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We present here a new insight into the chemical reactivity and
bioactivity of dopamine (DA) and gallic acid (GA) and their hyaluro-
nic acid (HA) conjugates. Our data suggest that HA-GA scaffolds
are superior to HA-DA, with higher oxidation kinetics, improved
tissue adhesive properties, and radical scavenging ability with a
lower pro-inflammatory response.

Dopamine (DA) and Gallic acid (GA) hold a key position in
material science, biology, and medicine as they possess
diverse functional properties needed for applied sciences and
technologies."™ Although these polyphenols differ mainly in
one phenolic -OH, they possess different properties. DA is an
important neurotransmitter synthesized in the brain and
kidney and regulates several cellular processes such as insulin
production, vasodilation, lymphocyte activation, etc.>® On the
other hand, GA is found in fruits and medicinal plants, provid-
ing antioxidant properties.””® Both these molecules also
possess several common characteristics such as radical scaven-
ging capabilities’ and are used as anti-inflammatory agents,
antimicrobial agents, antineoplastic agents, and neuroprotec-
tive agents.”'® DA and polyDA have been extensively studied in
material science as they form mussel-inspired adhesives on
wet surfaces.'™® However, very few studies are reported with
GA.®

Under aqueous conditions, the reaction between DA and
free radicals can follow two possible reaction mechanisms,
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namely; direct attack of radicals on DA leading to forming a
DA-radical adduct (also known as hydrogen atom transfer or
HAT mechanism) or follow proton abstraction from phenolic
-OH groups followed by radical reaction (also known as
sequential proton-loss electron transfer or SPLET mecha-
nism)."* To understand which pathway is favorable for the
radical formation in DA and GA, we performed computational
studies (B3LYP/6-311+G** level of theory and by using CPCM
model for describing aqueous solvent medium) to estimate the
energetics associated with HAT mechanism and SPLET mecha-
nism (Fig. 1). We used N-protected DA and carboxy-functiona-
lized GA for our computational study in order to minimize the
interference from the carboxylate and amine functional
groups.

To compute the free energy change associated with deproto-
nation reaction at neutral pH in water in both DA and GA
derivatives, we used the equilibrium reactions as shown in eqn
(1). Using this equilibrium, the pK,’s were computed from the
free energy differences using eqn (2)."* The details about calcu-
lations of energies for different molecular structures for DA
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Fig. 1 Schematic representation of oxidation reaction of dopamine and
gallic acid.
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and GA namely, neutral, anion, dianion forms, free radical,
and diradical forms are given in Tables S1-S3 in ESL}

Ar-OH + H,0 = H;0" +Ar-O~ (1)
pKy = AG,,/2.303RT (2)

Consistent with the reported literature,'® these calculations
after zero-point error corrections indicated the pK, of phenolic
proton of DA at the meta position as 9.1 while that for the para
position was 10.3 with the corresponding Gibbs free energy
changes of 52.53 and 59.25 kcal mol™' respectively.
Intriguingly, the pK, of the corresponding GA derivatives were
found to be 8.31 (para position) and 8.66 (meta position)
which corresponds to Gibbs free energy changes of 47.46 and
49.79 kecal mol ™" respectively. Notably, the phenolic -OH at the
meta position has a lower pK, in DA, whereas the phenolic
—-OH at the para-position has a lower pK, in GA. The lower pK,
of GA is presumably due to the unique stabilization of the
phenolate anion through intramolecular hydrogen bonding via
two meta -OH groups in GA, resulting in a smaller hydrogen
bond dissociation enthalpy."”

Next, we computed the energetics for the generation of rad-
icals from neutral DA molecule (1 — 2 transitions) following
the HAT mechanism and compared it with the energy required
for 3 — 4 transformations following the SPLET mechanism
(Fig. 1). Interestingly, the generation of free radicals from
anion (3 — 4 transitions) was found to be more favorable than
the single electron transfer from the neutral DA (1 — 2 tran-
sitions), as the free energy change observed was —297.38 kcal
mol ™" when compared to —9.09 kcal mol™" for the latter case.
A similar trend was seen for GA derivatives where 9 — 10 tran-
sition, was an easier pathway than the radical reaction with a
neutral GA molecule (7 — 8 transitions). The free energy
changes for the two transitions were —291.3 and —7.78 kcal
mol™" respectively. This suggests the SPLET mechanism is
thermodynamically favored over the one-electron transfer
(HAT) mechanism. Thus, the pK, of phenolic -OH in DA and
GA would be the key factor that governs the chemical reactivity
and bioactivity of these molecules (Fig. 2).

To validate our hypothesis, we synthesized the hyaluronan
conjugates of DA (HA-DA) and GA (HA-GA) and estimated the
pK, of these conjugates by spectrophotometric methods.'®
Hyaluronic acid (HA) has been extensively studied to formulate
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nanocarriers'® > and hydrogels'""**** for various drug delivery
and tissue regenerative applications. We conjugated DA to the
carboxylate groups on HA by carbodiimide coupling following
our reported procedure.'> To conjugate GA, we first modified
GA carboxylate to hydrazide derivative before conjugating with
HA by carbodiimide chemistry. The reactivity of hydrazide is
higher than that of amines in the carbodiimide coupling due
to the lower pK, of hydrazides over amines enabling the reac-
tion in acidic pH. However, the stability of the two products
after conjugation is high. The degree of modification for DA
and GA was tuned to be 4-5% with respect to the disaccharide
repeat units. The spectroscopic analysis of the HA derivatives
indicated a sigmoidal curve of the absorbance vs. pH for both
HA-DA and HA-GA solutions (Fig. S12t). The graphical repre-
sentation of —log[(Amax — Ai/A;)] versus pH in Fig. 3A displays
the pK, values of the modified HA derivatives where the linear
fit crosses the abscissa.

Fascinatingly, the pK, estimated using the spectroscopic
methods revealed a pK, of 7.42 and 6.9-units in the case of
HA-DA and HA-GA respectively which is roughly 1.4 and 1.7
units less than the computationally estimated values. This
could be attributed to the H-bonding between the carboxylates
in HA and phenolic -OH groups, assisting in faster deprotona-
tion of the acidic phenolic proton, as observed previously with
HA-thiol derivatives.'® The observed pK, values suggest that
~76% of HA-GA exist in the anionic state whereas only ~48%
of HA-DA anionic mole fraction would exist under equilibrium
at physiological pH (7.4), following Henderson-Hasselbalch
equation (see section 1.5 in ESIY).

To understand the impact of the pkK, difference, we next elu-
cidated the relative antioxidant properties of native GA and DA
and as well as HA-GA and HA-DA conjugates using 2,2-diphe-

A B
15 g
®
z 8
g o5 / 3%
< o 33
i 2 4 6 8 1038
<05 oH e<
= T
W@ -1 2
° 5
'S5
2 e HAGA A HADA ° “oar GA* HA-DA® HA-GA®
Cc D
1200 0.03
?“.moo ——cese s e o o oo o0 o HAGA S HADA
o X
S0 p——,teeeeo -
§ o o
by
b PR |
g 400 £ 1 150 200 250
$ 200 E'o'm Step time (sec)
M i e e e <.0.02

S ¢
°
1)

0 2 a 6 8 10

Frequency (Hz) LY

#HA-DA_Neutral pH 7.40 + HA-GA_Neutal pH 7.40
+HA-DA_BasicpH8.40  ®HA-GA_Basic pH 8.40

3
3

Fig. 3 (A) Logarithmic representation of the normalized absorbance
(—logl(Amax — Aj)/Ai]) as a function of the pH for HA—GA and HA-DA. (B)
DPPH radical scavenging activity of DA and GA conjugated HA, free DA,
and free GA. (@ = 125 pM and b = 25 pM) (C) Comparative storage
modulus of HA-DA and HA—-GA hydro-gel under neutral and basic pH at
a periodate mole ratio of 0.5:1 (D) tack adhesion force comparison of
the hydrogels to porcine muscle.
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nyl-1-picrylhydrazyl (DPPH) radical scavenging assay.”® As
anticipated, GA and HA-GA exhibited ~30% and ~27% higher
radical scavenging capabilities than DA and HA-DA at 12.5 uM
and 25 uM concentrations respectively (Fig. 3B). Since ~76% of
HA-GA exists in the anionic state at physiological pH, we
anticipated that the dissolved oxygen in the buffer could con-
tribute to accelerating radical generation following eqn (3).

4Ar-O~ + O, + 4H;0" — 4Ar-O~ + 6H,0 (3)

To ascertain this hypothesis, we first dissolved HA-DA and
HA-GA (1.6 weight%) in phosphate buffer at pH 7.4 and pH
8.4 and determined hydrogel formation. Notably, at pH 7.4
and 8.4, the HA-GA solution demonstrated hydrogel formation
in the absence of an initiator or oxidants with a storage
modulus ~42 and ~100 Pa respectively (Table 1). HA-DA on
the other hand did not show any hydrogel formation. However,
when we dispersed HA-GA in a deoxygenated buffer at pH 8.4
and pH 7.4, we did not observe any gelation even after 2 h, sig-
nifying the role of molecular oxygen in promoting radical for-
mation. We then evaluated the hydrogel formation with the
HA derivatives in the presence of sodium periodate (NalO,) at
physiological pH (pH 7.4) and basic conditions (pH 8.4). The
HA-DA conjugate did not form any gels at neutral or basic pH
when 0.1 moles of NalO, were used relative to DA in HA
(NaIO, : DA in HA = 0.1:1). Interestingly, under the same con-
ditions, the HA-GA derivative gave excellent gels with a storage
modulus of 238 Pa and 346 Pa at neutral and basic pH respect-
ively. When we increased the NaIO, concentration to 0.5 moles
relative to DA (NalO,: DA in HA = 0.5:1) in the HA-DA solu-
tion, we obtained weak gels of 60-100 Pa at neutral and basic
conditions. As anticipated, HA-GA gels on the other hand dis-
played over a 10-fold increase in mechanical strength of
800-1000 Pa range, under identical conditions.

We further evaluated the effect of crosslinking on enzymatic
stability by performing a degradation study in presence of 25
U ml™" hyaluronidases (section 1.10 and Fig. S14 in ESI{). For
this study, we utilized HA-DA and HA-GA gels of nearly identi-
cal modulus (~340 Pa; i.e., 0.1:1 NalO,:GA @ pH 8.4 and
1.5:1 NalO,: DA @ pH 8.4) and compared it with an HA-GA
gel with the higher modulus (~800 Pa; 0.5:1 NalO, : GA @ pH
7.4). Interestingly, HA-GA gels displayed higher enzymatic
stability than HA-DA gels.

Table 1 The storage modulus of HA-DA and HA-GA hydrogels
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Since DA-functionalized hydrogels are well-known as tissue
adhesive materials, we next elucidated the relative tissue
adhesive properties of HA-DA and HA-GA hydrogels following
the rheometric tack-adhesion test. Compared to HA-DA, the
HA-GA gels displayed significantly higher tack adhesion as it
required more tensile force to separate the contacts between
porcine tissue glued on the top geometry and hydrogel surface
placed on the bottom plate resulting in more negative axial
force (Fig. 3D, and Videos 1, 2 in ESIt). This implies that HA-
GA gels possess stronger secondary interactions resulting in
improved binding to the tissue when compared to the HA-DA
gels. We also evaluated the biocompatibility of the two
matrices by culturing human fibroblast cells (CRL-2429)
within the hydrogels and performed the live/dead staining.
Both HA-DA and HA-GA gels exhibited high cell viability
without eliciting any significant toxicity at different time
points (Fig. 4A, B, and Fig. S15 in ESIt), suggesting that both
gels are biocompatible.

Finally, we investigated the effect of DA, GA, HA-DA, and
HA-GA conjugates on human blood monocyte cells THP-1, to
study if these molecules promote the differentiation of mono-
cytes to macrophages, the key immune cells that dictate
inflammation, implant integration, or rejection. Monocyte
cells are non-adherent and upon differentiation to macro-
phages they become adherent. To our surprise, the incubation
of our test agents with THP-1 cells triggered the differentiation
of these cells to macrophages as they become adherent after
treatment. We systemically investigated if the differentiated
macrophages were of pro-inflammatory M1 or anti-inflamma-
tory M2 phenotype by quantifying the mRNA expression of key
cytokines namely, TNF, IL-1p, IL-1Ra, by qRT-PCR (Fig. 4C-F).
Since HA itself is bioactive and induces macrophage
polarization,?>** we compared HA-DA and HA-GA relative to
unmodified HA.

Interestingly, all the test agents displayed elevated levels of
pro-inflammatory markers (M1 markers)>® such as IL-1p,
however, this effect was prominent for DA and HA-DA than for
GA-based materials. On the other hand, the GA and HA-GA
displayed lower TNF and elevated levels of anti-inflammatory
IL-1Ra expression relative to DA and HA-DA. This implies DA
and DA-derived materials possess pro-inflammatory character-
istics (M1 phenotype) while the GA and GA-derived materials
possess predominately anti-inflammatory M2 phenotype with

HA-DA gels

HA-GA gels

NalO, : DA/GA (mole ratio)

Neutral pH (7.4)

Basic pH (8.4)

Neutral pH (7.4)

Basic pH (8.4)

No NalO,

No NalO, (deoxygenated)”
0.1:1

0.5:1

1:1

1.5:1

“No gel formed. ® Components dissolved in the degassed buffer. ¢ Extremely fast gelling kinetics.

X(l
Xll
X{l
G' =346 £ 16 Pa
G'=211+12 Pa
G'=262 +11 Pa
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Fig. 4 Live/dead staining of CRL-2429 cells in (A) HA-DA (pH 8.4) and
(B) HA—GA (pH 7.4) hydrogel after 7 days in culture; mRNA expression
levels of (C) IL-1p, (D) TNF, (E) IL-1Ra and (F) IL-8 genes by THP-1 cells
after 8 days in culture with the different hydrogel components.

some pro-inflammatory characteristics. GA has high antioxida-
tion property, therefore helps in inhibiting reactive oxygen
species (ROS) production, which in turn reduces inflammatory
cytokine productions. We also measured the levels of IL-8, a
potent chemoattractant for neutrophils,”® and a key stimulator
of angiogenesis. Surprisingly, HA-DA displayed elevated
levels of IL-8 suggesting implantation of HA-DA-based
materials would promote neutrophil infiltration and trigger
angiogenesis.

In conclusion, we found that an extra phenolic -OH at the
active site of GA reduces the pK, of GA, which results in an
accelerated rate of oxidation (by SPLET mechanism), radical
reaction, and antioxidant property. Unlike HA-DA, the HA-GA
conjugate facilitated fast hydrogel formation by air oxidation
and required a 15-fold lower NalO, concentration than HA-DA
to obtain hydrogel with comparable viscoelastic properties.
The HA-GA hydrogel system also displayed a significantly
higher tissue adhesive property than HA-DA-derived hydrogel.
Both DA, GA, and their HA conjugates differentiated mono-
cytes to macrophages, although DA treated macrophages dis-
played higher expression of proinflammatory cytokines while
the GA derivative displayed a more anti-inflammatory pheno-
type. To the best of our knowledge, this is the first report on
the direct comparison of DA and GA and their HA-derivatives.
We believe our results provide new insight into the mechanism
and activity of DA and GA derivatives, which implies that GA-
based materials possess a clear advantage over DA-based
materials for biomedical applications.
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