HA and CHT/HA-DN were built on polypropylene (PP) substrates (Auchan,
Villeneuve-d’Ascq, France). Prior to the depositions, these surfaces were cleaned with ethanol and
rinsed thoroughly with water before being dried with a stream of nitrogen. The polyelectrolyte
solutions were freshly prepared at 1 mg mL~! in a sodium acetate solution containing 0.15 M NaCl,
being the pH adjusted to 5.5. The PP substrates were firstly dipped in CHT solution for 6 min and
then rinsed twice in the washing solution (acetate buffer, pH 5.5) for 2 min each. Then, they were
immersed in the polyanion solution (HA or HA-DN) for 6 min and again twice in the washing solution.
This procedure was repeated 200 times with the help of a homemade dipping robot. After drying,
the multilayer films were easily detached from the PP substrates without any damage resulting on
the freestanding membranes [CHT/HA]»y and [CHT/HA-DN]ygo. After production, the membranes
were characterized using different techniques and equipment.

2.4.1. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy

The surface morphology of both sides of [CHT/HA]»p and [CHT/HA-DN];p9 membranes was
observed using a Hitachi SU-70 (Hitachi, Tokyo, Japan) scanning electron microscope. All samples were
coated with a conductive layer of sputtered gold/palladium. The scanning electron microscopy (SEM)
micrographs were taken at an accelerating voltage of 4 kV and at different magnifications. For the
cross-section observation, the detached freestandings were immersed in liquid nitrogen until free
fracture. After that, the free fracture was placed at 45° and observed by SEM. Energy-dispersive X-ray
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spectroscopy (EDS, Hitachi) was also used to determine the elemental components of the top surface
and in the cross-section of the membranes. The samples were also sputtered with gold/palladium and
the analysis was made at an accelerating voltage of 15 kV. The ratio between the oxygen (O) and the
nitrogen (N) presented on the top surfaces was quantified in a representative area of the membrane
(A =0.136 mm?).

2.4.2. Adhesive Mechanical Tests

The adhesion properties of the multilayer were firstly evaluated using a universal mechanical
testing machine (Instron model 5966, High Wycombe, Buckinghamshire, UK), following the standard
test method for shear strength of single-lap-joint adhesively bonded metal specimens by tension
loading ASTM D1002 (ASTM International, West Conshohocken, PA, USA) with slightly modifications.
All the adhesion experiments were conducted at 25 °C, at a cross-head speed of 5 mm min~!
using a 1.0 kN static load cell. The lap shear adhesion specimens were squares (20 mm x 20 mm) of
freestanding membranes that were incubated at 37 °C and equilibrated in a 50% humidity atmosphere
prior to testing. Briefly, the samples were put between two glass slides and left in contact overnight.
Then, the systems were stressed until enough force was applied to trigger their detachment and pull
them apart, using the Instron apparatus. The lap shear bonding strength was then determined from
the maximum of the force-deformation curve obtained. The average and standard deviations were
determined using the results from five samples.

While lap shear strength gives a quantitative idea of the adhesive properties of the membranes,
other nonconventional test was made to observe the bioadhesiveness potential of these systems.
Briefly, the [CHT /HA]y0 and [CHT /HA-DN]yq freestanding membranes were put in contact with
a clean surface of porcine bone tissue in a 50% humidity controlled environment at 37 °C. Then, the
freestanding membranes were pulled out of the bone with tweezers. This process was recorded by a
video camera (Canon EOS 1200D, Tokyo, Japan).

and

2.5. In Vitro Cellular Tests

The sub-clone 4 of MC3T3-E1 cell line was obtained from the American Type Culture Collection
(ATCC)-Laboratory of the Government Chemist (LGC) standards (ATCC® CRL-2593™) [41]. The cells
were cultured with Minimum Essential Medium (MEM) Alpha Modification (1X), (x-MEM, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with sodium bicarbonate suitable for cell
culture (Sigma), 10% fetal bovine serum (FBS, Life Technologies™, Thermo Fisher Scientific, Waltham,
MA, USA), and 1% antibiotic—antimycotic (Gibco) at pH 7.4. The cells were cultured in 75 cm? tissue
culture flasks and incubated at 37 °C in a humidified air atmosphere of 5% CO,. The medium was
changed every three-four days. At 80-90% of confluence, cells grown in tissue culture flasks were
washed with Dulbecco’s phosphate-buffered saline (DPBS, Corning, NY, USA) and then detached by
a chemical procedure with trypLE™ express solution (Life Technologies™) for 5 min at 37 °C in a
humidified air atmosphere of 5% CO,. To inactivate the trypLE™ express effect, cell culture medium
was added. The cells were then centrifuged at 300 x g and 25 °C for 5 min and the medium was
decanted. Cells between passage 12 and 13 were used for this study. Prior to cell seeding, the samples
were cut in small squares of 25 mm? or 1 cm?, treated with UV ozone for 10 min and immersed in
ethanol for 2 h. Then, 150 uL or 300 uL (depending on the size of the sample) of supplemented x-MEM
containing a cell suspension with a density of 2 x 10* cells cm~2 was dropped above the surfaces of
the [CHT /HAl]yqo and the [CHT/HA-DN]yq freestanding membranes, and the positive control tissue
culture polystyrene surface (TCPS, Sarstedt AG & Co., Niimbrecht, Germany) (in triplicate). Then, the
samples were incubated at 37 °C in a humidified air atmosphere of 5% CO,. After 4 h, cells already
started to adhere and fresh basal culture medium was added.
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2.5.1. Metabolic Activity of MC3T3-E1 Cells

The samples were tested for cytotoxicity by analyzing their metabolic activity using the
alamarBlue® reduction assay (Invitrogen™, Thermo Fisher Scientific, Waltham, MA, USA). Briefly, the
samples (small squares of 25 mm?) with adhered cells were placed in a nontreated surface 48-well cell
culture plate (in triplicate) and incubated at 37 °C and 5% CO;. At one, three and seven days of culture,
the assay was performed, always protecting from light. Briefly, the culture medium was removed and
500 pL of supplemented x-MEM containing 10% (v/v) of alamarBlue solution was added to each well.
The samples were then incubated in the dark, overnight, at 37 °C and 5% CO,. After 12 h, 100 uL of
each well (in triplicate) was transferred to a 96-well plate. The absorbance was monitored at 570 nm
and 600 nm, using a microplate reader Synergy HTX (BioTek Instruments, Inc., Winooski, VT, USA).

2.5.2. DNA Quantification Assay

A DNA quantification assay (Quant-iT™ PicoGreen® dsDNA Assay Kit, Invitrogen™, Thermo
Fisher Scientific) was also performed to evaluate cell proliferation when cultured on the samples’
surface. All seeding procedure was repeated for this assay. For each culture time, the samples were
washed with DPBS, and then, transferred with 1 mL of ultrapure sterile water to an Eppendorf flask.
These Eppendorf flasks were placed at 37 °C for 1 h and then immediately stored at —80 °C until use.
The quantification of total DNA was determined after cell lysis, according with the manufacturer’s
description. After transferring each solution to a 96-well white opaque plate (in triplicate), the plate
was incubated at 25 °C, protected from the light, for 10 min. The standard curve for DNA analysis was
generated with provided DNA from the assay kit. Fluorescence was read at excitation of 485/20 nm
and emission of 528/20 nm using a microplate reader Synergy HTX (BioTek Instruments, Inc.).

2.5.3. Morphological Observation of MC3T3-E1 Cells

MC3T3-E1 cell morphology was observed using a fluorescence microscope (Axio Imager 2,
Zeiss, Oberkochen, Germany). Briefly, the cells were seeded above the samples (squares 1 cm?)
at a density of 2 x 10* cells cm™2 and cultured for three and seven days, using basal culture
conditions. After each time-point, the samples were gently washed with sterile DPBS and fixed
with 10% (v/v) of formalin (Sigma) in DPBS solution for 30 min. To obtain morphological fluorescence
images, a rhodamine phalloidin (Thermo Fisher Scientific) and 4/,6-diamidino-2-phenylindole (DAPI,
Thermo Fisher Scientific) fluorescent assay was performed at each time culture period; DAPI stains
preferentially nuclei and phalloidin the actin fibers of the cell cytoskeleton. Firstly, the fixed samples
were permeabilized with 0.2% (v/v) of Triton X-100 (Sigma) in DPBS solution for 10 min and then
blocked with 5% FBS (v/v) in DPBS solution for 30 min. Then, the samples were treated with rhodamine
phalloidin for 45 min and consequently with DAPI for 15 min. Afterwards, the cell morphology was
observed using the fluorescence microscope.

2.5.4. Osteogenic Potential of Dopamine-Modified Hyaluronic Acid Membranes and Differentiation of
MC3T3-E1 Cells by Immunocytochemistry

To evaluate the osteogenic potential of these substrates, cells were cultured at 2 x 10* cells cm 2

in basal growth medium, at 37 °C and 5% of CO,. After five days in basal conditions, the medium was
changed for osteogenic medium (x-MEM containing 10% FBS, 10 mM f3-glycerolphosphate disodium
salt hydrate (Sigma), and 50 g mL~! L-ascorbic acid (Cayman Chemical, Ann Arbor, MI, USA)).
The differentiation medium was changed every three days.

Intracellular osteopontin expression has been reported as a marker for osteogenic
differentiation [42]. After 14 days in differentiation medium, the samples were fixed in 10% (v/v)
formalin (Sigma) in DPBS. Following the fixation step, the fixed samples were permeabilized with 0.2%
(v/v) of Triton X-100 in DPBS solution for 10 min and then blocked with 5% FBS (v/v) in DPBS solution
for 60 min. Then, the samples were examined for protein expression visualization using a mouse
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antibody against osteopontin (BioLegend, San Diego, CA, USA), by incubation overnight, at 4 °C.
Subsequently, the samples were treated with the corresponding secondary antibody anti-mouse Alexa
Fluor 647 (Invitrogen™) for 1 h at 25 °C and consequently with rhodamine phalloidin and DAPI for
45 min and 15 min, respectively. Between each step the samples were extensively washed. Afterwards,
the cell morphology was observed using fluorescence microscopy.

2.6. Statistical Analysis

All the experiments were performed with at least three replicates and were independently
performed three times. Results are expressed as mean =+ standard deviation. Differences between the
experimental results were analyzed using the one-factor or two-factor analysis of variance (ANOVA),
with the Bonferroni’s multiple comparison test, defined with a statistical significance of p < 0.05.

3. Results

The HA was functionalized with DN and the resulting conjugate was combined with CHT
to produce multilayer biomimetic membranes by LbL. The chemical structures of each compound,
including the resulting chemical structure of HA-DN are represented in Figure 1. We hypothesize
that the presence of DN moieties along the thickness of the films, especially on the last layer and top
surface of the membrane, could enhance the interaction between cell and material and improve the
osteogenic potential of MC3T3-E1 cells.
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Figure 1. Chemical structure of hyaluronic acid (HA), dopamine (DN), and chitosan (CHT). Synthesis
and chemical structure of dopamine-modified hyaluronic acid (HA-DN). ECM: extracellular matrix.

3.1. Synthesis and Characterization of Conjugated Dopamine-Modified Hyaluronic Acid

The conjugation of DN on HA backbone was achieved by the standard carbodiimide coupling
method. Using EDC chemistry, the carboxyl group of HA was activated to react with the amine group
of DN. After lyophilizing, the resulting conjugated was characterized by UV-Vis and NMR for 'H.

Figure 2A shows the UV-Vis spectrum of each polymer solution, HA and HA-DN. The conjugation
of DN onto the backbone of HA was confirmed by the presence of a typical peak around 280 nm,
characteristic of dopamine. As expected, this peak did not appear for HA, confirming the presence of
DN moieties on the final conjugated HA-DN [43].
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Figure 2. Characterization of conjugated dopamine-modified hyaluronic acid. (A) Ultraviolet-visible
(UV-Vis) spectra of the control (HA) and the catechol-based conjugate (HA-DN). TH-nuclear magnetic
resonance (NMR) spectra of (B) HA; (C) DN and (D) the synthesized conjugate HA-DN, all with an
expanded view. a.u.: Arbitrary units.

Figure 2B-D shows the NMR spectra of HA, DN, and HA-DN for 'H. Regarding the spectrum of
HA, the peak at § = 1.93 ppm is associated with the protons of the methyl group [44]. The spectrum
of DN was characterized by the triplets centered at 5 = 2.76 ppm and at 6 = 3.11 ppm that are
associated with the protons of the aliphatic group [45]. In turn, the multiplets between & = 6.73 ppm
and 0 = 6.81 ppm are related with the protons in ortho- and meta-coupling position of the ring [17].
The spectrum of HA-DN was consistent with the HA and DN 'H-NMR spectra, as observed in
Figure 2D. Both the results of UV-Vis spectroscopy and NMR confirmed that DN was successfully
conjugated to HA.

3.2. Multilayer Construction and Thickness Estimation

The assembly of CHT and HA or HA-DN was first monitored on a gold quartz crystal by QCM-D.
Figure 3A shows the LbL assembly of CHT and HA and Figure 3B shows the assembly of CHT and
HA-DN. For both conditions, the first change in frequency happened when CHT was deposited on
bare gold quartz. The second decrease in frequency corresponded to HA or HA-DN layers and this
behavior was repeated during all the experiment (eight bilayers), indicating the successful of alternate
adsorption of CHT and HA or HA-DN onto the quartz crystal surface. For both systems, the film
seemed to have a stable growth for the first layers but it appeared more unstable with the addition
of further layers. We hypothesize that it could be due to the formation of soluble macromolecular
complexes between the previous layer and the new polymer solution [46]. Besides tmonitoring
frequency variation (Af), QCM-D technology also detects dissipation variation (AD), allowing to
take assumptions of the multilayer hydration state. When the film is rigid, the Af and AD for the
fundamental frequency superpose with the signals recorded in the higher harmonic [47]; in the
case of CHT/HA and CHT/HA-DN systems the soft nature of the layers adhering on the crystal
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leads to the dispersion of the different overtones. A more swollen multilayer film was achieved for
polysaccharide-based films when compared with other LbL systems [48]. The assembly of CHT and
HA or HA-DN induced similar frequency changes but different dissipation variations, with a bigger
dissipation shift when CHT was deposited. This could be related to the fact that more water molecules
were entrapped in the CHT layer [49].

Using the modeling tool Q-Tools [49], other parameters could be estimated like the thickness of
the films. The Voigt model was chosen to estimate the film thickness of each system, requiring three
parameters to be fixed: solvent density, solvent viscosity, and layer density. The solvent viscosity
was fixed at 1 mPa s (the same as water) and the film density at 1100 kg m~3 (frequently assumed
to return the lowest calculation error). The solvent density was changed by trial and error between
1000 and 1080 kg m~3 until error was minimized. Figure 3C,D represents the thickness estimation
along with the number of bilayers for CHT/HA and CHT/HA-DN systems, respectively. For the
CHT/HA system, the thickness of the films seemed to increase exponentially with the number of
bilayers. On the other hand, CHT/HA-DN seemed to increase linearly with the number of bilayers.
These results are in accordance with the related literature [17]; CHT/HA multilayer films are uniquely
composed of polysaccharides and naturally more water-rich than the other system. In turn, the
presence of DN on the CHT/HA-DN system seemed to change the growth regime to a linear model;
this could indicate that DN conferred less water content on the films. After eight bilayers, the estimated
thickness for the CHT /HA system is 157 nm and for the CHT/HA-DN it is 137 nm. Using the resulting
linear model, after 200 bilayers we expected a thickness of the CHT/HA-DN system of about 4.0 pm.
As HA-DN presents bigger chains, we expected that the thickness of the CHT/HA-DN could be higher
than for the CHT /HA system. However, for the first eight bilayers, we observed the opposite trend.
We hypothesize that it could be the result of the re-arrangement of the polymer chains when LbL
happens; the HA-DN chains seemed to compact more than HA chains, for the first layers of the film.
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Figure 3. Build-up assemblies of (A) CHT and HA, and (B) CHT and HA-DN, monitored by quartz
crystal microbalance with dissipation (QCM-D). Data shows the normalized frequency (Af) and
dissipation (AD) variations at the fifth overtone as a function of the time. Cumulative thickness
evolution of the (C) CHT/HA and (D) CHT/HA-DN multilayer systems as a function of the number
of deposition bilayers (Voigt model).
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3.3. Production of the Freestanding Multilayer Membranes

From QCM-D monitoring results, CHT and HA or CHT and HA-DN could be combined to
produce multilayer systems, with times of deposition of about 10 min; although from QCM-D data,
using 6 min of deposition would be enough to construct such multilayer films. This observation
was valuable to reduce the times of processing. Therefore, to produce freestanding polyelectrolyte
multilayered membranes, we dipped an inert substrate successively on CHT and HA or on CHT
and HA-DN solutions, for 6 min each immersion. The chosen underlying substrates were simple
PP sheets that are widely available, inexpensive, and can be cut into a large range of shapes and
sizes [50]. Between each dipping, we realized a washing step in the sodium acetate buffer (pH 5.5), to
remove the excess of polymer. After 200 bilayers, the resulting multilayer films were dried at 25 °C and
then easily detached from the underlying substrate, without requiring any post-treatment to dissolve
the underlying substrate or any kind of mechanical force that could damage the membrane (see in
Supplementary Figure S1A images representing the sequence of actions to detach the membrane from
the PP substrate). The number of cycles has a direct influence on the thickness of the membranes
and, indirectly, on their robustness and easiness to handle [50]. These membranes were designed as a
support material for cells to adhere and differentiate, allowing bone tissue regeneration; this means that
we needed the smallest thickness possible, without compromising the stability in physiological medium
and the handling. The LbL parameters were optimized, choosing for instance a different number of
cycles, but 200 bilayers seemed to be the best compromise between thickness and stability /handling.

The build-up of such LbL-based freestanding membranes has been reported in the
literature [50,51], and even with polymers with a potentially adhesive character it was possible
to detach the membranes; this may be due to the first layer being CHT. The photograph of both
[CHT/HA]p0 and [CHT/HA-DN]yp0 membranes is presented in Figure S1B, with some differences in
color and transparency perceptible.

Figure 4. Representative scanning electron microscopy (SEM) images of the surfaces of (A)
[CHT/HA]y (HA-ending side); (B) [CHT/HA-DN]yy (HA-DN-ending side); (C) [CHT/HA]5q
(CHT-ending side); (D) [CHT/HA-DN]yq (CHT-ending side). Representative SEM images of the
cross-section of the (E) [CHT/HA]yp and the (F) [CHT/HA-DN]yq freestanding membranes.
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3.3.1. Surface Morphology and Thickness of the Freestanding Membranes

The morphologies of the surface of the freestanding membranes were investigated by SEM.
Figure 4A shows the top view of upper side of the [CHT/HA]»y membrane (HA-ending layer);
a closed network pore configuration and a smooth surface was observed. In contrast, the top-view
of the upper side of the [CHT/HA-DN]yp9p membrane (HA-DN-ending layer) shows an interesting
pore network, with bigger pore diameters and a rougher surface, as shown in Figure 4B. Therefore,
some differences were noted between the morphologies of the upper layer of the two systems; we
hypothesize that the presence of DN in the last layer of the freestanding membrane conferred a
higher pore network system and rougher structures than HA alone. Figure 4C,D shows a SEM
image of the down side of the [CHT/HA]»p and [CHT/HA-DN];p0 membranes, respectively. Similar
morphologies were observed on the CHT side of the membranes, highlighting the rough nature
conferred by CHT. Figure 4E,F represents the cross-section of the [CHT /HA]yo9 and [CHT/HA-DN]»g0
freestanding membranes after free-fracture, respectively; [CHT /HA]yq cross-section shows a more
homogeneous distribution of the polyelectrolytes layers along with the thickness of the membrane,
being possible to observe a kind of LbL stratification. The thickness of the [CHT /HA]pp membrane
is around 5.5 + 0.1 um. A thickness of 7.7 &= 0.1 pm was achieved when DN is conjugated with
HA and integrated in a multilayer system with CHT. The differences between the thickness of the
membranes and the organization along the z-axis could be due to the arrangement of the polymer
chains during the multilayer construction. Comparing the real thickness values with the ones estimated
from QCM-D data, we obtained thicker [CHT /HA-DN]yq films than expected. This fact could be due
to some accumulation phenomenon and chain arrangement along with the thickness, which could
happen after the construction of the initial layers of the multilayer. Curiously, the thickness of the
[CHT/HA]p00 membranes was much lower than expected by the exponential growth. We hypothesize
that for a higher number of bilayers, we cannot assume exponential growth but instead linear growth
(R? = 0.969); therefore, the estimated thickness would be about 4.4 um, which is approximated to be
the real thickness of the freestanding [CHT/HA]yo) membrane.

3.3.2. Chemical Analysis of the Surface of the Freestanding Membranes

The surface chemical properties of the freestanding multilayer membranes were investigated by
EDS analysis. Figure 5A,B shows EDS maps for [CHT/HA],p0 and [CHT/HA-DN]y0p membranes
along the thickness (cross-section). Visually, both membranes revealed the presence of carbon, oxygen
and nitrogen. All these elements are presented along with all the thickness of the membranes.
In turn, Figure 5C,D shows EDS map images for the [CHT/HA]yq9 and [CHT/HA-DN],pp membranes’
top surface and the respective quantification for the same area (Figure 5E and 5F, respectively).
Both membranes revealed the presence of carbon, oxygen, sodium, and nitrogen. In fact, the ration
between oxygen and nitrogen is significant higher for [CHT/HA-DN]ygo than for [CHT/HA]y
membranes. We hypothesize that the nitrogen quantity could be higher for the [CHT/HA-DN]yo due
to the presence of DN in the last layer, which adds amine groups to the system.
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Figure 5. Mixed element map for carbon (C), oxygen (O) and nitrogen (N) of the cross-section of (A)
[CHT/HAl]yg0 and (B) [CHT/HA-DN]yq freestanding membranes. Mixed element map for carbon
(C), oxygen (O), and nitrogen (N) of upper surface of (C) [CHT/HA]ygy and (D) [CHT/HA-DN]yg0
freestanding membranes. Energy-dispersive X-ray spectra and ration quantification of O/N of (E)
[CHT/HA]yg0 and (F) [CHT/HA-DN]yq freestanding membranes. a.u.: Arbitrary units.

3.3.3. Adhesive Properties of the Freestanding Membranes

In this work, freestanding membranes were used to glue two pieces of glass and this system was
used as a proof of the concept for the adhesive strength of the [CHT /HA]»0 and [CHT/HA-DN]zg0
membranes. The size of these membranes was around 20 mm x 20 mm, and the thickness was between
5 and 8 um. Briefly, the freestanding membrane was sandwiched between two pieces of glass, in a
controlled environment, trying to mimic the inner body conditions (37 °C in a moist environment), and
incubated overnight. Most of the methods to determine the adhesive properties involve determination
of the perpendicular force required to separate two surfaces. As biological tissues are more susceptible
to shear stress than tensile stress, we decided to investigate the force that makes an adhesive slide
on a surface in the direction parallel to the plane of contact [52]. The ability of [CHT/HA]y and
[CHT/HA-DN]y to glue two glass substrates together was evaluated using a universal mechanical
testing machine according to the standard procedure ASTM D1002, with subtle modifications. A heavy
load (1.0 kN) could be held on a small joint area (20 mm x 20 mm) until it caused the detachment of the
glass slides (see the mounting scheme in Figure 6A). Figure 6B presents the values of adhesive strength
for each condition. From the lap shear adhesion tests, it can be seen that there were higher load values
for the same displacement for [CHT/HA-DN],pp membranes, indicating that more load is required
to separate the glued glass slides. The calculation of lap shear adhesion strength was performed
for each case; the [CHT/HA]yy system presents an adhesion strength of 3.4 4= 0.6 MPa, while the
[CHT/HA-DN]y system presents an adhesion strength of 8.6 4= 2.2 MPa. Such a difference highlights
the adhesive strength of the membrane containing DN compared with the control. We hypothesize that

153



Biomimetics 2017, 2,19

the presence of the catechol moieties in the [CHT /HA-DN]y0) membranes increased the adhesion force
between the two glass slides. The adhesive characteristics of catechol-based materials have been already
investigated [17,53,54]. For instance, Ninan et al. [55] studied the adhesive properties of marine mussel
adhesive extracts to bond porcine skin in controlled dry and humid conditions; the tissue joint strength
was about 1 MPa for mussel extract joints under humid conditions. Also, Kim et al. [56] reported the
development of a water-immiscible mussel protein-based adhesive, composed of a complex coacervate
of HA and DOPA with strong underwater adhesion; an adhesive strength of about 0.14 4= 0.03 MPa
was obtained, using rat bladder tissue as the contact substrate. Even using a different contact substrate,
the guidelines for adhesive tests were the same as for the previous examples. Even so, we obtained
significantly higher values of strength adhesion with [CHT/HA-DN],pp membranes. Well-known
bioadhesives are fibrin and cyanoacrylate-based materials, which present a shear adhesive strength
around 0.013 MPa and 0.068 MPa, respectively [57]. Bioadhesive hydrogels have been reported mainly
for topical wound dressings and sealants as their adhesive strength is still considered to be weak [57].
For tissue engineering applications, bioadhesive films are of more interest. Layer-by-layer technology
has been used for this purpose; Neto et al. [17,58] already reported the ability to produce multilayer
coatings composed of CHT and DOPA-modified HA with enhanced adhesive properties. The adhesive
strength of the coating was about 2.3 + 2.2 MPa, more than triple that of the control coating. Other LbL
systems have been reported, but mostly in the form of coatings and not as freestanding membranes,
which is more relevant for developing supports for tissue engineering purposes. To the best of our
knowledge, there has already been one work on such adhesive freestanding multilayer membranes,
but instead of dopamine they took advantage of the adhesive properties of levan derivatives [52].
Another strategy was envisaged to evaluate the bioadhesiveness of this membrane. After putting
the [CHT/HA]yy and [CHT/HA-DN]pp membranes in contact with a clean surface of porcine
bone at 37 °C, at 50% humidity overnight, it was possible to observe that more force is required
to pull out the [CHT/HA-DN],pp membrane (see representative images in Figure 6C (i) before and
(ii) after applying a detachment force with tweezers, and the video recording in Supplementary
Video S1). The [CHT/HA],0p membrane was easier to detach from the surface of porcine bone than the
[CHT/HA-DN]y0p membrane. This result is in accordance with the lap shear adhesion strength test,
highlighting the adhesive potential of DN when incorporated in these multilayer freestanding systems.

B c

i
~ [CHT/HALq

-

Lap shear adhesion
strenght (MPa)

Figure 6. Adhesive properties of the freestanding membranes. (A) Mounting scheme for testing
the lap shear adhesion strength on the Instron equipment; (B) lap shear adhesions strength values
for each system. Significant differences were found for p < 0.05. (C) Representative images of the
adhesiveness potential of [CHT /HA]y9 and [CHT/HA-DN]yq freestanding membranes on a clean
surface of porcine bone: (i) before and (ii) after applying a detachment force with tweezers.
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3.4. In Vitro Cell Studies

MC3T3-E1 cells were seeded above [CHT/HAly and [CHT/HA-DNl]y freestanding
membranes. The performance of such kind of adhesive substrates was evaluated for different cellular
functions, namely the metabolic activity, cytotoxicity, proliferation, and morphology of MC3T3-E1.
A preliminary immunofluorescent assay was performed to evaluate the osteogenic potential of these
substrates. The MC3T3-E1 response for TCPS surfaces were used as reference and positive control.

3.4.1. Metabolic Activity, Cytotoxicity, Proliferation, and Morphology of MC3T3-E1 Cells

The metabolic activity of MC3T3-E1 cells and the cytotoxicity of [CHT/HAJyy and
[CHT/HA-DN];pp membranes were evaluated by the Alamar blue colorimetric test. Figure 7A shows
the results for the resulting Alamar blue absorbance. After one day of culture in basal growth medium,
the cells seemed to adhere to the different substrates with no significant differences. Nevertheless, the
values of absorbance of cells seeded above the freestanding membranes were comparable to the values
for TCPS surfaces. This observation, combined with the increase in absorbance along with the days of
culture for each condition, is an indication of the non-cytotoxicity of the materials. After three and
seven days of culture, significant differences in metabolic activity were noted between [CHT /HA]5q0
and [CHT/HA-DN]yq freestanding membranes; higher absorbance values for cells seeded above
[CHT /HA-DN]y freestanding membranes indicate enhanced metabolic activity and viability. Also,
the proliferation of MC3T3-E1 was estimated using a standard DNA quantification assay. Figure 7B
shows the content of DNA for each condition up to seven days of culture. After one day of culture
the DNA content of MC3T3-E1 cells seeded above [CHT/HA],q0, [CHT/HA-DN],q9, and TCPS was
quite similar, while for three and seven days of culture there were significant differences between these
conditions. Following the same trend observed for Alamar blue results, the highest rates of proliferation
were found for [CHT/HA-DN]yq freestanding membranes, indicating a better cell response to the
catechol-containing membranes. Additionally, the morphology of the cells was observed using a
fluorescence assay (see Figure 7C). After three and seven days of culture in basal growth medium, the
cells seeded above the different surfaces were fixed and stained with specific markers: phalloidin (in
red) to label the actin cytoskeleton and DAPI (in blue) to label the nuclei of the cells. The representative
images, presented in Figure 7C, corroborate the results of metabolic activity and DNA quantification:
after three and seven days of culture, the density of cells adhered on the [CHT/HA-DN],pp membranes
was significantly higher than for the [CHT/HA]pp membranes and close to the cell density on the
TCPS surfaces. Moreover, the morphology of the MC3T3-E1 cells also differed; cells adhered above the
[CHT/HA-DN]y started to establish cell-cell contact with each other after just one day of culture,
while for cells seeded on [CHT/HA]ppp membranes this cell-cell contact was only perceptible after
three days of culture; these observations reinforced the proliferation results as cell-cell contact promotes
cell proliferation. We hypothesize that DN presence along the thickness of the multilayer membranes
and concretely on the surface improved their biological performance at different stages: adhesion,
viability, communication, and proliferation. These results could have potential applicability in the
tissue engineering field, as adhesive and biocompatible substrates to support cells’ functions. There are
other works [15,59-61] reporting the positive effect of catechol-based materials in promoting cellular
adhesion and good function. Polycaprolactone scaffolds were modified using a mussel-inspired
approach; polydopamine coating and hyaluronic acid immobilization seemed to be an effective way
to improve cellular performance [62]. Zhang et al. [63] suggested LbL methodology to simply coat
titanium implants with HA-DN and CHT, aiming to enhance the osteoblast proliferation. The greatest
advantage of our system over the reported examples and the existing literature is related to the
combination of a freestanding substrate composed of natural-based materials with enhanced adhesive
strength and improved cell response. Moreover, this kind of flexible substrate could be produced,
handled, and applied in quite a simple and adaptable way.
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Figure 7. In vitro cell studies. (A) Metabolic activity of MC3T3- E1 cells seeded on the membranes
(Alamar Blue assay). Significant differences were found between membranes and TCPS conditions
(for * p < 0.05; *** p < 0.001) and between the two kind of systems (### p < 0.001); (B) DNA content
of MC3T3- E1 seeded above the membranes (PicoGreen Kit). Significant differences were found
between membranes and tissue culture polystyrene surface (TCPS) conditions (*** p < 0.001) and
between the two kind of systems (### p< 0.001). (C) Fluorescence images of MC3T3- E1 cells stained
with phalloidin (red) and 4/,6-diamidino-2-phenylindole (DAPI) (blue), at three and seven days of
culture on the [CHT/HA],p0 and [CHT/HA-DN]pp) membranes and the TCPS (positive control).
a.u.: Arbitrary units.

3.4.2. Differentiation of MC3T3-E1 Cells

The differentiation of mouse MC3T3-E1 pre-osteoblasts toward the formation of a mineralized
extracellular matrix was also evaluated. This cell line was chosen as the model for our system due to its
usually compressed level of differentiation and the ability to form a mineralized bone-like extracellular
matrix [64]. Figure 8 shows the immunofluorescence images of cells seeded on the different materials,
using osteopontin as the osteogenic marker. Typical osteogenic differentiation of MC3T3-E1 cells
occurs in three phases: proliferation, extracellular matrix deposition and maturation, and finally
mineralization. Each phase corresponds to higher expressions of certain genes; osteopontin is expressed
near the later stages of osteogenic differentiation. Therefore, after 14 days in a differentiation medium
containing ascorbic acid and -glycerolphosphate, different behaviors could be observed for the
freestanding systems. The cells cultured on [CHT /HA-DN]yp showed stronger immunofluorescence
for osteopontin protein staining than the cells cultured on [CHT/HA],qp membranes, and very similar
fluorescence to the TCPS positive control (see Figure 8A-C). We hypothesize that catechol-based
moieties provided the multilayer films with important properties to improve their osteogenic potential.
The characteristic chemical groups of [CHT/HA]yy and [CHT/HA-DN],pp membranes could be
considered osteogenic differentiation promoters; besides CH, and CHjz groups, these surfaces also
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present NH; and OH groups and for all of them a positive effect on endorsing osteogenic differentiation
has been reported [65]. Few works have investigated the potential of mussel-inspired adhesive proteins
for in vitro bone formation. For instance, Yu et al. [66] coated titanium substrates with polydopamine
to facilitate the homogeneous covalent immobilization of collagen on their surface and promote the
osteogenic differentiation of MC3T3-E1 cells. Another group [67] synthesized a conjugate of alginate
and dopamine and produced alginate-dopamine gels, which seemed to promote the osteogenic
differentiation of mesenchymal stem cells. The adhesive character of DN allowed the author to coat
the gel with silver, providing antibacterial properties. Moreover, there are some studies reporting that
the polydopamine coating could enhance hydroxyapatite nucleation and then promote mineralization;
Lee et al. [68] coated 3D-printed polycaprolactone scaffolds with polydopamine to easily graft rhBMP-2.
In addition, a higher amount of BMP-2 resulted in better bone tissue formation; even with small doses
of this protein, they could induce osteogenic differentiation. In contrast, even in the absence of any
other grafted protein or growth factor, our multilayer system based on mussel-inspired catechol groups
could enhance the potential to differentiate MC3T3-E1 cells into osteoblasts. Figure 8D is a merged
image of the MC3T3-E1 cells cultured on the [CHT /HA-DN]y) membrane, overlaying osteopontin
(green), phalloidin (red), and DAPI (blue) markers. As phalloidin stains the actin cytoskeleton of the
cells and DAPI stains the nucleus, the appearance of osteopontin as an intracytoplasmic marker is
clear from Figure 8D. We hypothesize that this positive intracellular activity could be related to the
cellular calcification induced by the substrate and the culture conditions during the active stage of the
differentiation of MC3T3-E1 cells in osteoblasts [69].

Figure 8. Osteopontin immunofluorescence images of MC3T3-E1 cells stained in green and with
DAPI (in blue), after 14 days in osteogenic medium and cultured on the (A) [CHT/HA]y and
(B) [CHT/HA-DN],pp membranes and (C) TCPS (positive control); (D) Merged image of MC3T3-E1
cells cultured on the [CHT/HA-DN]pp membrane is shown in the overlay with osteopontin (green),
phalloidin (red) and DAPI (blue) markers.

Note that even after 21 days immersed in a physiological medium, the membranes seemed to be
stable, but presented some signs of degradation.

Overall, the [CHT/HA-DN]yg freestanding membranes showed enhanced adhesive strength
properties, as well as improved cell adhesion, proliferation, and differentiation, making them a good
candidate to regenerate bone tissue.

4. Conclusions

The notable ability of DOPA and its analogues to form strong interactions with both organic
and inorganic surfaces was inspired by the process of wet adhesion in mussels and has been used
to produce materials with unique adhesion properties. Bioadhesive materials have started to gain
importance in bone tissue engineering strategies, which have been appearing to overcome some
issues, often related to implant failure, by creating a system that directly promotes bone ingrowth
into the material’s structure and helps with tissue regeneration. Other features have been reported
as significant for the success of the bone tissue engineering system. Using the LbL technique offers a
unique vehicle to create a biomimetic environment due to the ability to incorporate materials that are
presented in the ECM or have a bioactive role and assemble them into a functional tissue-like unit.
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In conclusion, we covalently bonded DN on the backbone of HA with success, conferring
important properties to this glycosaminoglycan. Taking advantage of the conjugate HA-DN and
their negative nature at pH 5.5, we produced thin multilayer freestanding membranes composed only
of CHT and HA-DN, using a simple LbL technology based on electrostatic interactions. Interestingly,
when comparing membranes without DN with membranes where DN was conjugated with HA,
we clearly enhanced the adhesive strength. MC3T3-E1 cell adhesion, viability, proliferation, and
density were enhanced when cultured on [CHT/HA-DN],p9. We hypothesize that the mechanical
and morphological differences between the different multilayer systems had a positive impact on
cellular behavior. Additionally, our preliminary results for MC3T3-E1 differentiation studies suggest
that the presence of HA-DN on the multilayer membranes provided better differentiation signals.
We assume that enhanced differentiation of MC3T3-E1 cells is related to the morphology, chemistry, and
mechanical properties conferred by this catechol-based material. Therefore, our investigation suggests a
cheap, scalable, and versatile technology to produce biocompatible and osteophilic [CHT /HA-DN]zg0
multilayer membranes with interesting adhesive properties that could potentially be applied in
bone regeneration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-7673/2/4/19/s1:
Figure S1: Production of the freestanding multilayer membranes; Video S1: Adhesiveness of the freestanding
membranes to a clean surface of porcine bone.

Acknowledgments: M.P.S. acknowledges the Portuguese Foundation for Science and Technology (FCT) for
financial support through Grant No. SFRH/BD/97606/2013. This work was supported by the European Research
Council grant agreement ERC-2014-ADG-669858 for the ATLAS project. The authors acknowledge Carmen Freire
(CICECO, University of Aveiro, Aveiro, Portugal) for providing the Instron equipment to carry out the lap shear
adhesion tests.

Author Contributions: M.P.S. and J.EM. conceived and designed the experiments; M.P.S. performed the
experiments and analyzed the data; M.P.S. wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lee, H.,; Dellatore, SM.; Miller, W.M.; Messersmith, P.B. Mussel-inspired surface chemistry for
multifunctional coatings. Science 2007, 318, 426-430. [CrossRef] [PubMed]

2. Sed¢, J.; Saiz-Poseu, J.; Busqué, F.; Ruiz-Molina, D. Catechol-based biomimetic functional materials.
Adv. Mater. 2013, 25, 653-701. [CrossRef] [PubMed]

3. Liu, Y;; Ai,K; Lu, L. Polydopamine and its derivative materials: Synthesis and promising applications in
energy, environmental, and biomedical fields. Chem. Rev. 2014, 114, 5057-5115. [CrossRef] [PubMed]

4. Faure, E,; Falentin-Daudré, C.; Jérome, C.; Lyskawa, J.; Fournier, D.; Woisel, P.; Detrembleur, C. Catechols as
versatile platforms in polymer chemistry. Prog. Polym. Sci. 2013, 38, 236-270. [CrossRef]

5. Busqué, F; Sedo, J.; Ruiz-Molina, D.; Saiz-Poseu, J. Catechol-based biomimetic functional materials and their
applications. In Bio- and Bioinspired Nanomaterials; Ruiz-Molina, D., Novio, F,, Roscini, C., Eds.; Wiley-VCH
Verlag GmbH & Co. KGaA: Weinheim, Germany, 2014; pp. 277-308.

6. Lee, B.P,; Messersmith, P.B.; Israelachvili, ].N.; Waite, ].H. Mussel-inspired adhesives and coatings. Annu. Rev.
Mater. Res. 2011, 41, 99-132. [CrossRef] [PubMed]

7. Lee, H.; Scherer, N.F.; Messersmith, P.B. Single-molecule mechanics of mussel adhesion. Proc. Natl. Acad.
Sci. USA 2006, 103, 12999-13003. [CrossRef] [PubMed]

8.  Silverman, H.G.; Roberto, FF. Understanding marine mussel adhesion. Mar. Biotechnol. 2007, 9, 661-681.
[CrossRef] [PubMed]

9. Lee, H; Lee, B.P; Messersmith, P.B. A reversible wet/dry adhesive inspired by mussels and geckos. Nature
2007, 448, 338-341. [CrossRef] [PubMed]

10. Cha, HJ.; Hwang, D.S,; Lim, S. Development of bioadhesives from marine mussels. Biotechnol. ]. 2008, 3,
631-638. [CrossRef] [PubMed]

158



Biomimetics 2017, 2,19

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Choi, Y.S.; Yang, Y.J.; Yang, B.; Cha, H.J. In vivo modification of tyrosine residues in recombinant mussel
adhesive protein by tyrosinase co-expression in Escherichia coli. Microb. Cell Fact. 2012, 11, 139. [CrossRef]
[PubMed]

Lee, B.P; Dalsin, J.L.; Messersmith, P.B. Synthesis and gelation of DOPA-modified poly(ethylene glycol)
hydrogels. Biomacromolecules 2002, 3, 1038-1047. [CrossRef] [PubMed]

Shi, D; Liu, R.; Dong, W.; Li, X.; Zhang, H.; Chen, M.; Akashi, M. pH-dependent and self-healing properties
of mussel modified poly(vinyl alcohol) hydrogels in a metal-free environment. RSC Adv. 2015, 5, 82252-82258.
[CrossRef]

Kim, K; Ryu, J.H.; Lee, D.Y.; Lee, H. Bio-inspired catechol conjugation converts water-insoluble chitosan into
a highly water-soluble, adhesive chitosan derivative for hydrogels and LbL assembly. Biomater. Sci. 2013, 1,
783-790. [CrossRef]

Lee, C.; Shin, J.; Lee, ].S.; Byun, E.; Ryu, J.H.; Um, S.H.; Kim, D.-L; Lee, H.; Cho, S.-W. Bioinspired, calcium-free
alginate hydrogels with tunable physical and mechanical properties and improved biocompatibility.
Biomacromolecules 2013, 14, 2004-2013. [CrossRef] [PubMed]

Park, ].Y.; Yeom, J.; Kim, ].S.; Lee, M.; Lee, H.; Nam, Y.S. Cell-repellant dextran coatings of porous titania
using mussel adhesion chemistry. Macronol. Biosci. 2013, 13, 1511-1519. [CrossRef] [PubMed]

Neto, A.I; Cibrao, A.C.; Correia, C.R.; Carvalho, R.R.; Luz, G.M.; Ferrer, G.G.; Botelho, G.; Picart, C.;
Alves, N.M.; Mano, J.F. Nanostructured polymeric coatings based on chitosan and dopamine-modified
hyaluronic acid for biomedical applications. Small 2014, 10, 2459-2469. [CrossRef] [PubMed]
Scognamiglio, E; Travan, A.; Borgogna, M.; Donati, I.; Marsich, E.; Bosmans, ] W.A.M.; Perge, L.; Foulc, M.P;
Bouvy, N.D.; Paoletti, S. Enhanced bioadhesivity of dopamine-functionalized polysaccharidic membranes
for general surgery applications. Acta Biomater. 2016, 44, 232-242. [CrossRef] [PubMed]

Mano, J.F; Silva, G.A.; Azevedo, H.S.; Malafaya, P.B.; Sousa, R.A; Silva, S.S.; Boesel, L.E; Oliveira, ] M.;
Santos, T.C.; Marques, A.P; et al. Natural origin biodegradable systems in tissue engineering and
regenerative medicine: Present status and some moving trends. J. R. Soc. Interface 2007, 4, 999-1030.
[CrossRef] [PubMed]

Cai, K.; Rechtenbach, A.; Hao, J.; Bossert, J.; Jandt, K.D. Polysaccharide-protein surface modification of
titanium via a layer-by-layer technique: Characterization and cell behaviour aspects. Biomaterials 2005, 26,
5960-5971. [CrossRef] [PubMed]

Alves, N.M.; Pashkuleva, I; Reis, R.L.; Mano, J.F. Controlling cell behavior through the design of polymer
surfaces. Small 2010, 6, 2208-2220. [CrossRef] [PubMed]

Moulay, S. Dopa/ catechol-tethered polymers: Bioadhesives and biomimetic adhesive materials. Polym. Rev.
2014, 54, 436-513. [CrossRef]

Kaushik, N.K.; Kaushik, N.; Pardeshi, S.; Sharma, J.G.; Lee, S.H.; Choi, E.H. Biomedical and clinical
importance of mussel-inspired polymers and materials. Mar. Drugs 2015, 13, 6792-6817. [CrossRef]
[PubMed]

Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and challenges.
Crit. Rev. Biomed. Eng. 2012, 40, 363-408. [CrossRef] [PubMed]

Geckil, H.; Xu, F; Zhang, X.; Moon, S.; Demirci, U. Engineering hydrogels as extracellular matrix mimics.
Nanomedicine 2010, 5, 469—-484. [CrossRef] [PubMed]

Gong, T.; Xie, J.; Liao, J.; Zhang, T.; Lin, S.; Lin, Y. Nanomaterials and bone regeneration. Bone Res. 2015, 3,
15029. [CrossRef] [PubMed]

Nassif, N.; Gobeaux, F; Seto, J.; Belamie, E.; Davidson, P; Panine, P.; Mosser, G.; Fratzl, P;
Giraud Guille, M.-M. Self-assembled collagen-apatite matrix with bone-like hierarchy. Chem. Mater. 2010, 22,
3307-3309. [CrossRef]

Yang, W.; Xi, X.; Si, Y.; Huang, S.; Wang, J.; Cai, K. Surface engineering of titanium alloy substrates with
multilayered biomimetic hierarchical films to regulate the growth behaviors of osteoblasts. Acta Biomater.
2014, 10, 4525-4536. [CrossRef] [PubMed]

Decher, G. Fuzzy nanoassemblies: Toward layered polymeric multicomposites. Science 1997, 277, 1232-1237.
[CrossRef]

Tang, Z.; Wang, Y.; Podsiadlo, P; Kotov, N.A. Biomedical applications of layer-by-layer assembly:
From biomimetics to tissue engineering. Adv. Mater. 2006, 18, 3203-3224. [CrossRef]

159



Biomimetics 2017, 2,19

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ariga, K.; Yamauchi, Y.; Rydzek, G.; Ji, Q.; Yonamine, Y., Wu, K.C.-W.; Hill, J.P. Layer-by-layer
nanoarchitectonics: Invention, innovation, and evolution. Chem. Lett. 2014, 43, 36-68. [CrossRef]

Gentile, P.; Carmagnola, I.; Nardo, T.; Chiono, V. Layer-by-layer assembly for biomedical applications in the
last decade. Nanotechnology 2015, 26, 422001. [CrossRef] [PubMed]

Silva, ].M.; Reis, R.L.; Mano, ].F. Biomimetic extracellular environment based on natural origin polyelectrolyte
multilayers. Small 2016, 12, 4308-4342. [CrossRef] [PubMed]

Mhanna, R.F; Voros, J.; Zenobi-Wong, M. Layer-by-layer films made from extracellular matrix
macromolecules on silicone substrates. Biomacromolecules 2011, 12, 609-616. [CrossRef] [PubMed]

Gribova, V.; Auzely-Velty, R.; Picart, C. Polyelectrolyte multilayer assemblies on materials surfaces: From cell
adhesion to tissue engineering. Chem. Mater. 2012, 24, 854-869. [CrossRef] [PubMed]

Shah, N.J.; Hyder, M.N.; Quadir, M.A.; Dorval Courchesne, N.-M.; Seeherman, H.J.; Nevins, M.; Spector, M.;
Hammond, P.T. Adaptive growth factor delivery from a polyelectrolyte coating promotes synergistic bone
tissue repair and reconstruction. Proc. Natl. Acad. Sci. USA 2014, 111, 12847-12852. [CrossRef] [PubMed]
Oliveira, S.M.; Reis, R.L.; Mano, ].F. Assembling human platelet lysate into multiscale 3D scaffolds for bone
tissue engineering. ACS Biomater. Sci. Eng. 2015, 1, 2—6. [CrossRef]

Crouzier, T.; Ren, K.; Nicolas, C.; Roy, C.; Picart, C. Layer-by-layer films as a biomimetic reservoir for
rhBMP-2 delivery: Controlled differentiation of myoblasts to osteoblasts. Small 2009, 5, 598-608. [CrossRef]
[PubMed]

Correia, C.; Caridade, S.; Mano, J. Chitosan membranes exhibiting shape memory capability by the action of
controlled hydration. Polymers 2014, 6, 1178-1186. [CrossRef]

Lee, H.; Lee, Y.; Statz, A.R.; Rho, J.; Park, T.G.; Messersmith, P.B. Substrate-independent layer-by-layer
assembly by using mussel-adhesive-inspired polymers. Adv. Mater. 2008, 20, 1619-1623. [CrossRef]
[PubMed]

MC3T3-E1 Subclone 4 (ATCC® CRL-2593™). Available online: https://www.lgcstandards-atcc.org/
Products/All/CRL-2593.aspx (accessed on 4 October 2017).

Baler, K.; Ball, ].P; Cankova, Z.; Hoshi, R.A.; Ameer, G.A.; Allen, ].B. Advanced nanocomposites for bone
regeneration. Biomater. Sci. 2014, 2, 1355-1366. [CrossRef]

Chen, S.-M.; Peng, K.-T. The electrochemical properties of dopamine, epinephrine, norepinephrine, and
their electrocatalytic reactions on cobalt(Il) hexacyanoferrate films. |. Electroanal. Chem. 2003, 547, 179-189.
[CrossRef]

Pomin, V.H. NMR chemical shifts in structural biology of glycosaminoglycans. Anal. Chem. 2014, 86, 65-94.
[CrossRef] [PubMed]

Mueller, D.D.; Morgan, T.D.; Wassenberg, ].D.; Hopkins, T.L.; Kramer, K.J. Proton and carbon-13 NMR of 3-O
and 4-O conjugates of dopamine and other catecholamines. Bioconjugate Chem. 1993, 4, 47-53. [CrossRef]
Croll, TI; O’Connor, A.J.; Stevens, G.W.; Cooper-White, J.J. A blank slate? Layer-by-layer deposition
of hyaluronic acid and chitosan onto various surfaces. Biomacromolecules 2006, 7, 1610-1622. [CrossRef]
[PubMed]

Kujawa, P; Schmauch, G.; Viitala, T.; Badia, A.; Winnik, EM. Construction of viscoelastic biocompatible films
via the layer-by-layer assembly of hyaluronan and phosphorylcholine-modified chitosan. Biomacromolecules
2007, 8, 3169-3176. [CrossRef] [PubMed]

Picart, C. Polyelectrolyte multilayer films: From physico-chemical properties to the control of cellular
processes. Curr. Med. Chem. 2008, 15, 685-697. [CrossRef] [PubMed]

Alves, N.M.; Picart, C.; Mano, ].F. Self assembling and crosslinking of polyelectrolyte multilayer films of
chitosan and alginate studied by QCM and IR spectroscopy. Macromol. Biosci. 2009, 9, 776-785. [CrossRef]
[PubMed]

Caridade, S.G.; Monge, C.; Gilde, F; Boudou, T.; Mano, J.E; Picart, C. Free-standing polyelectrolyte
membranes made of chitosan and alginate. Biomacromolecules 2013, 14, 1653-1660. [CrossRef] [PubMed]
Sousa, M.P; Cleymand, F.; Mano, J.E. Elastic chitosan/chondroitin sulfate multilayer membranes.
Biomed. Mater. 2016, 11, 035008. [CrossRef] [PubMed]

Costa, R.R.; Neto, A.L; Calgeris, I.; Correia, C.R.; Pinho, A.C.M.; Fonseca, J.; Oner, E.-T.; Mano, J.E.
Adhesive nanostructured multilayer films using a bacterial exopolysaccharide for biomedical applications.
J. Mater. Chem. B 2013, 1, 2367-2374. [CrossRef]

160



Biomimetics 2017, 2,19

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yamada, K.; Chen, T.; Kumar, G.; Vesnovsky, O.; Topoleski, L.D.; Payne, G.F. Chitosan based water-resistant
adhesive. Analogy to mussel glue. Biomacromolecules 2000, 1, 252-258. [CrossRef] [PubMed]

Zhou, J.; Defante, A.P; Lin, E; Xu, Y,; Yu, J.; Gao, Y.; Childers, E.; Dhinojwala, A.; Becker, M.L.
Adhesion properties of catechol-based biodegradable amino acid-based poly(ester urea) copolymers inspired
from mussel proteins. Biomacromolecules 2015, 16, 266-274. [CrossRef] [PubMed]

Ninan, L.; Monahan, J.; Stroshine, R.L.; Wilker, ].J.; Shi, R. Adhesive strength of marine mussel extracts on
porcine skin. Biomaterials 2003, 24, 4091-4099. [CrossRef]

Kim, HJ.; Hwang, B.H. Lim, S.; Choi, B.-H.; Kang, S.H.; Cha, H.J. Mussel adhesion-employed
water-immiscible fluid bioadhesive for urinary fistula sealing. Biomaterials 2015, 72, 104-111. [CrossRef]
[PubMed]

Lauto, A.; Mawad, D.; Foster, L.J.R. Adhesive biomaterials for tissue reconstruction. J. Chem.
Technol. Biotechnol. 2008, 83, 464—472. [CrossRef]

Neto, A.L; Vasconcelos, N.L.; Oliveira, S.M.; Ruiz-Molina, D.; Mano, J.F. High-throughput topographic,
mechanical, and biological screening of multilayer films containing mussel-inspired biopolymers.
Adv. Funct. Mater. 2016, 26, 2745-2755. [CrossRef]

Lynge, M.E.; van der Westen, R.; Postma, A_; Stadler, B. Polydopamine—A nature-inspired polymer coating
for biomedical science. Nanoscale 2011, 3, 4916-4928. [CrossRef] [PubMed]

Ryu, J.H.; Lee, Y.; Kong, WH.; Kim, T.G.; Park, T.G.; Lee, H. Catechol-functionalized chitosan/pluronic
hydrogels for tissue adhesives and hemostatic materials. Biomacromolecules 2011, 12, 2653-2659. [CrossRef]
[PubMed]

Madhurakkat Perikamana, S.K.; Lee, J.; Lee, Y.B.; Shin, Y.M.; Lee, E.J.; Mikos, A.G.; Shin, H. Materials from
mussel-inspired chemistry for cell and tissue engineering applications. Biomacroniolecules 2015, 16, 2541-2555.
[CrossRef] [PubMed]

Jo, S.; Kang, S.M.; Park, S.A.; Kim, W.D.; Kwak, J.; Lee, H. Enhanced adhesion of preosteoblasts inside
3D PCL scaffolds by polydopamine coating and mineralization. Macromol. Biosci. 2013, 13, 1389-1395.
[CrossRef] [PubMed]

Zhang, X.; Li, Z; Yuan, X; Cui, Z; Yang, X. Fabrication of dopamine-modified hyaluronic
acid/chitosan multilayers on titanium alloy by layer-by-layer self-assembly for promoting osteoblast growth.
Appl. Surf. Sci. 2013, 284, 732-737. [CrossRef]

Boskey, A.L.; Roy, R. Cell culture systems for studies of bone and tooth mineralization. Chem. Rev. 2008, 108,
4716-4733. [CrossRef] [PubMed]

Barradas, A.M.; Lachmann, K.; Hlawacek, G.; Frielink, C.; Truckenmoller, R.; Boerman, O.C.; van Gastel, R.;
Garritsen, H.; Thomas, M.; Moroni, L.; et al. Surface modifications by gas plasma control osteogenic
differentiation of MC3T3-E1 cells. Acta Biomater. 2012, 8, 2969-2977. [CrossRef] [PubMed]

Yu, X.; Walsh, J.; Wei, M. Covalent immobilization of collagen on titanium through polydopamine coating to
improve cellular performances of MC3T3-E1 cells. RSC Adv. 2013, 4, 7185-7192. [CrossRef] [PubMed]
Zhang, S.; Xu, K; Darabi, M.A.; Yuan, Q.; Xing, M. Mussel-inspired alginate gel promoting the osteogenic
differentiation of mesenchymal stem cells and anti-infection. Mater. Sci. Eng. C 2016, 69, 496-504. [CrossRef]
[PubMed]

Lee, SJ.; Lee, D.; Yoon, T.R.; Kim, HK.; Jo, H.H.; Park, ].S.; Lee, ].H.; Kim, W.D.; Kwon, LK.; Park, S.A. Surface
modification of 3D-printed porous scaffolds via mussel-inspired polydopamine and effective immobilization
of thBMP-2 to promote osteogenic differentiation for bone tissue engineering. Acta Biomater. 2016, 40,
182-191. [CrossRef] [PubMed]

Tsutsumi, K.; Saito, N.; Kawazoe, Y.; Ooi, H.-K.; Shiba, T. Morphogenetic study on the maturation of
osteoblastic cell as induced by inorganic polyphosphate. PLoS ONE 2014, 9, e86834. [CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

161



)\( biomimetics m\n\py

Article

Size Control and Fluorescence Labeling of
Polydopamine Melanin-Mimetic Nanoparticles for
Intracellular Imaging

Devang R. Amin 2, Caroline Sugnaux ', King Hang Aaron Lau ® and Phillip B. Messersmith 1*

1 Departments of Bioengineering and Materials Science and Engineering, University of California, Berkeley,

210 Hearst Mining Building, Berkeley, CA 94720, USA; damin@berkeley.edu (D.R.A.);

csugnaux@berkeley.edu (C.S.)

Department of Biomedical Engineering, Northwestern University, 2145 Sheridan Rd.,

Evanston, IL 60208, USA

3 WestCHEM /Department of Pure and Applied Chemistry, University of Strathclyde, 295 Cathedral St.,
Glasgow G1 1XL, UK; aaron.]lau@strath.ac.uk

*  Correspondence: philm@berkeley.edu; Tel.: +1-510-643-9631

Academic Editors: Marco d’Ischia and Daniel Ruiz-Molina
Received: 19 June 2017; Accepted: 30 August 2017; Published: 6 September 2017

Abstract: As synthetic analogs of the natural pigment melanin, polydopamine nanoparticles (NPs) are
under active investigation as non-toxic anticancer photothermal agents and as free radical scavenging
therapeutics. By analogy to the widely adopted polydopamine coatings, polydopamine NPs offer
the potential for facile aqueous synthesis and incorporation of (bio)functional groups under mild
temperature and pH conditions. However, clear procedures for the convenient and reproducible
control of critical NP properties such as particle diameter, surface charge, and loading with functional
molecules have yet to be established. In this work, we have synthesized polydopamine-based
melanin-mimetic nanoparticles (MMNDPs) with finely controlled diameters spanning ~25 to 120 nm
and report on the pH-dependence of zeta potential, methodologies for PEGylation, and the
incorporation of fluorescent organic molecules. A comprehensive suite of complementary techniques,
including dynamic light scattering (DLS), cryogenic transmission electron microscopy (cryo-TEM),
X-ray photoelectron spectroscopy (XPS), zeta-potential, ultraviolet-visible (UV-Vis) absorption and
fluorescence spectroscopy, and confocal microscopy, was used to characterize the MMNPs and their
properties. Our PEGylated MMNPs are highly stable in both phosphate-buffered saline (PBS) and in
cell culture media and exhibit no cytotoxicity up to at least 100 g mL ! concentrations. We also show
that a post-functionalization methodology for fluorophore loading is especially suitable for producing
MMNPs with stable fluorescence and significantly narrower emission profiles than previous reports,
suggesting they will be useful for multimodal cell imaging. Our results pave the way towards
biomedical imaging and possibly drug delivery applications, as well as fundamental studies of
MMNP size and surface chemistry dependent cellular interactions.

Keywords: catechol; melanin; nanoparticle; dopamine

1. Introduction

Nanotechnology has garnered tremendous attention from the biomedical community over the
past decade due to its potential to revolutionize cancer treatment by delivering targeted packages of
chemotherapeutic drugs, thereby minimizing their adverse side-effects and boosting bioavailability [1-8].
Despite intense research, however, few nanotechnology-based solutions are clinically-approved as
cancer therapeutics [8,9]. An improved understanding of nanoparticle—cell and nanoparticle-body
interactions is essential for the optimization of nanoparticle (NP) design to improve therapeutic
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outcomes. Fluorescent NPs enable in-depth study of these phenomena, as illustrated in the recent
use of quantum dots (QDs) by Chan et al. to study the fundamental mechanisms of hard NP
clearance by the liver [10]. Improving the design of organic NP-based therapeutics requires study of
soft organic NPs rather than hard inorganic NPs like QDs, spurring interest in fluorescent organic
NPs (FONs) [11,12]. A variety of approaches including emulsion polymerization, block copolymer
self-assembly, and nanoprecipitation in the presence of a fluorophore have been employed in the
synthesis of FONs [11,12]. However, many FON synthesis techniques require the use of toxic organic
solvents or surfactants, which must be removed following synthesis.

The recent development of polydopamine melanin-like NPs has created an opportunity to
generate organic NPs in a non-toxic, straightforward strategy. Inspired by the presence of sepia
melanin NPs in cuttlefish ink, Ju et al. first reported a synthesis of non-toxic melanin-like NPs
composed of polydopamine [13]. Nanoparticles were prepared by dissolving dopamine-HCI in water
at basic pH to generate polydopamine NPs, which had melanin-like free radical scavenging activity.
Although the exact mechanism and species involved in the formation of polydopamine are still actively
under investigation, there is mounting experimental and computational evidence that polydopamine
forms via oxidation of dopamine, producing a complex series of subsequent reactions that are not
fully understood [14,15]. This material has properties similar to the biological pigment eumelanin,
which has functions including protection against harmful ultraviolet (UV) light, free radical scavenging,
heavy metal sequestration, and structural roles, as in the Glycera dibranchiata bloodworm jaw [16-19].

One unique property of polydopamine is its chemical versatility. Studies on polydopamine
surface coatings have shown that it can subsequently be modified via covalent bonding with amines
and thiols, hydrogen bonding, -7 stacking, metal coordination, and electrostatic interactions [20,21].
This characteristic of polydopamine may be leveraged to form multifunctional polydopamine-based
melanin-mimetic NPs (MMNPs) for biomedical applications without the use of coupling reagents or
biomolecular modification, unlike many existing fluorescent NP systems [11,12,22].

Since the initial synthesis of MMNPs by Ju et al. [13], alternate methods of creating MMNPs
have also been developed [23,24]. Polydopamine NPs have shown promising results when studied
as melanin-like UV-protective materials in cells [25], anticancer photothermal agents in vivo [23],
and as magnetic resonance imaging (MRI) contrast agents [26]. Despite these reports, neither the
reproducibility of NP size control over a broad range of sub-200 nm diameters nor the NP surface
charge have yet been studied in depth.

Related work has focused on synthesis of fluorescent microcapsules or plate-like nanostructures
of polydopamine via oxidation by HyO, [26-28] or by combination of polyethyleneimine and
polydopamine [29,30]. These novel nanomaterials have promise as potential fluorescent organic
NPs or microparticles, but they possess several shortcomings. First, the sizes and morphologies
of these fluorescent materials limit conclusions that could be drawn with regard to the uptake and
trafficking of spherical NPs with diameters below 100-200 nm, which is the most relevant size ranges
for injectable nanotherapeutics. Second, each of these published methods of fluorescent polydopamine
preparation results in broad fluorescence excitation and emission spectral peaks that may interfere
with dyes to be used as co-stains for in vitro studies. Full-width half maximum (FWHM) of the peaks
in these studies are on the order of 100 nm, limiting simultaneous use of other fluorophores. In contrast,
quantum dots have spectral linewidths of just 12 nm [31]. Third, fluorescence excitation and emission
peaks cannot be tuned using this approach. Modification of NPs with different fluorophores would
permit this fine-tuning. We sought to address these three issues through our research.

In this work, we demonstrate a novel, straightforward method by which MMNPs with
reproducibly tunable diameters under 100-200 nm can be synthesized and modified by two
fluorescent rhodamine dyes, rhodamine 123 (RA123) and rhodamine B (RAB). We have developed
procedures by which MMNPs may be rhodamine-labeled either in situ during MMNP formation or by
post-functionalization of PEGylated MMNPs. Neither of these methods require any toxic or expensive
chemical coupling reagents, organic solvents, surfactants, or oxidizing agents. We demonstrate that
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these materials have narrower fluorescence excitation and emission peaks (FWHM =240 nm) relative
to other methods of fluorescent polydopamine NP preparation. As a proof of concept, we show
that PEGylated fluorescent MMNPs are taken up by cells and accumulate in the perinuclear region,
where they can be visualized by confocal microscopy.

2. Materials and Methods

2.1. Materials

Dopamine-HCI (DA, >98% purity), rhodamine 123 (RA123), and rhodamine B base (RAB) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Methyl ether poly(ethylene glycol)-thiol
(5 kDa, mPEG-SH) was purchased from Laysan Bio, Inc. (Arab, AL, USA). Neutral red dye was
purchased from Amresco (Solon, OH, USA). Ultrapure (UP) water was obtained by purification of
deionized water with a Barnstead Ultrapure Water Purification System (Thermo Fisher Scientific,
Waltham, MA, USA) to a resistivity of at least 18.0 MQ) cm. Amicon®Ultra centrifugal filters
with 10 kDa and 100 kDa molecular weight cut-off (MWCO) were obtained from EMD Millipore
(Billerica, MA, USA). Dialysis cassettes (10 kDa MWCO) and cell culture reagents were obtained
from Thermo Fisher Scientific. NIH/3T3 fibroblasts were purchased from the American Type
Culture Collection (ATCC, Manassas, VA, USA).

2.2. Nanoparticle Synthesis and Modification

2.2.1. MMNP Synthesis

Melanin-mimetic nanoparticle synthesis was adapted from Ju et al. [13]. For a typical synthesis
(1:1 NaOH:DA, 1 mg mL~! DA), 22.68 mL of UP water and 1.32 mL of 0.1 M NaOH were added to a 50 mL
round bottom flask and heated to 50 °C under vigorous stirring. Then, 1 mL of a 25 mg mL~! DA solution
was added. The flask was tightly capped, and the solution was vigorously stirred for 5 h at 50 °C.
After 5 h, the reaction mixture was purified by centrifugal filtration (10 kDa MWCO), washing with
UP water. Then, aggregates were removed by centrifugation at between 2000 and 6000 g followed
by 0.45 pm filtration. The hydrodynamic diameters (D},) of MMNPs were adjusted by controlling
DA concentration (1 to 4 mg mL~1) and NaOH:DA molar ratio (0.5:1 to 1:1).

2.2.2. In Situ Modification of MMNPs with Rhodamine B or Rhodamine 123

For in situ fluorophore modification, MMNPs synthesis was performed as noted above in a growth
solution of 1 mg mL~! DA and 1:1 NaOH:DA supplemented with 50 ug mL~! RAB or RA123.

2.2.3. PEGylation of MMNPs

Melanin-mimetic nanoparticles were treated with 10 mM 5 kDa mPEG-SH overnight in
10 mM NaOH. Unbound mPEG-SH was removed by centrifugal filtration (100 kDa MWCO) at
2000x g with washing.

2.2.4. Post-Functionalization of MMNP@PEG with Rhodamine B or Rhodamine 123

Purified MMNP@PEG were post-functionalized for 24 h with RAB or RA123 in either UP water
or aqueous pH 8.5 bicine buffer containing 40 pg mL~! MMNP@PEG and 50 pig mL~! RA123 or RAB.
The post-functionalized NPs (MMNP@PEG@RAB and MMNP@PEG@RA123) were initially purified
by at least six rounds of centrifugal filtration (100 kDa MWCO) with washing to remove unbound
fluorophore. Nanoparticles were dialyzed (10 kDa MWCO) for four days in UP water before use in
cell culture, replacing the dialysis bath at least five times.
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2.2.5. Fluorophore Release Testing

In order to evaluate the release of fluorophore, 50-100 pg fluorophore-labeled MMNPs
were dialyzed (10 kDa MWCO) in 200 mL UP water or 1x phosphate-buffered saline
(PBS). MMNP@RA123@PEG and MMNP@RAB@PEG were dialyzed for seven days in PBS,
and MMNP@PEG@RA123 and MMNP@PEG@RAB were dialyzed sequentially in UP water for
three days and in 1x PBS for three days. The dialysis baths were replaced every 4-6 h for the
first 12 h to preserve sink conditions and at least every 24 h for the next several days. Fluorophore
release was quantified by measuring fluorescence of aliquots of the dialysis baths (Tecan Infinite M200,
Minnendorf, Switzerland) and quantifying fluorophore content using standard curves prepared from
RA123 and RAB stock solutions.

2.3. Nanoparticle Characterization

2.3.1. Extinction Coefficient Calculation

An ultraviolet-visible (UV-Vis) plate reader (Synergy H1, BioTek, Winooski, VT, USA) was used
to determine absorbances of solutions with known concentrations of MMNPs at wavelengths from
300 to 1000 nm. At least three batches of MMNPs from each set of synthesis conditions was used to
calculate the extinction coefficients. Initial concentration of MMNPs was calculated by lyophilizing
1 mL suspensions of MMNPs. Exponential decay curves were fit to extinction coefficient data using
OriginPro 2017 software (Student version, OriginLab, Northampton, MA, USA).

2.3.2. Dynamic Light Scattering and Zeta Potential Analysis

Dynamic light scattering (DLS) and zeta potential analysis of NPs was conducted using a Malvern
Zetasizer Nano ZS instrument (Malvern, Worcestershire, UK). The z-average NP diameters of NP batches
were calculated using cumulants analysis and was reported as the Dy,. The polydispersity index (PDI) was
also measured by DLS. During zeta potential measurements, pH was controlled during measurements
by using 10 mM citrate buffer (pH 2.5-6.5), 10 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic
acid (HEPES) buffer (pH 7.0-7.5), or 10 mM bicine buffer (pH 8.0-9.0). Unless otherwise noted,
zeta potential was measured at pH 7.4. At least three independently prepared batches of NPs were
used for every reported Dy, or zeta potential value.

2.3.3. Electron Microscopy Imaging

Scanning electron microscopy (SEM) images were obtained using an FEI Quanta 3D FEG SEM
(Hillsboro, OR, USA). Conventional transmission electron microscopy (TEM) imaging was performed
on a JEOL 1400 TEM (Tokyo, Japan) or FEI Tecnai 12 TEM (Hillsboro, OR, USA). Samples were
prepared either with or without uranyl acetate staining. Cryogenic TEM (cryo-TEM) imaging was
performed using a JEOL 1230 TEM (Tokyo, Japan). Nanoparticle size analysis was performed using
Image] software [32] to measure diameters of at least 35 NPs from representative cryo-TEM images of
each size range. All NPs in representative images were included in size analysis.

2.3.4. Spectroscopic Characterization

Fluorescence spectra of fluorescent NPs, fluorophores, and unmodified MMNPs were taken using
a FluoroMax-4 spectrophotometer (Horiba Scientific, Irvine, CA, USA) with 5 nm slit widths. Samples
containing RA123 and RA123 were excited at Aex = 500 nm, and those containing RAB and RAB were excited
at Aex = 555 nm. The UV-Vis absorbance spectra were taken using a PerkinElmer Lambda UV /Vis/NIR
(Waltham, MA, USA) or a UV2600 spectrophotometer (Shimadzu Scientific Instruments, Kyoto, Japan).
Fluorescent spectra were not normalized, but absorbance spectra were normalized by multiplying
each curve by a constant factor.
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2.3.5. X-ray Photoelectron Spectroscopy Characterization

Gold-coated silicon substrates were first cleaned by sonication in UP water, acetone,
and isopropanol for 10 min each. Then, after drying them with a flow of nitrogen, the substrates were
exposed to a plasma discharge at 60 W for 10 min (Harrick Plasma Cleaner, Ithaca, NY, USA). A 50 uL
drop of each NP suspension was then placed onto the surface of the substrates and left to dry overnight.
Substrates were completely dried under vacuum prior to analysis using a PHI 5600 spectrometer
(PerkinElmer) equipped with an Al monochromated 2 mm filament and a built-in charge neutralizer.
The X-ray source operated at 350 W, 14.8 V, and 40° take-off angle. The atomic concentrations of
sulfur, nitrogen, oxygen, and carbon of drop-casted MMNP and MMNP@PEG samples by performing
survey scans between 0 and 1100 eV electron binding energies. Charge correction was performed
setting the C 1s peak at 285.0 eV. Data analysis was conducted using MultiPak software version 9.6.015
(Physical Electronics, Chanhassen, MN, USA).

2.4. In Vitro Uptake and Cytocompatibility Evaluation

2.4.1. MMNP@PEG Cytocompatibility Study

The procedure used for MMNP@PEG cytocompatibility quantification by neutral red uptake was
adapted from Repetto et al. [33]. NIH/3T3 fibroblasts were seeded onto a 96-well plate (10,000 cells/well)
and incubated overnight in Dulbecco's Modified Eagle's medium (DMEM, Life Technologies Corporation,
Carlsbad, CA, USA) supplemented with 5% newborn calf serum (NBCS, Fisher Scientific,
Chicago, IL, USA) and 1% penicillin/streptomycin (Life Technologies Corporation). The cell media
were then removed, and 0.2 um filtered 42, 83, and 146 nm diameter MMNP@PEG samples were
introduced to the wells in DMEM supplemented with 5% NBCS with penicillin/streptomycin. Dead
cell control wells were treated with 0.2 mg mL~! sodium lauryl sulfate-containing media, and live cell
control wells were treated with media without MMNP@PEG. Each treatment was performed in three
wells. After incubating the fibroblasts with MMNP@PEG for 24 h, cell media were removed from all
wells, and the cells were rinsed with PBS. A 40 ug mL 1 neutral red solution was added to the wells
in DMEM, and the cells were incubated for 3 h. The DMEM was then aspirated off the cells, and the
cells were rinsed with PBS. Subsequently, a solution of 50% ethanol/49% UP water/1% glacial acetic
acid was added to the wells. The absorbance of each well was read at A,ps = 540 nm in a plate reader
(Synergy H1, BioTek). The data were normalized as follows:

OD540;re41e4 — OD5404,44
OD540untreated

Relative Cell Viability = (1)

OD540yyeated represents the optical density of treated cells at 540 nm, OD5404e,q represents
the optical density of dead control cells killed with 0.2 mg mL~! sodium lauryl sulfate at 540 nm,
and OD540 reated Tepresents the optical density of live control cells treated with MMNP@PEG-free
media at 540 nm. The OD540 of live cells treated with MMNP@PEG without neutral red was negligible
following the PBS rinse step, obviating the need to correct OD540 of neutral red-treated cells further.

2.4.2. MMNP@PEG@RA123 Uptake Study

NIH/3T3 fibroblasts were seeded onto 35 mm tissue culture dishes (FluoroDish, World Precision
Instruments, Sarasota, FL, USA) and incubated for 24 h with 0.2 pm filtered 20 pg mL~?
MMNP@PEG@RA123 in DMEM supplemented with 10% fetal bovine serum (FBS, Life Technologies)
and 1% penicillin/streptomycin. MMNP@PEG@RA123 were prepared by post-functionalization
of MMNP@PEG with RA123 in water. The cells were then rinsed with PBS and treated with
Hoechst nuclear stain (Life Technologies). Standard and z-stack images of the live cells were taken
using a Zeiss LSM 510 inverted confocal microscope (Carl Zeiss AG, Oberkochen, Germany).
Hoechst staining was observed at Aem = 410 nm and two-photon excitation (Aex = 760 nm),
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and MMNP@PEG@RA123 were visualized using Aem = 525 nm and Aex = 488 nm. z-Stack images
were taken with slices spaced evenly over 8-15 um z-stack heights. Images were processed using
ZEN 2.3 Lite software (Blue edition, Carl Zeiss Microscopy GmbH, Munich, Germany).

2.5. Statistical Analysis

Statistical analysis was performed in Minitab 17 (Minitab Inc., State College, PA, USA) by
conducting analysis of variance (ANOVA) followed by post-hoc Tukey tests. Error bars in figures
represent standard deviations (SD) or standard errors as specified.

3. Results and Discussion

3.1. MMNP Formation via Dopamine Autoxidation, Comparisons with Melanin, and Characterization of
Surface Charge

After adding DA to aqueous NaOH, the solution gradually changed from colorless to yellow to
dark brown-black within one hour. The purified MMNP suspension was black and demonstrated
a smooth, monotonically decaying broadband UV-Vis absorbance like melanin, with highest
absorbance in the UV region (Figure 1a). In contrast, measurements of the supernatant solution
removed during growth show absorbance peaks at 280 and 398 nm superimposed upon this
monotonically decaying curve. These peaks have been attributed to the (precursor) DA monomer and
its oxidation product dopamine o-quinone, respectively. Since no oxidant was added to the growth
solution except for ambient dissolved oxygen, the presence of both DA and dopamine o-quinone in the
solution phase confirm that MMNP formation follows an autoxidation route [34,35]. The monotonically
decaying UV-Vis absorbance in both the filtrate and pure MMNP spectra are consistent with the
formation of polydopamine, some of which may be present as pre-formed oligomers below 10 kDa in
the raw product (ibid.).

a b

l —— Filtrate 20-
= = = Pure MMNPs

Zeta Potential (mV)
=
=]
a

Normalized Absorbance (A.U.)

200 400 600 800 -50-
Wavelength (nm)

Figure 1. Ultraviolet-visible (UV-Vis) absorbance and surface charge of polydopamine-based
melanin-mimetic nanoparticles (MMNPs). (a) UV-Vis spectra of purified MMNPs and filtrate removed
from crude product via 10 kDa centrifugal filtration. Arrows in (a) indicate the two peaks observed at
280 and 398 nm in the filtrate absorbance spectrum that are absent in the purified MMNP absorbance
spectrum. A.U.: Arbitrary units. (b) Zeta potential of MMNPs at pH 2.5-9.0. The isoelectric point is
approximately pH 4.0-4.1.

For each synthetic condition, MMNP extinction coefficients were calculated at wavelengths
from 300 to 1000 nm (Supplementary Figure S1). The fit of these coefficients to a single exponential
decay function of wavelength was excellent (r> > 0.998; Supplementary Figure S1 and Table S1).
Notably, these extinction coefficients match closely with values reported by Sarna et al. for melanin,
especially for MMNPs with Dy, < 50 nm (Supplementary Figure S1) [36,37]. These calculated extinction
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coefficients enabled rapid quantification of MMNP concentrations in our study and could be used
in future work. Finally, we investigated the surface charge of MMNPs as a function of pH between
pH 2.5 and 9.0 (Figure 1b) to determine the potential role of electrostatic interactions in MMNP surface
loading (see Sections 3.3-3.5). An isoelectric point of approximately pH 4.0-4.1 was observed, which is
in agreement with previous findings on polydopamine films [38]. X-ray photoelectron spectroscopy
data also shows a carbon to oxygen ratio of the MMNPs that is essentially identical with polydopamine
(see Section 3.3).

The chemical similarity of the MMNPs and polydopamine coatings indicates that common
methods of polydopamine functionalization may be applied to the MMNPs. Moreover, the clear trend
in surface ionization of MMNPs with pH suggests that electrostatic attraction may be utilized for
MMNP modification in a pH-dependent manner (see Section 3.5).

3.2. MMNP Size Control

By varying the DA concentration (1 to 4 mg mL~!) and NaOH:DA molar ratio (0.5:1 to 1:1) in
the synthesis of MMNPs, nanoparticle D}, could be adjusted from 28 to 117 nm. Figure 2 shows the
diameters of MMNPs as measured by DLS. Highly reproducible results were obtained by our synthetic
methodology. All reported results represent the average of at least three (and up to 19) independent
sample preparations.

Note that the commercially available DA is an HCl salt, and the NaOH serves to neutralize
this salt as well as to increase the pH to facilitate polydopamine formation. Second, increasing DA
concentration at constant NaOH:DA molar ratio resulted in larger NPs (Figure 2a and Supplementary
Figure S2). Holding the NaOH:DA ratio constant at 1:1, increasing DA from 1 to 2 mg mL~! resulted in
an increase of Dy, from 28.1 4 8.8 nm to 49.5 + 12.3 nm (mean + SD). We attribute this to the increased
quantity of dopamine available to bind to each nucleated NP. These trends demonstrate significantly
finer control of NP diameter over the sub-100 nm scale compared to previous attempts to control
MMNP sizes [13].

aﬁ 150+ NaOH:DA Ratio: b 0.5+ NaOH:DA Ratio:
E B 1.1 NaOH DA . 2 1:1 NaOH:DA
“g B0 0.9:1 NaOH:DA 0.4 B85 0.9:1 NaOH.DA
5 B8 0 8.1 NaOH:DA| [ 0 8:1 NaOH:DA
2 100-
g 0.3
I o
g 0.2
c 50+
==
o
g 0.1
o
)
=
0 0.0
1 1.5 2
DopaminesHCI Concentration (mg/mL) DopaminesHCI Concentration (mg/mL)

Figure 2. Dynamic light scattering (DLS) analysis of MMNPs. (a) Mean hydrodynamic diameters and
(b) polydispersity indices (PDI) of multiple batches of MMNPs prepared at various dopamine-HCI (DA)
concentrations and NaOH:DA ratios. n = 3—19 independently prepared batches of MMNPs were
analyzed for each synthetic condition. Error bars represent standard deviations. Bars not sharing
symbols in (a) differ significantly with p < 0.001.

Although the average Dy, values were highly consistent from batch to batch, this consistency must
be distinguished from the variance in MMNP diameter within each batch, which was assessed initially
by PDI. The average PDI of NP batches prepared at each condition ranged from 0.09 to 0.25 (Figure 2b).
This result indicates that individual MMNP batches are relatively monodisperse for organic NPs but
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that size analysis beyond cumulants analysis of DLS data is required [39]. As such, the polydispersity
and morphology of MMNPs were further assessed by SEM, TEM, and cryo-TEM (Figure 3; see also
Supplementary Figures S3 and 5S4, and Table S2). Spherical NPs were always observed. The imaging
data also corroborate the DLS data demonstrating that NP size increased as DA concentration increased
and as NaOH:DA ratio decreased (Figure 3).

Unimodal size distributions were observed for synthesis conditions that produced MMNPs up
to a diameter of ~50 to 60 nm (Figure 3). Minimal MMNP aggregation was observed in images
obtained by cryo-TEM, which does not suffer from the drying artifacts of conventional TEM and SEM,
confirming that the products mainly consisted of dispersed NPs. In particular, low polydispersities
were obtained for MMNPs produced both at 1 mg mL~! and 2 mg mL~! DA with 1:1 NaOH:DA
(SD of 9.1 nm and 12.4 nm were observed, respectively; Figure 3h,i and Supplementary Table S2).
However, the NP size distribution was bimodal at 2 mg mL~! DA with only 0.8:1 NaOH (Figure 3g),
with distinct NP populations centering around Dy, = 65 nm and 100 nm. Because the DLS signal
intensity is related to the 6th power of the particle diameter (i.e., weighted more heavily toward the
larger nanoparticles), this cryo-TEM result is consistent with the DLS data shown in Figure 2 indicating
an average Dy, = 120 nm at this condition.
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Figure 3. Transmission electron microscopy (TEM) images of MMNPs and quantitative analysis of
nanoparticle diameter grown at the conditions specified at the top of each column. (a-c) TEM images
with uranyl acetate negative stain. (d—f) Cryo-TEM images were taken without staining. Nanoparticles
are spherical but have rougher appearances as diameter decreases. (g-i) Distribution of MMNP
diameters in cryo-TEM images.
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3.3. PEGylation to Produce MMINP@PEG

We focused on the 49.5 nm MMNPs for PEGylation studies because these NPs would remain
within a biologically useful size regime following modification (i.e., Dy, <100 nm). PEGylation was
achieved by overnight treatment with 10 mM 5 kDa mPEG-SH in 10 mM NaOH, and the NPs were
evaluated using zeta potential, DLS, and XPS data. Control batches of MMNPs were treated with
10 mM NaOH base without mPEG-SH.

The zeta potential of the resulting MMNP@PEG was —20.9 + 0.5 mV at pH 7.4, which was
significantly higher than those of both untreated MMNPs (—32.5 &= 0.1 mV) and base treated MMNPs
(-33.8 & 1.0 mV) at pH 7.4 (Figure 4a), indicating shielding of the negatively charged polydopamine
MMNP surface. Consistent with the zeta potential results, DLS shows PEGylation increased the
Dy, of the MMNPs by 24 nm to 71.5 & 1.1 nm (Figure 4b). Melanin-mimetic nanoparticles treated
with base alone did not have a significantly greater Dy, than untreated MMNPs, confirming that
the NP diameter increase was not caused by MMNP growth or aggregation in basic conditions.
Additionally, TEM imaging shows that MMNP@PEG have spherical morphology similar to that of
MMNPs (Figure 4c), validating the use of the standard spherical NP analysis of the DLS data.
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Figure 4. MMNP@PEG vs. MMNP zeta potential, hydrodynamic diameter, morphology, and atomic
composition. (a) Zeta potentials and (b) hydrodynamic diameters of MMNPs, MMNP@PEG, and control
MMNPs treated with 10 mM NaOH base. Samples not sharing symbols are significantly different (p < 0.05).
(c) TEM image of MMNP@PEG. (d) XPS survey scans of MMNP and MMNP@PEG with assignments for
O1s,N1s,C1s,and S 2s, and S 2p peaks. (e) C/O atomic ratios in MMNP vs. MMNP@PEG calculated
from C 1s and O 1s signal ratios (* p < 0.01). at%: Atomic percent relative to total C, N, O, and S
content. (f) Sulfur content in MMNP vs. MMNP@PEG calculated from S 2p signal intensity expressed
as at% S (* p < 0.01). Error bars represent standard errors.
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The thickness of the PEG layer is 12 nm (half of the change in Dy,), twice the thickness that
would be expected from the mushroom regime [40,41], providing evidence that PEG is packed
in the brush regime rather than the mushroom regime at the surface of MMNPs. A PEG brush
causing a similar diameter increase has also been reported previously to provide sufficient resistance
against protein adsorption and phagocytosis on other organic and inorganic NP cores, including
poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL), and gold [42—47].

PEGylation was further corroborated by XPS analysis of drop-casted NPs suspensions (Figure 4d).
In addition to O 1s, N 1s, and C 1s signals, the survey spectrum of MMNP@PEG reveals the
presence S 2s and S 2p signals, indicating the presence of sulfur from mPEG-SH. Sulfur peaks
were absent in unmodified MMNP controls. Moreover, the C/O atomic ratios decreased from
4.12 + 0.01 for unfunctionalized MMNP controls to 2.82 4 0.03 for MMNP@PEG. Since MMNP@PEG is
compositionally a mixture of polydopamine and PEG, this latter C/O ratio is consistent with successful
PEGylation because it is intermediate between the theoretical ratio of 4 for dopamine and its oxidation
products and a ratio of 2 for mPEG-SH. Furthermore, while high resolution C 1s and O 1s spectra
for MMNPs show m—7*, C=0, C-O/C-N, C-H,/C-C chemical shifts corresponding to previously
reported polydopamine coatings (Supplementary Figure S5) [48,49], the spectra of MMNP@PEG show
large increases of C-O components, demonstrating the presence of PEG on the MMNP@PEG.

3.4. Stability of MMNP@PEG

The stabilities of MMNP and MMNP@PEG samples were compared by immersion in 1x PBS
and in cell culture media (DMEM + 10% serum) for 24 h. Before PEGylation, MMNPs were stable in
UP water but aggregated in 1x PBS (Supplementary Figure S6a). Thus, the electrostatic repulsion
between unfunctionalized MMNPs was insufficient in maintaining colloidal stability with screening
at physiologic ionic strength. Incidentally, in cell culture media with serum, MMNPs do not visibly
aggregate and appeared to be stable (Supplementary Figure Séb). Potentially, this effect is due to the
sterically stabilizing effect of serum proteins bound to the polydopamine surface of MMNPs, as it is
known that amine groups in proteins can covalently bind to the polydopamine surfaces at physiologic
pH [50]. In contrast, MMNP@PEG remained stable for 24 h in both 1x PBS and cell culture media
(Supplementary Figure Sé6c,d). Even after fluorophore modification, it was noted that MMNP@PEG
remained stable in 1x PBS for up to seven days (see Sections 3.5.1 and 3.5.2).

3.5. Fluorescence Functionalization

We compared two methods of MMNP functionalization with small organic fluorophores (Figure 5):
an in situ method in which the fluorescent molecules were mixed and incorporated with dopamine
during MMNP formation, and a post-functionalization method in which the fluorophores were added
onto purified MMNP@PEG. Both RA123 and RAB were used as model fluorophores. Both may
interact with polydopamine via m-m stacking, hydrogen bonding, or electrostatic interactions.
In addition, RA123 has a primary amine that may behave as a weak nucleophile to covalently
bind to oxidized quinones in polydopamine (Figure 5a). The predominant structure of RAB is
the fluorescent zwitterion, but a significant fraction of RAB also exists as a non-fluorescent lactone,
with Keq = [zwitterion] /[lactone] = 4.4 at 25 °C in water (Figure 5b) [51]. The acidic cation of RAB has
pKa ~ 3.2 but has been reported to increase up to 5.70 in the presence of microheterogeneities
in solution, such as the interfaces formed by surfactants, thus stabilizing it at higher pH than in
homogeneous solutions [52]. These molecules and their modes of binding may also be viewed as
models for the incorporation of other functionalities, such as chemotherapeutics.

3.5.1. In situ Incorporation

Melanin-mimetic nanoparticles were labeled in situ by growing MMNPs in 1 mg mL~! DA
and 1:1 NaOH:DA in the presence of 50 ug mL~! RA123 or RAB to prepare MMNP@RA123 or
MMNP@RAB, respectively (Figure 5c). These NPs were then modified with 5 kDa mPEG-SH to
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form MMNP@RA123@PEG and MMNP@RAB@PEG. In order to remove loosely bound dye, samples
were centrifugally filtered with extensive washing and then dialyzed for seven days in 1x PBS.
Approximately 90% of the physisorbed dye remaining after centrifugal filtration was released within
the first 24 h of dialysis (Supplementary Figure S7a). No aggregation was observed during immersion
in PBS for one week, indicating good steric stability imparted by the PEG coating.

Rhodamine B (RAB)
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O >
. Ra123
or RAB mPEG-SH _RA1230rRAB
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“ToH or pH 8.5 buffer
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Figure 5.
123 (RA123).
non-fluorescent neutral lactone, and fluorescent zwitterionic structures.

Approaches to synthesis of fluorescent MMNPs. (a) Structure of rhodamine

(b) Structures of rhodamine B (RAB), including the fluorescent cationic acid,
(c) In situ approach
and subsequent PEGylation: MMNP@RA123 and MMNP@RAB are first synthesized by
DA polymerization in the presence of RA123 or RAB. These fluorescent NPs are subsequently
PEGylated, forming MMNP@RA123@PEG and MMNP@RAB@PEG. (d) Post-functionalization
approach: MMNP@PEG@RA123 and MMNP@PEG@RAB are formed by treatment of MMNP@PEG
with RA123 or RAB in unbuffered ultrapure water or pH 8.5 buffer.

In the first step of MMNP growth in solution mixtures of DA and rhodamine, both UV-Vis
absorbance spectroscopy and fluorimetry provided evidence that RA123 and RAB were
successfully incorporated into the in situ labeled NPs and retained after centrifugal filtration
(Supplementary Figures S8 and S9a,b). The fluorescence emission peaks of MMNP@RA123@PEG
and MMNP@RAB@PEG were centered at 520 nm and 573 nm, respectively, similar to the free dyes,
and remained at those locations following extensive dialysis (Figure 6a,c). The 10 nm red-shift in the
MMNP@RA123@PEG absorbance peak (A,ps = 510 nm) relative to free RA123 (A,,s = 500 nm) may
indicate some dye aggregation in the NPs. After seven day dialysis in 1x PBS, the fluorescent
signal of a 25 ug mL~! solution of MMNP@RA123@PEG approximately corresponds to that of
5.4 ng mL~! free RA123, and the fluorescence of a 25 ug mL~! solution of MMNP@RAB@PEG
approximately corresponds to that of 3.6 ng mL~! free RAB. These in situ-modified NPs also have
full-width half-maximum (FWHM) of approximately 45 nm, which is two to three times narrower
than previously reported fluorescent polydopamine NP systems [26-28,30]. The broadband UV-Vis
absorbance pattern also verified that polydopamine growth could proceed in the presence of rhodamine
(Supplementary Figure S8). Furthermore, the largely negative zeta potentials of both MMNP@RA123
and MMNP@RAB were not significantly different from those of MMNPs without rhodamine, indicating
that the dyes were chiefly incorporated into the interior of the NPs (Supplementary Figure S10a).
Otherwise, the positively charged RA123 or various forms of RAB would have increased the zeta
potential significantly versus vs. MMNPs by masking the negative MMNP surface charge or by
reversing it, especially if the fluorophores segregated to the NP surface.

After PEGylation, zeta potential measurement provided evidence that grafting the polydopamine
NP surfaces with mPEG-SH was successful, as the zeta potentials became significantly less negative
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(—9.9 = 1.4 mV for MMNP@RA123@PEG and —7.6 £ 1.9 mV for MMNP@RAB@PEG, vs. —34.4 = 0.8 mV
for MMNP@RA123 and —39.3 + 1.3 mV for MMNP@RAB; Supplementary Figure S10a). However, a high
polydispersity interfered with quantitative use of DLS data (Supplementary Figure S10b), and an increase
in Dy, following PEGylation could not be confirmed. In fact, TEM shows that these NPs were more
polydisperse and less well-defined than MMNPs grown without dye (Figure 6b,d). It is possible
that a lower level of rhodamine incorporation could restore normal MMNP growth and this could
be worth pursuing in future work given the encouraging fluorescence profile, colloidal stability,
and straightforward synthesis of the in situ modified NPs.
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Figure 6. Fluorescence emission spectra and TEM images of in situ labeled MMNP@RA123 and
MMNP@RAB. (a) Fluorescent emission spectra (Aex = 500 nm) of MMNP@RA123@PEG after seven day
dialysis in 1x phosphate-buffered saline (PBS), rhodamine 123, and MMNP@PEG. (b) TEM image of
MMNP@RAB. (c) Fluorescent emission spectra (Aex = 555 nm) of MMNP@RAB@PEG after seven day
dialysis in 1x PBS, rhodamine B, and MMNP@PEG. (d) TEM image of MMNP@RA123.

3.5.2. Post-Functionalization

MMNP@PEG (40 pg mL~}; Dy, = 71.5 & 0.6 nm) were post-functionalized by incubating in
50 pg mL~! RA123 or RAB dye to form MMNP@PEG@RA123 or MMNP@PEG@RAB, respectively
(Figure 5d). Two solution conditions were tested: functionalization in UP water and in buffer at pH 8.5.
Both RA123 and RAB may modify the free polydopamine surface remaining in between the PEG chains
via non-covalent interactions such as -7t stacking or hydrogen bonding. The positive charge of RA123
could also promote more electrostatic attraction to the negatively charged polydopamine surface
than RAB. The primary amine on the RA123 could undergo Michael addition for covalent binding to
polydopamine especially at the pH 8.5 basic condition as well [50], although this coupling may not be
prominent, since the aromatic primary amine is a weak nucleophile [53].
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Rhodamine functionalization was first confirmed by the appearance of prominent absorption
peaks in UV-Vis spectra and fluorescence emission spectra taken directly following extensive
centrifugal filtration to remove the dissolved free dye in the solution used for functionalization
(Supplementary Figures S9¢c,d and S11). The red-shifted absorbance peaks on MMNP@PEG@RA123
(Aabs = 520 nm) vs. free RA123 (A,ps = 500 nm) indicate that the RA123 has aggregated on the
NP surface, potentially due to high loading. No obvious differences were noted between samples
modified in UP water or at pH 8.5. Moreover, both MMNP@PEG@RAB and MMNP@PEG@RA123
have significantly higher zeta potentials than MMNP@PEG (Figure 7a), further indicating coverage
of and binding to the polydopamine NP surface underlying the PEG brush. The finding that the
zeta potentials for all of the post-functionalized NPs were similar may indicate that the cationic form
of RAB is stabilized at the negatively charged MMNP surface, as observed in microheterogeneous
solutions containing surfactant micelles [52]. Dynamic light scattering measurements show that the
NP diameter generally did not increase after dye functionalization, except for a <10% increase for
MMNP@PEG@RAB modified at pH 8.5 (Figure 7b). It is thus unlikely that polydopamine growth or
NP aggregation occurred during fluorophore loading.
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Figure 7. Fluorescence, hydrodynamic diameter, and zeta potential of rhodamine post-functionalized
MMNP@PEG. (a) Zeta potentials and (b) hydrodynamic diameters of rhodamine post-functionalized
MMNP@PEG samples prepared in water or at pH 8.5 vs. unmodified MMNPs and MMNP@PEG.
Groups not sharing symbols have significantly different values (p < 0.05). (c) Fluorescence emission
spectra (Aex = 500 nm) of 25 pg mL~! samples of MMNP@PEG before and after modification with RA123
in water or at pH 8.5 followed by serial dialysis in ultrapure (UP) water for 72 h and 1x PBS for 72 h.
Emission spectrum of RA123 was taken at 10 ng mL~1, (d) Fluorescence emission spectra (Aex = 555 nm)
of 25 g mL~! samples of MMNP@PEG before and after modification with RAB in water or at pH 8.5
followed by serial dialysis in UP water for 72 h and 1x PBS for 72 h. Emission spectrum of RAB was
taken at 10 ng mL 1.
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To ensure that the fluorescent emission of MMNP@PEG@RA123 and MMNP@PEG@RAB was
due to the fluorophores bound to the MMNPs and that this emission would be stable, additional
dialysis was performed after centrifugal filtration—72 h in UP water followed by a further 72 h in
1x PBS—to remove dye molecules that could be desorbed from the MMNPs. The dialysis process
was successful in removing this loosely bound fraction (over 80% of removable fraction of dyes
was released within the first 24 h of the first UP water dialysis) (Supplementary Figure S7b,c).
Although measurements of the emission levels during dialysis do show that a large portion
of the initially measured fluorescence was due to loosely bound dyes that desorb from the
NP surface (Supplementary Figure S7b,c), the fluorescence of MMNP@PEG@RA123 was still detectable
(Figure 7c). The emission peaks of MMNP@PEG@RA123 centered at Aeyy = 520-524 nm, which are
essentially unchanged from the free dye. The fluorescence remaining in 25 pg mL~! samples of
MMNP@PEG@RA123 corresponded to 2.9 ng mL~! RA123 for the pH 8.5 modification condition and
8.3 ng mL~! RA123 for the UP water modification condition. Thus, the RA123 remained strongly
bound to the MMNP@PEG@RA123 surface, and the pH 8.5 condition did not enhance interactions
between aromatic amines on RA123 and polydopamine vs. UP water.

On the other hand, no emission peaks are observed in dialyzed MMNP@PEG@RAB samples
(Figure 7d). Taken together with zeta potential results, which suggest the presence of the acidic
cation of RAB at the MMNP surface, the almost total removal of RAB after dialysis also suggests
an electrostatic binding mechanism: During dialysis, the bound fluorescent RAB cation may equilibrate
with the non-fluorescent lactone and fluorescent zwitterionic RAB forms, which may subsequently
desorb from the NP surface due to less electrostatic attraction to polydopamine.

We also observed that during the dialysis process, more RA123 was released in the first UP water
dialysis step for samples prepared at pH 8.5 than in UP water. This result indicates that covalent bonding
is not preferred at pH 8.5 and that electrostatic attraction between RA123 and polydopamine may be
the preferred mechanism of RA123 loading onto the MMNP surface. Regardless, the fluorescence of the
MMNP@PEG@RA123 after extensive dialysis also shows that this physical binding is sufficient to
obtain stable fluorescent NPs. More RA123 was released from samples prepared in UP water in the
second dialysis step in 1x PBS. The origin of this effect is unclear. Nevertheless, the level of RA123
fluorescence retained on NPs functionalized in UP water was significantly higher, and this approach
was used to generate MMNP@PEG@RA123 for cell work.

3.6. In Vitro Cytocompatibility of MMINP@PEG and Imaging of MMINP@PEG@RA123

The viability of NIH/3T3 fibroblasts incubated in media loaded with MMNP@PEG was evaluated.
A range of NPs with Dy, = 42 nm to 146 nm were tested (the diameters refer to the values measured
for the specific batch of NPs used for each viability assay rather than the averages shown in Figure 2).
No toxicity was observed over a duration of 24 h at all tested concentrations (1-100 ug mL~'; Figure 8a).
In fact, some increase in relative cell viability was observed for cells treated with MMNP@PEGs,
most notably for the smallest 42 nm diameter tested (up to 40% higher). This effect was previously
observed in HeLa cells at 6-75 ug mL~! treatments, but not in 4T1 cells [13,23]. It is possible that
this dose-dependent effect stems from the known antioxidant capacity of MMNPs [13], which may
alter cellular proliferation by limiting oxidative stress in some cells. Finally, confocal microscopy
was used to characterize the cell uptake of MMNP@PEG@RA123. Figure 8b shows a representative
three-dimensional (3D) z-stack composite reconstruction of the NIH/3T3 fibroblasts treated with
both Hoechst dye and MMNP@PEG@RA123 (separately imaged with 760 nm two-photon and
regular 488 nm excitation, respectively). After 24 h incubation, the fluorescence associated with the
MMNP@PEG@RA123 could be clearly observed, even at the relatively low incubation concentration of
20 ug mL~!. Additional z-stack confocal images and 3D reconstructions of treated cells vs. untreated
control cells confirmed that the observed fluorescence was located within the cells, indicating MMNP
internalization (Figure 8b and Supplementary Figures S12-516). Co-staining the cells with the
Hoechst dye used for nuclear staining revealed that the MMNP@PEG@RA123 was concentrated
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in the perinuclear region—they were excluded from both the cell nuclei and the filapodia regions.
It was also observed that MMNP@PEG@RA123 have a punctate distribution within cells. From these
confocal microscopy images, it is evident that MMNP@PEG@RA123 is sufficiently stable to be utilized
in high-resolution, multimodal cell imaging.
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Figure 8. Invitro investigation of MMNP-cell interactions. (a) MMNP cytocompatibility with
NIH/3T3 fibroblasts as measured by neutral red uptake viability assay. Error bars represent standard
errors of triplicate experiments. (b) Representative confocal microscopy three-dimensional (3D)
z-stack reconstruction image of Hoechst-stained NIH/3T3 fibroblasts treated with 20 pug mL™!
MMNP@PEG@RA123. Hoechst stain (blue) and rhodamine fluorescence (red/pink) are shown here;
Scale bar: 20 um between gridlines.

4. Conclusions

We have demonstrated spherical MMNPs labeled with fluorescent dyes with controlled diameters.
Careful measurements based on multiple independent batches of NP preparation (up to 19) showed
how adjustment of DA concentration and NaOH:DA ratio in MMNP synthesis could be used to
achieve fine control of batch mean MMNP diameter in the sub-100 nm range. Similarly, our conditions
for MMNP PEGylation produced particles with a high degree of stability in both 1x PBS and in cell
culture media. Melanin-mimetic nanoparticle formation was shown to follow an autoxidation route,
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and the similarities of MMNPs with polydopamine and melanin in terms of chemical identity and
surface charge were shown by UV-Vis absorption, zeta potential, and XPS analysis. No cytotoxicity
was observed over the entire range of diameters from ~40 to 150 nm tested.

We also compared two approaches of loading MMNPs with aromatic fluorescent dyes—in situ
dye loading during MMNP formation and post-functionalization after MMNP formation and
PEGylation. The fluorescence spectra of MMNPs obtained using both protocols produced emission
peak widths ~40 nm FWHM, similar to the free dye and less than half that of previous reports of
fluorescent polydopamine NPs. The in situ approach, however, modified the shape of the MMNPs,
but post-functionalization could be used to produce spherical MMNPs with stable fluorescence suitable
for high-resolution multimodal confocal live cell imaging.

The reproducible diameter control and facile methodologies for functionalizing and loading
the MMNPs are highly applicable to fundamental studies and further refinement of organic NP—cell
interactions, such as size-dependent cellular uptake and intracellular trafficking using targeting
moieties. The stable and spectrally narrow fluorescence measured indicate that our protocol could
be beneficial for incorporating dyes into MMNPs (or other polydopamine matrices) for multimodal
imaging studies, or for delivery of therapeutic molecules with weak interactions to MMNPs.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2313-7673/2/3/17/s1:
Figure S1: Extinction coefficients of melanin and MMNPs prepared at various synthetic conditions, Figure 52:
Melanin-mimetic nanoparticle diameter dependence on [NaOH]:[DA] and DA concentration, Figure S3: Scanning
electron microscopy image of MMNPs prepared in 2 mg mL~! DA with 1:1 NaOH:DA, Figure S4: Transmission
electron microscopy characterization of MMNPs, Figure S5: Melanin-mimetic nanoparticle and MMNP@PEG
high-resolution C 1s and O 1s XPS peaks with peak deconvolutions, Figure S6: Evaluation of MMNP and
MMNP@PEG stability in 1x PBS and DMEM + 10% serum, Figure S7: Dialysis of rhodamine-labeled MMNPs in
water and PBS following synthesis and centrifugal filtration, Figure S8: Ultraviolet-visible absorbance spectra of
in situ labeled MMNPs, Figure S9: Fluorescence emission spectra of rhodamine 123- and rhodamine B-labeled
MMNPs following centrifugal filtration and before dialysis, Figure S10: Zeta potential and dynamic light scattering
characterization of in situ labeled MMNPs, Figure S11: Ultraviolet-visible absorbance spectra of rhodamine-treated
MMNP@PEG, Figure S12: Confocal z-stack images of control Hoechst-stained NIH/3T3 fibroblasts untreated
with MMNP@PEG@RA123, Figure 513: Confocal z-stack images of Hoechst-stained NIH/3T3 fibroblasts treated
for 24 h with 20 ug mL~! MMNP@PEG@RA123, Figure S14: Three-dimensional reconstruction of confocal
z-stack images of control Hoechst-stained NIH/3T3 fibroblasts untreated with MMNP@PEG@RA123, Figure S15:
Three-dimensional reconstructions of confocal z-stack images of Hoechst-stained NIH/3T3 fibroblasts treated
for 24 h with 20 pug mL~! MMNP@PEG@RA123, Figure S16: A second area covered by three-dimensional
reconstruction of confocal z-stack images of Hoechst-stained NTH/3T3 fibroblasts treated for 24 h with 20 jig mL ™"
MMNP@PEG@RA123, Table S1: Parameters for exponential decay fitting of extinction coefficient vs. wavelength
in Supplementary Figure S1, Table S2: Comparison of MMNP size distributions calculated by DLS and cryo-TEM
for the samples analyzed in Figure 3d—i.
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Abstract: Catechols offer diverse properties and are used in biology to perform various functions
that range from adhesion (e.g., mussel proteins) to neurotransmission (e.g., dopamine), and
mimicking the capabilities of biological catechols have yielded important new materials (e.g.,
polydopamine). It is well known that catechols are also redox-active and we have observed that
biomimetic catechol-modified chitosan films are redox-active and possess interesting molecular
electronic properties. In particular, these films can accept, store and donate electrons, and thus offer
redox-capacitor capabilities. We are enlisting these capabilities to bridge communication between
biology and electronics. Specifically, we are investigating an interactive redox-probing approach to
access redox-based chemical information and convert this information into an electrical modality that
facilitates analysis by methods from signal processing. In this review, we describe the broad vision
and then cite recent examples in which the catechol—-chitosan redox-capacitor can assist in accessing
and understanding chemical information. Further, this redox-capacitor can be coupled with synthetic
biology to enhance the power of chemical information processing. Potentially, the progress with
this biomimetic catechol-chitosan film may even help in understanding how biology uses the redox
properties of catechols for redox signaling.

Keywords: catechol; chitosan; hydrogel; information processing; redox-capacitor; electrochemistry

1. Introduction

1.1. Background: Redox-Active Catecholic Materials

Biology uses materials to perform diverse and important functions, and our understanding of
these materials enables biomimetic efforts. For instance, studies of the adhesive properties of mussel
proteins identified catecholic residues as critical for both surface binding (adhesion) and protein
crosslinking (cohesion), and this knowledge enabled biomimetic materials with broad applications (e.g.,
polydopamine) [1-5]. Catecholic residues are also redox-active, which means that catechol residues
can be switched between oxidized (quinone) and reduced (hydroquinone) states by exchanging
electrons with diffusible mediators [6-8]. There are several studies to show that the redox activities
of catecholic residues can be relevant to some biological functions such as redox buffering [9,10],
antioxidant protection [11], metal chelation [12], redox signaling [13] and electron transport [6,14,15].
Although some attempts have been made to study the redox activities of catecholic residues [7,16-18],
the mechanistic understanding is still lacking because there are few suitable techniques. We are
investigating the redox activities of biomimetic catecholic materials and their biological relevance
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using a recently developed electrochemical reverse engineering method. We believe these redox-active
catecholic materials may offer unique technological opportunities for processing chemical information.
Thus, our approach may not be truly biomimetic since we are not guided by an understanding of how
biology uses melanin’s redox properties to perform functions. We have rather observed intriguing
redox properties of biomimetic catecholic materials and we are pursuing technological applications
that may or may not be related to their biological function.

1.2. Vision: A New Paradigm for Accessing Chemical Information

Over the last 50 years, advances in information processing transformed our lives by changing
the way we access, analyze, and transmit information. Each new device seems to be incrementally
cheaper, smaller, faster, more powerful, and easier to use than its predecessor. However, this trend
does not extend to instruments that acquire and process chemically-related information. For instance,
when we need to access critical chemical information in real time, we still rely on dogs to sniff-out
this information. Why have the advances in information processing not been extended to the
acquisition and processing of chemically-based information? We believe one issue is that the current
paradigm of chemical information is too limited, viewing chemical information through the lens of
analytical chemistry and characterizing chemical information in terms of chemical composition and
concentration [19]. In essence, this paradigm specifies instrument-intensive approaches (e.g., high
performance liquid chromatography-mass spectrometry (HPLC-MS)) to access chemical information
and incremental advances are generally accompanied by increasing costs and complexity [20-22].

We suggest an alternative paradigm for chemical information processing: one that accesses
the power of information processing by searching “chemical space” for global signatures. We
envision that this search will be rapid, cheap and convenient, but will lack the granular details
of chemical composition and concentration that are targets of conventional analytical chemistry and
omics approaches [22]. Thus, we envision a signal processing paradigm that is complementary to (not
a replacement for) the current paradigm that focuses on composition and concentration [23-26].

As illustrated in Figure 1a, our signal processing approach is approximately analogous to sonar.
Sonar uses a transmitted signal (pressure wave) to propagate through a medium in search of physical
information of nearby objects. Interaction with such objects generates a reflected wave that contains
information of the objects (e.g., their presence, size, shape and motion).

Figure 1b illustrates our approach to interactively probe for chemical information in a local
environment. There are three key features of our interactive electrochemical approach. First is the
use of diffusible redox-active mediators (electron shuttles) that serve to transmit redox “signals” that
can propagate through the local environment in search of redox-based chemical information. Electron
transfer interactions between the mediators and the local environment (i.e., redox reactions) will be
detected when the mediator returns to the electrode and engages in electrochemical reactions that
serve to transduce the redox information into an electrical output. The second feature illustrated
in Figure 1b is use of complex electrical inputs that allows redox-probing to be tailored in search of
specific types of information. As will be discussed, the resulting electrical outputs contain information
of the mediators’ redox interactions [27,28] and can be analyzed using approaches adapted from signal
processing [29,30]. The third feature illustrated in Figure 1b is the use of thin hydrogel film coatings
that are used to facilitate signal processing. A catechol-based redox-capacitor is one such film that has
proven to be especially useful for processing redox-based chemical information [31,32].

In this review, we will focus on the fabrication and properties of the catechol-based redox-capacitor
and we will cite several examples illustrating the value of this capacitor for processing redox-based
chemical information.
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Figure 1. Interactive probing of a local environment. (a) Sonar analogy. (b) Interactive electrochemical
probing consists of: (1) complex inputs/outputs to tailor the interactive probing; (2) diffusible mediators
(electron shuttles) to transmit redox signals that can probe information; and (3) signaling processing
film to facilitate information processing.

2. Fabrication of Catechol-Based Redox-Capacitor

Figure 2a illustrates that the catechol-based redox-capacitor film is fabricated in two steps from
catechols and the aminopolysaccharide chitosan [33,34]. The first step is the electrodeposition of
a thin chitosan hydrogel film at an electrode surface. This electrodeposition step enlists chitosan’s
pH-responsive self-assembling properties [35] and uses cathodic electrolytic reactions to generate the
localized high pH that induces chitosan’s neutralization and gel formation [36,37]. In the second step,
the chitosan-coated electrode is immersed in a catechol-containing solution and the catechol is then
oxidized to generate a reactive o-quinone that grafts to chitosan through non-enzymatic reactions.
Biologically, enzymes (e.g., tyrosinase) catalyze catechol oxidation [1,38,39] while Figure 2a shows
that catechols can also be electrochemically oxidized by biasing the electrode to serve as an anode.
Importantly, the chitosan film is a hydrogel that allows diffusion of the catechol reactant and o-quinone
product. It is also important that the o-quinone product is reactive and quickly grafts to chitosan’s
primary amines. These quinone grafting reactions are complex and incompletely characterized and
likely involve Michael-type adduct and Schiff base chemistries [22,40,41], as suggested in Figure 2b.

(a) Fabrication of catechol-modified chitosan film (redox-capacitor) (b) Putative grafting i of qui to chits
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Figure 2. Fabrication of catechol-based redox-capacitor films. (a) Catechol is electrochemically oxidized
or enzymatically oxidized by tyrosinase (Tyros) and the diffusible oxidation product (o-quinone) grafts
to the nucleophilic amines of the aminopolysachharide chitosan. (b) Quinone grafting likely involves
Michael-type and Schiff base adduct formation.
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3. The Catechol-Chitosan Film Can Accept, Store and Donate Electrons

Early studies with melanin suggested that it possesses conducting and semiconductor
properties [42,43] and the obvious question was: Are the catechol-chitosan films conducting? Our
experimental results indicated that these films are not conducting: electrons do not flow in response to
an applied voltage and there does not appear to be direct exchange of electrons with the underlying
electrode. This is not surprising given that the films are relatively thick (~1 um when wet) and the
catechols may be too far from the electrode to directly exchange electrons.

The next question was: Are the catechol—chitosan films redox-active? Specifically, can the grafted
moieties be switched between oxidized states and reduced states? One challenge to assessing the redox
switching capabilities of a non-conducting film is what mechanism can be used to transfer electrons
from the electrode to the grafted moieties of the film. As illustrated in Figure 3a, we decided to test
whether diffusible mediators (i.e., electron shuttles) could be used to engage the catechol-chitosan
film in redox-cycling reactions. We found that one mediator, Ru(NH3)Cls (Ru®*), could engage in
reductive redox-cycling to transfer electrons from the electrode to the film to convert oxidized moieties
(Q) to reduced moieties (QH;) and thereby charge the film with electrons. A second mediator, ferrocene
dimethanol (Fc), could engage in oxidative redox-cycling to transfer electrons from the film to the
electrode to convert the film’s QHj to Q and thereby discharge the film.

Importantly, we observed that we could immerse the film-coated electrode into a solution
containing both mediators and sequentially engage it in reductive and oxidative redox-cycling reactions
if we imposed cyclic voltage inputs as illustrated in Figure 3b. It is also important to note that the
“flow” of electrons is constrained by thermodynamics, as illustrated in Figure 3c. The results from these
initial studies demonstrated that the catechol-chitosan films are redox-active and can be switched
between reduced or oxidized states by exchanging electrons with mediators.
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Figure 3. Proposed redox-cycling mechanism of redox-capacitor. (a) The reductive redox-cycling
reaction of Ru* can reduce the quinone moieties (charge, QH,) and the oxidative redox-cycling
reaction of ferrocene dimethanol (Fc) can oxidize the catechol moieties (discharge, Q). (b) Electrical
input potential. (¢) Thermodynamics requires electrons to be transferred from more reducing (more
negative) potentials to more oxidizing (more positive) potentials.

The observation that the catechol-chitosan films are redox-active but non-conducting leads to two
interesting concepts. First, the fact that catechol-chitosan films can accept, store and donate electrons
essentially means that they are redox-capacitors. As will be discussed, we use these redox-capacitor
properties for information processing in aqueous environments. Second, electrons “flow” through
the catechol-chitosan films via distinct electron transfer steps (with intermediates) and not as a “sea”
of electrons (as in electron currents in wires). This mechanism is consistent with biological electron
transfer reactions (e.g., in the respiratory chain) [44,45] in which electron transfer occurs through
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distinct stable intermediates. Interestingly, quinones, which are the putative redox-active moieties in
our capacitor film, are also important redox-active intermediates in the biological electron transfer
chains of both respiration (ubiquinone) [14,15] and photosynthesis (plastoquinone) [13].

4. Molecular Electronic Properties of the Catechol-Chitosan Redox-Capacitor

As aresult of its redox activities, the catechol—-chitosan redox-capacitor offers interesting molecular
electronic properties and we highlight four such properties: amplification, partial rectification, gating,
and steady response [31,46—48]. The first three properties are illustrated by the results in Figure 4a.
In this experiment, the electrode coated with the catechol-chitosan film was immersed in a solution
containing both mediators (Fc and Ru®*) and a cyclic voltage input was imposed as illustrated by the
left plot in Figure 4a. The middle plot of Figure 4a shows the current output response for these studies.
The rightmost plot in Figure 4a shows a conventional cyclic voltammogram (CV) which is an alternative
representation of the input—output data in which time is not explicitly shown. One control in Figure 4a
is incubation of a catechol-chitosan film in the buffer solution without mediators. The output currents
for this control show no discernible peaks, which is expected because the catechol-chitosan films
are non-conducting. A second control is an electrode coated with a chitosan film (without catechol
modification) and immersed in a solution containing both mediators. Results for this control show
small output peak currents for Fc and Ru3*: these mediators can diffuse through the chitosan film
and undergo electron exchange with the underlying electrode. When the electrode coated with the
catechol—chitosan film was tested in solutions containing Fc and Ru®*, the output peak currents for
Fc-oxidation and Ru®*-reduction were considerably amplified. Amplification of the mediator currents
is consistent with the redox-cycling mechanisms of Figure 3a.

Interestingly, the amplification observed in Figure 4a occurs primarily in one direction for each
mediator. The Fc-oxidation current is greatly amplified while the Fc-reduction current is not amplified.
The Ru3*-reduction current is greatly amplified but the Ru*>*-oxidation current is not amplified. This
partial rectification of the mediator currents is consistent with the thermodynamic plot in Figure 3c,
which indicates that Fc can engage in oxidative redox-cycling but not reductive redox-cycling. Similarly,
Ru®* can engage in reductive but not oxidative redox-cycling.

To understand the gating property, it is useful to recognize that the currents observed in Figure 4a
do not result from direct electron transfer between the film and electrode, but rather are the result of
electron transfer between the mediators and electrode. Amplification of these peak currents occurs
because the mediators redox-cycle with the film and shuttle electrons between the film and electrode.
One requirement for redox-cycling is illustrated by the thermodynamic plot in Figure 3c: a reductive
redox-cycling mediator (e.g., Ru>*) must have a redox potential (E?) that is more reducing than that of
the film, and an oxidative redox-cycling mediator (e.g., Fc) must have a E° that is more oxidizing than
that of the film. A second requirement for redox-cycling is illustrated by the input voltage curve of
Figure 3b: reductive redox-cycling can only occur if the imposed voltage is more reducing than the E?
of the reducing mediator, and oxidative redox-cycling can only occur if the imposed voltage is more
oxidizing than the E? of the oxidizing mediator (see below for details). In brief, the mediators’ E® plays
a critical role in determining if the film can be charged or discharged with electrons, and mediators
with differing values can be used to shift the voltage that must be imposed at the electrode to initiate
the redox-cycling reactions (i.e., E® of the mediator serves as a gate).

The ability of the catechol—chitosan film to generate steady output responses is illustrated by the
experiment in Figure 4b in which an oscillating voltage input was imposed over several hours in the
presence of both mediators. The output response (or CV representation) for the electrode coated with
the catechol—chitosan film shows that the output currents for both Fc-oxidation and Ru®*-reduction
were amplified (compared to a control chitosan film) and these amplifications were nearly constant
(i.e., steady) over time. From a chemical standpoint, the steady output current responses of Figure 4b
indicate that the catechol—-chitosan film can be repeatedly switched between oxidized and reduced
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states. From a signal processing standpoint, steady oscillating inputs and outputs (i.e., sine waves) are
integral to the coding and decoding of information.

(a) Signature output responses of mediator currents
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Figure 4. Molecular electronic properties of redox-capacitor. (a) Input-output curves and cyclic
voltammogram show that the redox-cycling reaction of redox-capacitor with mediators results in
output currents that are amplified, partially rectified and gated. (b) The output current of mediator is
steady over time under unperturbed environment. (c) The output current becomes unsteady in the
limited range of input potential. Cat-Chit: Catechol-modified chitosan film; Fc: Ferrocene dimethanol.
Reproduced from [31] by permission of The Royal Society of Chemistry, 2014.

In contrast to the case of steady input-output, Figure 4c shows an example of unsteady response
characteristics. In this unsteady case, the left plot of Figure 4c shows a more limited potential range
was imposed (+0.5~0 V) to provide the oxidative voltages required to oxidize Fc but to provide
reducing voltages that are insufficient to reduce Ru®*. Figure 4c shows the current output response
for this unsteady case has no Ru®*-reduction peaks and the amplified currents of Fc-oxidation
decrease progressively over time. Presumably, this decay in Fc-oxidation currents occurs because the
catechol—chitosan film is progressively depleted of electrons during the repetitive Fc-redox-cycling
reaction, but this film cannot be replenished with electrons because the imposed voltage is never
sufficiently reductive for Ru**-reductive redox-cycling. This unsteady output current response also
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illustrates the gating function of Ru**: since the imposed voltage remains too oxidative (relative to
the EY for Ru3*), then reductive redox-cycling mechanism cannot be engaged to recharge the film
with electrons. Under this condition, no Ru®*-reduction currents are observed and the progressive
discharging of the film leads to a progressive decay in Fc-oxidation currents.

The results of Figure 4 illustrate four important molecular electronic properties of the
catechol-chitosan redox-capacitor that we use for chemical information processing. One additional
feature of this redox-capacitor is illustrated in Table 1. Specifically, the catechol-chitosan
redox-capacitor has been observed to accept electrons from a broad range of reductants and donate
electrons to various oxidants. This broad ability to exchange electrons with oxidants and reductants
indicates that this redox-capacitor has a somewhat generic ability to access redox information (i.e.,
various different types of mediators can be used). From a chemical standpoint, the broad ability of the
catechol—chitosan capacitor to exchange electrons means that it possesses redox catalytic properties
and is capable of transferring electrons from reductants to oxidants in response to thermodynamic
driving forces. However, we should note that not all redox-active chemicals can exchange electrons
with the catechol-chitosan redox-capacitor. Thus, while thermodynamic plots may suggest what
reactions are possible, some reactions do not occur within relevant timescales because redox-reactions
can have significant kinetic barriers.

Table 1. Tested redox chemicals that can redox-interact with catechol—chitosan films.

Reductants to Donate Electrons to Catechols Oxidants to Accept Electrons from Catechols
nicotinamide adenine dinucleotide phosphate O, [49], acetosyringone (AS) [49], clozapine [52],
(NADPH) [49], glutathione (GSH), ascorbic acid [49], acetaminophen [53],
pyocyanin (PYO) [50], p-aminophenol (p-AP) [54], K;IrClg (Ir4+) [55],
paraquat [51], Ru(NH3)6Cl3 (Ru®*) [47] ferrocene dimethanol (Fc) [47]

5. Examples of Chemical Information Processing Using Catechol-Based Redox-Capacitor

As suggested in Figure 1b, we believe that interactive redox-probing can provide access to
chemical information, and we are especially focused on accessing chemical information relevant to
redox biology. It is well-known that biology uses redox reactions for energy harvesting [56,57] (e.g.,
electron transfer in the respiratory chain), biosynthesis (e.g., nicotinamide adenine dinucleotide
phosphate (NADPH) serves as a diffusible reductant) [10,58,59] and immune response (i.e., the
oxidative burst) [60-62]. Redox is also emerging as an important signaling modality in biology
with the use of diffusible extracellular signaling molecules (e.g., H,O,) [63-65] and redox-based
receptor mechanisms (e.g., cysteine-based sulfur switches) [66-68]. In addition, redox is recognized
as important in biological homeostasis with suggestions that oxidative stress is essentially redox
dysregulation. Potentially, probing a local biological environment may reveal information of the redox
activities and the redox context [69-71].

To illustrate the potential of redox-probing to access complex biological information, we cite
recent studies on the development of a blood test for oxidative stress [55]. Specifically, as illustrated in
Figure 5, an iridium (Ir) salt was added to serum to serve as an oxidant to detect reducing activities.
Subsequent measurements of the amount of Ir reduced could be used to determine an “Ir-reducing
capacity”: the lower the Ir-reducing capacity, the greater the oxidative stress. We observed that this
measure of oxidative stress could correlate to clinical indicators of schizophrenia and thus this serum
assay may aid in the diagnosis and assessment of symptom severity. The important point of this
example is that an information processing approach was shown to rapidly access chemical information
from serum and this information appears to have considerable clinical utility. Traditional approaches
to develop serum tests for schizophrenia generally use panels of analytes, have high costs, and have
been unsuccessful in the clinic. The Ir-mediated signal processing approach is essentially a reverse
engineering approach in which the Ir mediator is used to probe the serum sample for redox-based
information of oxidative stress. This approach does not rely on knowledge of underlying biological
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mechanisms but probes serum for redox information in a somewhat unbiased way in search of global
signatures of relevant information.

Serum Redox Probe (IroX)
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Figure 5. Redox-probing to access chemical information of oxidative stress. The redox mediator
(KoIrClg, IrOX) can probe chemical information relevant to oxidative stress in blood. The information
can be transmitted into optical and electrochemical modalities. Adapted with permission from [55].
Copyright (2017) American Chemical Society.

5.1. Interactive Redox-Probing of Biothiols

Thiols are important moieties in biology because the thiol of glutathione is important for
antioxidant protection [72-76] and the thiols of the cysteine residues of proteins are able to serve
as redox-responsive crosslinks [74]. Thiols also possess unusual chemical properties and tend to
self-assemble onto gold surfaces through gold-thiol interactions rather than transferring their electrons
through redox-reactions [77,78]. These chemical properties have made it difficult to detect thiols by
electrochemical methods. For instance, the self-assembly of thiols tends to “foul” gold electrodes with
insulating monolayer regions (i.e., patches on the gold surface) [79-81].

We examined whether a redox-probing approach could be used to detect the presence of the
biothiol glutathione [27]. In initial studies, we immersed a gold electrode in solutions containing both
the Fc and Ru3* mediators and observed that the addition of small amounts of glutathione to this
solution resulted in an attenuation of the Fc-oxidation currents. This attenuation is consistent with the
self-assembly of the biothiol and a blocking of some of the electrode area to limit Fc-oxidation. When
the gold electrode was coated with the catechol-chitosan redox-capacitor film and oscillating voltage
inputs were imposed, as illustrated in Figure 6a, the Fc and Ru®* currents were both amplified and
the glutathione-induced signal attenuation was more easily detected. Presumably, glutathione can
diffuse through the catechol-chitosan and self-assemble onto the underlying electrode as illustrated in
Figure 6b. Importantly, Figure 6c shows that quantitative analysis of this signal attenuation could be
correlated to glutathione concentration and a linear correlation extended over five orders of magnitude
in concentration.

This is an unusual example in the sense that we are using an electrochemical approach to detect
the presence glutathione but the method is not based on a redox-reaction between glutathione and
either mediator, or between glutathione and the redox-capacitor. Detection is rather believed to
result because of the unique chemical capability of thiols to self-assemble onto gold and attenuate
the electrode’s ability to oxidize Fc. To provide confirmatory evidence for this mechanism, we tested
whether a strong reducing potential that is known to disassemble thiols from gold could be used to
reverse the attenuation as illustrated in Figure 6d. We observed that indeed the use of such a reducing
potential reversed the attenuated Fc currents and this sequence of attenuation and reversal could be
repeated multiple times.
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This work illustrates two important points. First, the catechol-chitosan redox-capacitor generates
amplified signals that facilitate detection. Second, complex electrical inputs can be imposed to
probe for specific information: we used oscillating inputs to generate steady outputs that facilitated
quantification of attenuation and we used step changes to reducing potentials to test for biothiol
disassembly and a recovery of the Fc-oxidation current. This latter point illustrates that complex
electrical input signals can be designed to test specific chemical hypotheses.
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Figure 6. Interactive redox-probing of biothiols. (a) The electrochemical information processing
approach allows the acquisition of chemical information of biothiols. (b) Thiols can self-assemble
on gold and potentially attenuate electrochemical signals. (c) The quantitative analysis of signal
attenuation could be correlated to glutathione (GSH) concentration. Q: Ferrocene dimethanol
(Fc)-oxidative charge with biothiol; Qp: Fc-oxidative charge without biothiol. (d) Tailored electrical
input sequence to test the hypothesis that GSH self-assembly on gold attenuates Fc-oxidation. Adapted
with permission from [27]. Copyright (2016) American Chemical Society.

5.2. Detection of a Redox-Active Bacterial Metabolite

Biology often uses diffusible redox-active metabolites to perform functions: immune cells
generate reactive oxygen species to defend against pathogen attack (e.g., the oxidative burst) and
H,0, is emerging as a diffusible signaling molecule [82-84]. Attention has also been focused on
other redox-active metabolites such as phenazines, which are among the most-studied redox-active
bacterial metabolites [85-87]. These metabolites are believed to: (1) allow the producing bacteria
to mediate signaling among cells (i.e.,, quorum sensing) [88]; (2) transfer electrons outside the
cell for redox-balancing [89]; and (3) maintain redox homeostasis of multicellular biofilms [90].
One of the phenazines, pyocyanin (PYO), is also a virulence factor for the opportunistic pathogen
Pseudomonas aeruginosa [85,91]. Importantly, P. aeruginosa is emerging as one of the most significant
pathogens of nosocomial (hospital acquired) infections, especially for burn patients [92-94]. A rapid
detection of this pathogen could be integral to successfully identifying and treating infections in this
vulnerable patient population.

Figure 7a shows that P. aeruginosa secretes the redox-active metabolite PYO that can diffuse
through the redox-capacitor film [50]. The diffused PYO can be electrochemically reduced at the
electrode when the cathodic potential is applied and then the reduced PYO can diffuse back into
the film and donate its electrons to the redox-capacitor film. Thus, PYO can undergo reductive
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redox-cycling with the redox capacitor film and yield amplified output currents that could facilitate
detection of P. aeruginosa.
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Figure 7. Electrochemical detection of the redox-active bacterial metabolite pyocyanin (PYO).
(a) Schematic shows that the redox-capacitor can amplify the reduction current of PYO due to
the reductive redox-cycling reaction. QH;/Q: Catechol(QH;) moieties/quinone (Q) moieties of
catechol—chitosan film. (b) Compared with bare gold and chitosan-coated electrode, the redox-capacitor
can sensitively detect the PYO production by bacteria. Adapted with permission from [50]. Copyright
(2013) American Chemical Society.

To illustrate the sensitive detection of PYO production, we immersed an electrode coated with
the catechol—chitosan redox-capacitor into a growing bacterial culture and intermittently performed
in situ electrochemical measurement (using a chronocoulometric technique). Figure 7b compares
that the charge transfer (a measure of the number of electrons transferred across the electrode) for
PYO-reduction against two controls, a bare gold electrode and an electrode coated with an unmodified
chitosan film. Both controls show very small charge transfer for PYO-reduction compared to the
amplified output generated by the electrode coated by the catechol—-chitosan redox-capacitor film.

In summary, the results in Figure 7 demonstrate that the redox-active metabolite (PYO) can
undergo redox interactions with the electrode and the capacitor film, and these interactions lead to
amplified electrical output signals. In essence, these redox interactions serve to convert chemical
information of the bacterial generation of PYO into an electrical output. Potentially, this amplified
detection might allow the early detection of infections by the opportunistic pathogen, P. aeruginosa.
In addition, this measurement may be useful for studying the spatiotemporal dynamics of PYO
generation in complex systems (e.g., bacterial biofilms).

5.3. A Global Analysis of Redox Context

Figure 1b suggests that redox-probing and signal processing can provide a new paradigm for
accessing redox-based chemical information. Our initial effort to measure global redox information
is illustrated in Figure 8a in which we immersed an electrode coated with a catechol-chitosan
redox-capacitor into a complex bacterial culture and imposed cyclic potential inputs [95]. As noted,
these electrical inputs are transduced into redox “transmissions” by the mediators that diffuse
through the film into the local environment to probe for redox information (i.e., to assess the redox
context). For the example in Figure 8, we added two redox-active biological mediators: the bacterial
phenazine pyocyanin that undergoes reductive redox-cycling for film-charging, and the plant phenolic
acetosyringone (AS) that can undergo oxidative redox-cycling for film discharging. As an aside, it is
useful to note that both molecules are believed to perform signaling functions in biology: PYO for
bacterial quorum sensing and AS for a plant innate immune response [96-98]. In this example, the
catechol—chitosan redox-capacitor films serve to manipulate the redox signals in ways that facilitate
interpretation (e.g., the capacitor amplifies and partially rectifies the currents).
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To evaluate the signal processing approach, we exposed this capacitor-coated electrode to different
redox contexts based on whether the experimental system did or did not have a living population
of Escherichia coli (biotic or abiotic) or whether there was or was not oxygen present (aerobic or
anaerobic). Figure 8b shows a typical CV output response for this experiment and illustrates the signal
analysis approach for analyzing the signal. As illustrated in Figure 8b, the CV signal was divided into
three regions which were operationally assigned to the specific chemical processes of PYO-reduction,
PYO-oxidation and AS-oxidation (note these assignments are important for signal processing but are
approximations of the underlying chemistries) [53]. The currents (I) in these regions were integrated
with respect to time (f) to determine the charge transfer (Q = [ Idt) in these three regions. These
values were then used to generate either a rectification ratio for pyocyanin (RRpyo) or the fraction of
electrochemical oxidation occurring in the pyocyanin region (Fpyp). Using these analytical values,
the individual CVs for the four different redox contexts were compared as illustrated in Figure 8c.
The correlation plot of Figure 8c shows the ability to discern these four redox contexts (see original
paper [95] for details).

In summary, the results in Figure 8 illustrate that redox-probing and signal processing can provide
global signatures capable of discerning difference in redox context. Potentially, this analysis could
provide a new approach to extract redox-based chemical information from systems that are not well
understood and are difficult to probe by conventional methods (e.g., the microbiome [99]).
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Figure 8. Global analysis of redox context. (a) Schematic illustrates that cyclic electrical inputs—outputs
are transferred via mediators to the aqueous/biological system, while the catechol-chitosan interface
“processes” this information. (b) Parameters calculated from cyclic voltammograms that correlate
data based on rectification of pyocyanin (PYO) currents and the fraction of total electrochemical
oxidation that is attributed to PYO. Qg pyo: PYO-reductive charge; Qo pyo: PYO-oxidative charge;
Qo,as: Acetosyrigone (AS)-oxidative charge. (c) Two parameters (rectification ratio for pyocyanin
(RRpyp) and fraction of electrochemical oxidation occurring in the pyocyanin region (Fpyp)) show the
correlation for the four experimental contexts. Adapted with permission from [95]. Copyright (2013)
American Chemical Society.
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5.4. Coupling Redox-Probing with Synthetic Biology to Access Biochemical Signals

As observed in previous example, some biologically important chemicals are redox-active (e.g.,
signaling molecules PYO and AS). In these cases, electrochemical methods can be used for direct
detection. However, not all molecules are redox-active and in these cases, electrochemistry cannot
be directly employed for detection. An emerging approach is to enlist synthetic biology (synbio) to
create engineered cells that can recognize a specific chemical and transduce this recognition event into
a redox-based signal. For instance, an important bacterial quorum sensing molecule, autoinducer-2
(AI-2), is not redox-active and a synbio reporter cell has been constructed to recognize AI-2 and
convert this chemical information into a redox signal that can be electrochemically detected [23,54].
Figure 9a illustrates that this E. coli reporter cell transduces the AI-2 molecular input into the expression
of the enzyme (3-galactosidase (f3-gal) that can convert a redox-inactive substrate (p-aminophenly
[-D-galactopyranoside (PAPG)) into a redox-active product (p-aminophenol (PAP)).

Figure 9a also shows that a dual-film system is used to interface these E. coli reporter cells adjacent
to an electrode. Specifically, these cells are entrapped within a Ca?*-alginate bio-hydrogel film that is
electroaddressed on top of the catechol—chitosan redox-capacitor film [100-102]. The redox-inactive
PAPG substrate is purposefully added to the system, and it can diffuse into the dual-film system.
When this dual film system is exposed to Al-2, the reporter cells express the 3-gal enzyme that
converts PAPG into the redox-active PAP product that can diffuse into the redox-capacitor where it can
undergo oxidative redox-cycling reactions. Figure 9b shows experimental results demonstrating that
the oxidative charge transfer is considerably larger when the dual-film was exposed to Al-2 (compared
to the control which the dual-film was not exposed to AI-2).
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Figure 9. Coupling redox-probing with synthetic biology to access biochemical signals. (a) Schematic
shows the Escherichia coli reporter cell created to detect autoinducer-2 (Al-2) and transduce this
information from the redox-inactive substrate p-aminophenly $-D-galactopyranoside (PAPG) into
a redox-active intermediate that is electrochemically detected. The redox-capacitor converts
p-aminophenol (PAP) into an amplified electrochemical output. (b) The electrochemical output
(oxidative charge, Q%) of the dual-film containing E. coli reporter cells shows faster increase in
the presence of the signaling molecule AI-2 compared with its absence. Reproduced with permission
from [54], published by John Wiley and Sons, 2017.

192



Biomimetics 2017,2,11

In summary, the dual-film system serves to process the chemical information of AI-2 into
an electrical signal by first using a synbio construct to transduce the AI-2 chemical input into a
redox intermediate (PAP), and then using the catechol—-chitosan redox-capacitor to convert this redox
intermediate into an amplified electrical output. There are two broad features of this work. First, the
work demonstrates the coupling of synthetic biology, thin film technology, and electrochemistry to
convert chemical information into electrical signals. Second, this coupling is enabled by the use of
redox as an intermediate modality that bridges the chemical modality of biology and the electrical
modality of devices. Redox can bridge these modalities because it shares features of both the molecular
and electrical modalities.

6. Conclusions and Future Perspectives

Over the past half-century, microelectronics and information technology transformed the way
we process information, but these advances have had a relatively small impact on accessing and
understanding the nature of chemical information. A key limitation to interfacing advanced electronic
technology with biology is to identify a suitable means to span the chemical modalities of biology and
the electrical modality of modern devices. We suggest redox provides a means to span these modalities
and propose a new paradigm of interactively probing a local environment for redox-based chemical
information in a manner that is analogous to sonar. In this approach, we impose electrical inputs
and purposely add redox mediators that can diffuse into the environment and transduce electrical
inputs into redox signals (e.g., redox transmission). These mediators probe for redox information in
the environment and this information is converted at the electrode into electrical signals that can be
“decoded” by signal processing strategies to extract the chemical information. In this approach, thin
hydrogel films coated onto an electrode can perform important information processing operations.

We summarize several examples to show that a catechol-based redox-capacitor film can serve
to process the redox information generated from various biological systems. We envision the
catechol-based redox-capacitor could be useful for processing redox-based chemical information
because: (1) it facilitates electron exchange with a broad range of oxidants and reductants, and thus
may provide a means to globally sample redox information; (2) it is easily assembled on the electrode
by chitosan electrodeposition and electrochemical grafting of catechols; and (3) it possesses unique
molecular electronic properties (amplification, partial rectification, gating, switching, and steady
response) that serve to process electrochemical information.

We anticipate that this new paradigm for accessing chemical information using a signal processing
approach could provide insights on: (1) the oxidative /reductive stresses being exerted on a biological
system (e.g., due to inflammation or tumor therapy); (2) the oxidative/reductive actions being
taken by a biological system (e.g., oxidative burst or redox signaling); (3) the redox-mediated or
regulation process (e.g., for disulfide bond formation/cleavage); and (4) the redox interactions that
occur among various chemical components (e.g., between redox-cycling drugs and antioxidants in our
diet). Obviously, more tests are needed to validate this proposed signal processing approach and also
to understand the utility of the information gained from this interactive redox-probing.
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