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The Polymerization of Homogentisic Acid In Vitro as a
Model for Pyomelanin Formation

Hanaa A. Galeb, Angelo Lamantia, Alexander Robson, Katja König, Jonas Eichhorn,

Sara J. Baldock, Mark D. Ashton, John V. Baum, Richard L. Mort, Benjamin J. Robinson,*

Felix H. Schacher,* Victor Chechik,* Adam M. Taylor,* and John G. Hardy*

Melanins are a class of biopolymers that are widespread in nature, with

diverse origins, compositions, and functions, and their chemical and

optoelectronic properties render them potentially useful for application in

materials science for various biotechnological applications. For patients with

alkaptonuria, the accumulation of homogentisic acid (HGA) in their bodies is

associated with the concomitant deposition of pyomelanin, which is a

pigment that contains significant amounts of polymerized HGA (polyHGA) in

the bodily tissues of the patients. The polymerization of HGA under various

different conditions in vitro is investigated using a selection of different

analytical chemistry techniques to understand if there may be a correlation

between the conditions and pigment deposition in vivo, and their potential for

application as green/sustainable and components of electronic devices.

1. Introduction

Melanins are a class of biopolymers with diverse origins,
compositions, and colors, from black/brown eumelanins[1] to
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red/yellow pheomelanins,[2,3] all of which
are present in the skin/hair.[4] Melanins
fulfill a variety of roles in nature (including
photoprotection to photosensitization,[4,5]

antioxidant defense and metal/drug
binding),[6,7] which reflect their com-
bination of chemical/electrical/optical/
paramagnetic properties.[8,9] Such proper-
ties facilitate their application in materials
science for a range of medical and technical
applications.[9,10]

Melanin production is typically an ox-
idative process involving reactive oxygen
species occurring in vivo, often also involv-
ing enzymes such as oxidases (e.g., pheno-
lases that catalyze the oxidation of phenol
derivatives (eumelanins and pheomelanins

are produced withinmelanocytes by a complex biosynthetic path-
way)) followed by uncontrolled polymerization of the oxidized
intermediates (often involving a reactive quinone intermediate
prone to reactions with amine and hydroxyl groups and capable
of undergoing reversible redox reactions).[3] In contrast to the
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Figure 1. The chemical structures of homogentisic acid (HGA) and ben-
zoquinone acetic acid (BQA).

production of polynucleic acids (e.g., DNA and RNA) and
proteins, melanin production does not involve “templates”
and, therefore, the compositions, connectivity, and sequences
of “monomers” in the backbone of the melanins are ran-
dom (albeit clearly influenced by the feedstocks available,
organism/tissue, and other conditions). Various melanins
exist, each of which is rich in certain monomers: eu-
melanins (l-dopa),[11] pheomelanin (5-cys-dopa),[11] neurome-
lanins (5,6-dihydroxyindole),[12,13] catechol melanins (catecholic
monomers),[14,15] insect melanin (N-acetyl-dopamine),[16,17] al-
lomelanins (1,8-dihydroxynaphthalene),[3,18] and pyomelanin
(homogentisic acid (HGA) and potentially a benzoquinone
derivative (benzoquinone acetic acid, BQA[19]); Figure 1).[20] The
polymerization of melanins[21] yields species with high molec-
ular weights and often the formation of insoluble pigment[22]

(the formation of which is proposed to proceed via a nucle-
ation and growth mechanism),[23] and the structures, properties,
and applications of natural and synthetic melanins have been
reviewed.[11,21,24–30]

Pyomelanins and ochronotic pigment formation can be driven
enzymatically or indeed via autopolymerization in the presence
of oxygen in a variety of prokaryotic/eukaryotic species. Eukary-
otic organisms contain a variety of enzymes in varying concen-
trations in different intracellular/extracellular environments, and
therefore studies to understand the polymerization of HGA in
various conditions may offer insight into the deposition of py-
omelanin pigmentation in various tissues (of importance for dis-
eases like alkaptonuria).

Here we report the results of an investigation of the polymer-
ization of HGA to form polyHGA (a simplified version of py-
omelanin, Figure 2) in the absence or presence of enzymes (a
laccase (LACC),[31] peroxidase (horseradish peroxidase (HRP)),
or tyrosinase (TYR)) at either pH 5.0 or 7.4. A selection of
different analytical techniques was applied to study the resul-
tant pyomelanins, including UV–vis spectroscopy, nuclear mag-
netic resonance (NMR) spectroscopy, X-ray photoelectron spec-
troscopy (XPS), size exclusion chromatography (SEC), dynamic
light scattering (DLS), scanning electron microscopy (SEM),
energy-dispersive X-ray (EDX) spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy, electron paramagnetic resonance
(EPR) spectroscopy, cyclic voltammetry (CV), and conductive
probe atomic force microscopy (C-AFM). Condition-dependent
polyHGA formation was observed, which offers insight into real-
world observations of pyomelanin pigment deposition inside spe-
cific tissues in the body (e.g., observed by eye or histological
studies),[32–35] and moreover, highlights their potential for opti-
mization for utilization in electronic devices.[27]

2. Results and Discussion

The product of the polymerization ofHGA (Figure 1) was studied
in the absence (control) or presence of enzymes (a laccase,[31,36]

peroxidase, or tyrosinase) at either pH 5 or 7.4 with a view to un-
derstand the potential role of enzymes and pH on the formation
of ochronotic pigment (Figure 2).
There were discernible differences in the color of the reaction

mixtures within hours (with solutions at pH 5 somewhat lighter
in color than those at pH 7.4), and the reaction mixtures pro-
ceeded to become significantly darker over the period of weeks,
which is the characteristic of pyomelanins (Figure S1, Supporting
Information). The addition of tyrosinase toHGAwhen compared
to the control experiment in the absence of tyrosinase showed dis-
cernible differences in the UV–vis spectra (Figure S2, Supporting
Information), with the appearance of a second peak at 250 nm
due to the oxidation of HGA to BQA (in addition to the character-
istic peak ofHGA at 290 nm),[37] which wasmore pronounced for
experiments carried out at pH 7.4 than at pH 5. UV–vis spectra
were recorded over 24 h using a concentration ofHGA of 10.4mg
mL–1 to avoid complications with precipitate formation and light

Figure 2. A schematic of the polymerization of homogentisic acid (HGA) to form pyomelanin. It is important to note that pyomelanin may contain other
monomers depending on the conditions under which they are formed in vivo, and a simplified version of pyomelanin, polyHGA (depicted above), is
studied herein.
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Figure 3. UV–vis spectra of HGA reaction mixtures after 6 weeks at either
pH 5.0 or 7.4, in the absence of enzyme (control) or presence of enzyme
(laccase (LACC), peroxidase (HRP), tyrosinase (TYR)).

scattering/precipitation complicating UV–vis spectra recording
and/or interpretation over the period of the experiment. UV–vis
spectra showed that using a laccase or peroxidase produced sig-
nificantly more polyHGA than tyrosinase or the no-enzyme con-
trol, with polyHGA production being condition dependent, with
peroxidase ≥ laccase > tyrosinase ≈ no enzyme control (Figure
S2, Supporting Information). It is important to note that each en-
zyme works best at a specific optimal pH value, and deviations in
pH from the optimal may result in a decrease in activity due to
alterations in the shape of the enzyme’s active site, and the sub-
tle differences in the pH dependence of the UV–vis spectra are in
line with literature (laccases,[38] peroxidases,[39,40] tyrosinases,[41]

and HGA autopolymerization at high pH values[32,37] (albeit out-
side the physiologically relevant pH range for humans))[42] and
are also suggestive of various oxidation states of the monomeric
units constituting the backbone of the polyHGAs.
The corresponding percentage yields of the polyHGA precipi-

tate isolated by lyophilization after 5 days of reaction using a con-
centration of HGA of 10.4 mg mL–1, followed by dialysis (molec-
ular weight cutoff of 3.5 kDa) showed a similar trend: peroxidase
≥ laccase > tyrosinase ≈ no enzyme control (percentage yields
of ≈11 ± 2%, ≈11 ± 8%, ≈7 ± 2%, and ≈6 ± 2%, respectively,
at pH 5; ≈21 ± 4%, ≈7 ± 3%, ≈5 ± 1%, and ≈5 ± 2%, respec-
tively, at pH 7.4). To produce sufficient melanin for analysis via
other techniques, experiments were carried out under analogous
conditions with the concentration of HGA of 33.6 mg mL–1 for
longer periods of time (6 weeks) yielding polyHGA showing a
broadband absorption typical of melanins (Figure 3; Figure S1,
Supporting Information).
While the 1H NMR spectra recorded in D2O of HGA show

characteristically sharp peaks for the three aromatic protons and
two alkyl protons (Ar–CH2–CO2H) onHGA (Figure S3, Support-
ing Information), after polymerization for 6 weeks the 1H NMR
spectrum for the polyHGA (no enzyme control at pH 5) is sharp
indicative of relatively little polymerization in line with the mass
isolated (Figures S4, Supporting Information), whereas the 1H
NMR spectra for the other polyHGAs typically have broad lines
suggesting the polymers have high molecular weights and/or ag-
gregation of the oligomers/polymers, which is the characteristic
of melanins (Figures S5–S11, Supporting Information). In prin-
ciple, it may be possible to estimate the ratio of Ar–Ar/C–C bonds
to Ar–O–Ar/C–O–C bonds from the ratio of aromatic:alkyl pro-
tons (Table 1), with a ratio of 2:3 alkyl:aromatic protons indica-
tive of no/minimal reaction (e.g., HGA control and no enzyme
control at pH 5) or formation of Ar–O–Ar/C–O–C bonds, and

Table 1. Summary of data of polyHGAs from various reaction conditions.

Functionality 1H NMR
Integral of

alkyl
(C–H)

1H NMR
Integral of
aromatic
(C–H)

1H NMR Spectrum XPS (Table summary
of C 1s and O 1s

data)

SEM-EDX I–V curves

HGA 2 3.00 Figure S3 (Supporting

Information)

Table S1 (Supporting

Information)

N/A. N/A.

PolyHGA (no enzyme control at

pH 5.0)

2 3.00 Figure S4 (Supporting

Information)

Table S2 (Supporting

Information)

Figure S16 (Supporting

Information)

N/A.

PolyHGA (no enzyme control at

pH 7.4)

2 2.32 Figure S5 (Supporting

Information)

Table S2 (Supporting

Information)

Figure S17 (Supporting

Information)

N/A.

PolyHGA (tyrosinase at pH 5.0) 2 0.99 Figure S6 (Supporting

Information)

Table S3 (Supporting

Information)

Figure S18 (Supporting

Information)

Figure S31 (Supporting

Information)

PolyHGA (tyrosinase at pH 7.4) 2 0.89 Figure S7 (Supporting

Information)

Table S3 (Supporting

Information)

Figure S19 (Supporting

Information)

Figure S32 (Supporting

Information)

PolyHGA (laccase at pH 5.0) 2 1.62 Figure S8 (Supporting

Information)

Table S4 (Supporting

Information)

Figure S20 (Supporting

Information)

Figure S33 (Supporting

Information)

PolyHGA (laccase at pH 7.4) 2 0.91 Figure S9 (Supporting

Information)

Table S4 (Supporting

Information)

Figure S21 (Supporting

Information)

Figure S34 (Supporting

Information)

PolyHGA (peroxidase at pH

5.0)

2 1.79 Figure S10 (Supporting

Information)

Table S5 (Supporting

Information)

Figure S22 (Supporting

Information)

Figure S35 (Supporting

Information)

PolyHGA (peroxidase at pH

7.4)

2 1.55 Figure S11 (Supporting

Information)

Table S5 (Supporting

Information)

Figure S23 (Supporting

Information)

Figure S36 (Supporting

Information)
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Figure 4. XPS C 1s core line spectra: A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA
(formed in the presence of tyrosinase at pH 5.0); E) polyHGA (formed in the presence of tyrosinase at pH 7.4); F) polyHGA (formed in the presence of
laccase at pH 5.0); G) polyHGA (formed in the presence of laccase at pH 7.4); H) polyHGA (formed in the presence of peroxidase at pH 5.0); and I)
polyHGA (formed in the presence of peroxidase at pH 7.4).

deviation from that ratio indicative of formation of a greater pro-
portion of Ar–Ar/C–C bonds, which is suggested by our data. It
is noteworthy that our data are in line with solid-state NMR stud-
ies of monomer connectivity in pyomelanins,[36] and studies of
pH dependence of polymerization of phenolic compounds sug-
gest the preference for C–C bond formation instead of C–O–C
bond formation at the pH values employed in this study with var-
ious enzymes (cognizant of the fact that enzymes function best
at a specific optimal pH value at which the shape of the enzyme’s
active site is optimal for function with specific substrates);[43–47]

furthermore, polymers connected via C–O–C bonds are expected
to have lower electrical conductivity than polymers connected via
C–C bonds akin to graphene derivatives.[48]

XPS data (Figures 4 and 5; Figures S12–S14 and Tables S1–
S5, Supporting Information) confirmed that the HGA and poly-
HGAs were predominantly composed of C and O (with traces of
N (residual enzyme), Na/Cl (residual buffer), and Si (substrate)).
The C 1s spectra confirmed the presence of C–C, C–O, C═O,
O–C═O, and 𝜋–𝜋 bonds; and the O 1s spectra confirmed the
presence of C═O and C–O bonds, and a Na KLL Auger peak,

which overlaps the O 1s envelope at≈536 eV. There were no clear
trends in the data to determine the connectivity of the polyHGA
backbone[49] (e.g., ratio of Ar–Ar/C–C bonds to Ar–O–Ar/C–O–C
bonds normalized against the peak for O–C═O; Tables S1–S5,
Supporting Information), and the varying levels of C═O bonds
(plausibly due to both carboxylic acids and quinones) are sugges-
tive of differing oxidation states for the monomers incorporated
in the backbone of the polyHGAs.
SEC has previously been used to assess the molecular

weight distributions of soluble oligomeric/polymeric melanin
derivatives[27,32] of the polyHGA after dialysis (molecular weight
cutoff of 3.5 kDa) showed traces of the low-molecular-weight
species and/or oligomeric species; however, higher-molecular-
weight species (>3.5 kDa) were not observed due to removal of
the aggregates on the guard column of the SEC (Figure S15,
Supporting Information). DLS[50] of the same samples showed
no higher-molecular-weight species (>3.5 kDa) due to removal
of the aggregates during filtration prior to DLS as part of stan-
dard sample preparation protocols. SEM was used in combina-
tion with EDX spectroscopy to assess the precipitate morphol-
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Figure 5. XPS O 1s core line spectra: A) HGA; B) polyHGA (no enzyme control at pH 5.0); C) polyHGA (no enzyme control at pH 7.4); D) polyHGA
(formed in the presence of tyrosinase at pH 5.0); E) polyHGA (formed in the presence of tyrosinase at pH 7.4); F) polyHGA (formed in the presence of
laccase at pH 5.0); G) polyHGA (formed in the presence of laccase at pH 7.4); H) polyHGA (formed in the presence of peroxidase at pH 5.0); and I)
polyHGA (formed in the presence of peroxidase at pH 7.4).

ogy and the elemental composition of the polyHGAs produced.
SEM data show that the precipitates isolated were irregularly
shaped with sizes between tens to hundreds of micrometers (Fig-
ures S16–S24, Supporting Information). There is no meaning-
ful shape/size correlation as the polyHGAs are produced un-
der unconstrained conditions, whereas the in vivo polyHGA
precipitate shapes/sizes would be constrained by the intracellu-
lar/extracellular environment in which they are produced. EDX
data suggest that all samples are mainly composed of C and O
(similar to the XPS data) with additional K and Na from the
buffer, Au (sputter coating), Si (substrate), and samples with en-
zymes also have traces of additional Al, Ca, Mg, and S (Figures
S16–S23, Supporting Information).
FTIR spectroscopy was used to analyze the HGA and polyH-

GAs produced. The FTIR spectrum for the polyHGA (no enzyme
control at pH 5) closest to the monomeric HGA is indicative of
relatively little polymerization in linewith themass isolated; how-
ever, all other polyHGAs had significantly broader peaks than
monomeric HGA, as expected for polymeric species with a va-
riety of chemical environments (Figure 6; Figure S25, Support-

ing Information). A discernible difference in the FTIR spectra
of HGA and the polyHGAs was the broadening/diminution of
the peak at ≈970 cm–1 in HGA (from the aromatic hydrogens)
suggestive of C–C bond formation, with broadening of bands at
1500–1510 cm–1 (aromatic C═C bonds) and the weak band at
≈1580 cm–1 (aromatic C═C). Peaks at ≈1200–1210 cm–1 corre-
sponding to phenolic OH and at ≈1560–1570 cm–1 correspond-
ing to the C═O bond of the carboxylic acid functional groups are
present in all spectra, albeit broader.[31]

EPR spectroscopy was used to study the powders. X-band EPR
spectra of all polyHGA powders showed nearly identical spec-
tra (Figure 7). The spectra had a single peak centered at g =

2.0035, with a peak-to-peak width of ≈4 G (the polyHGA gen-
erated in the presence of tyrosinase at pH 5.0 gave a slightly
broader peak with a peak-to-peak width of≈4.6 G). The polyHGA
generated in the presence of peroxidase and no enzyme controls
gave much more intense peaks than polyHGA generated in the
presence of laccase or tyrosinase. This may be related to the ex-
tended conjugation length of the different polymers.[51] In gen-
eral, the EPRpeak shape andwidthwere similar to those of eume-
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Figure 6. FTIR spectra of dialyzed polyHGA isolated after 6 weeks of reaction at pH 5.0 and pH 7.4, generated in the absence of enzyme (no enzyme
control) or presence of enzyme (laccase (LACC), peroxidase (HRP), and tyrosinase (TYR)).

Figure 7. X-band EPR spectra of polyHGA samples generated at pH 7.4 in
the absence of enzymes (black), or presence of laccase (blue), peroxidase
(red), or tyrosinase (green).

lanins and consistent with the pyomelanin spectra reported in the
literature.[52]

A close inspection of the EPR peak of polyHGA showed a no-
ticeable asymmetry. Spectrum simulation required two compo-
nents to accurately reproduce the line shape (Figure 8; Figures
S26–S28, Supporting Information). These components can be
assigned to carbon-centered and semiquinone radicals based on
their g-values (≈2.0034 and 2.0040, respectively). All polyHGA
spectra were dominated by the C-centered radical with ≈2–6%
contribution of the semiquinone. This is similar to the precedent
for eumelanins, although the contribution of the semiquinone
radical in eumelanins is higher.[53]

Recording EPR spectra under saturating conditions (at a high
microwave power of up to 200 mW) did not reveal any fast-
relaxing organic radical components. In some pyomelanin sam-
ples, a clear semiquinone signal was reported in the literature.[31]

The absence of this signal in our samples can be explained by the
small contribution of the semiquinone radical to the overall EPR
signal. The spectra recorded at high power, however, suggested
the presence of some EPR-active metals in all enzyme-derived

Macromol. Chem. Phys. 2022, 2100489 2100489 (6 of 10) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 8. Experimental EPR spectrum of polyHGA generated in the pres-
ence of peroxidase sample (black) and simulation (red). The simulation
included a broad C-centered component (g = 2.0034, Voigtian line shape
with peak-to-peak width 4.2 G, 97.8%) and a sharper semiquinone radical
(g = 2.004, Gaussian line shape with peak-to-peak width 2.2 G, 2.2%).

samples, possibly originating from the traces of residual enzymes
(supported by EDX data; see Figures S16–S23 in the Supporting
Information).
Cyclic voltammetry has previously been used to study the re-

duction/oxidation processes and electron-transfer properties of
polyphenols analogous to polyHGA. Cyclic voltammetry of HGA
shows a clear anodic peak due to the oxidation of HGA to BQA,
and a clear cathodic peak due to the reduction of BQA to HGA,
the positions of which are solvent and pH dependent.[54,55] The
cyclic voltammograms of the polyHGAs generated in this study
at pH 5 (Figure S29, Supporting Information) show an anodic
peak at ≈0.56 V and the corresponding cathodic peak at ≈0 V
versus Ag/AgCl (reference electrode), whereas at pH 7.4 (Figure
S29, Supporting Information) the oxidation and reduction peaks
were not resolved, i.e., the polyHGAs were electroactive in acidic
medium while electro-inactive in neutral medium, confirming
the role of protons in the electroactivity of the polyHGA (akin
to polycatechol films).[56] The cyclic voltammograms are consis-
tent after multiple scans, demonstrating their stability under the
experimental conditions for the duration of the experiment, and
their unsymmetrical cathodic and anodic peaks are attributed to
the difference in background current and kinetic limitations.[56]

Conductive tip AFM studies of the powders isolated from poly-
HGA formation under various conditions showed some to be
measurably conductive (the setup is depicted in Figure S30 in
the Supporting Information). The polyHGAs generated by auto-
oxidation of HGA at either pH 5 or at pH 7.4 (i.e., no enzyme
control) were neither measurably conductive nor the polyHGAs
generated in the presence of tyrosinase at either pH 5 or at pH
7.4, or laccase at pH 5. However, the polyHGAs generated in the
presence of laccase at pH 7.4 or peroxidase at either pH 5 or pH
7.4 were measurably conductive (Figure 9), with average log10 G
values of −11.52 ± 0.28, −8.52 ± 0.24, or −9.30 ± 0.32 S, respec-
tively (I–V curves are in Figures S31–S36 in the Supporting In-
formation), and a comparison of logG counter maps is shown in
Figure S37 (Supporting Information); i.e., conductivity (G) of 2.9
× 10–3 ± 1.1 × 10–3, 0.58 ± 0.2, or 3.4 ± 1.2 nS, respectively. The
differences in the electronic properties of the polymers[51,57] are

Figure 9. Conductive tip AFM data for polyHGAs. Comparison of the con-
ductance histograms for polyHGAs generated in the presence of laccase
(LACC) at pH 7.4, or peroxidase (HRP) at pH 7.4 or 5.0, respectively.

likely to be related to the extended conjugation length of the poly-
HGAs produced by laccase-/peroxidase-mediated polymerization
of HGA, supported by the greater amounts of polyHGAs pro-
duced by laccase-/peroxidase-mediated polymerization of HGA
and by EPR data (Figure 7). The polyHGAs produced have po-
tential for application as green/sustainable[58] and components
of electronic devices,[27,59–64] or other high value added applica-
tions (particularly after optimization of the synthesis).[8,58,65–69]

The in vitro studies of the polymerization of HGA to form
polyHGA (a simplified version of pyomelanin) described herein,
investigated in the absence or presence of enzymes (a laccase,
peroxidase, or tyrosinase) at physiologically relevant pH values
(either pH 5.0 or 7.4), contribute to our understanding of real-
world observations of pyomelanin pigment deposition inside spe-
cific tissues in the body (e.g., observed by eye or histological
studies).[32–35]

We note that enzyme activity is affected by various environ-
mental factors (including, but not limited to, pH, salt concentra-
tion, and solvent), and the function of enzymes is governed by the
primary sequence of the enzyme which is species specific, and
systematic studies may offer insight into opportunities for indus-
trial biotechnological approaches to melanin production.[69–78]

Recent advances in our analytical capabilities (e.g., single-cell
analysis, and/or single-/multiomics (genomics, metabolomics,
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proteomics, and transcriptomics) approaches)[79–84] also offer
unique insight into biological processes involving melanins in
various contexts.[57] In the clinic it is useful to quickly and easily
diagnose alkaptonuria using a
low-cost spectrophotometric technique for the detection of

polyHGA;[37] likewise, one of the potentially exciting applications
of polyHGA is as a biocompatible intracellular label for optoa-
coustic imaging of macrophages with strong optoacoustic con-
trast to resolve single cells against a strong blood background.[85]

3. Conclusion

Herein polymerization of HGA to form polyHGA (a simplified
version of pyomelanin) was investigated in the absence or pres-
ence of enzymes (a laccase, peroxidase, or tyrosinase) at either
pH 5.0 or 7.4. A variety of analytical techniques (UV–vis, NMR,
XPS, SEC, DLS, SEM, EDX, FTIR, EPR, CV, and C-AFM) were
employed to examine the polyHGAs produced under the experi-
mental conditions. The experiments revealed interesting trends
in the yields of polyHGAs produced with subtle differences in
their properties; notably, C-AFM data for polyHGAs showed that
those generated in the presence of LACC at pH 7.4, or HRP at pH
7.4 or 5.0, respectively, displayed measurable conductivity sug-
gesting their potential for application in electronic devices.

4. Experimental Section

Materials: Unless otherwise noted, all chemicals and consumables
were supplied by Sigma Aldrich (Merck), Gillingham, UK.

Polymerization of HGA (Lower Concentration of HGA–No Enzyme Con-
trol): HGA was dissolved in buffer (at a concentration of 0.052 g HGA
in 5 mL of buffer solution, i.e., concentration of HGA of 10.4 mg mL–1) at
room temperature in the presence of air. The buffers were either sodium
acetate (0.1 m, pH 5) or phosphate-buffered saline (0.1 m, pH 7.4) and if
necessary, after the addition of HGA the pH was corrected by addition of
1 m NaOH or HCl. Samples were isolated at specific points in time be-
fore/after dialysis (molecular weight cutoff of 3.5 kDa) against water (4 L),
refreshing the water every few hours for 5 days. The dialyzedmixtures were
lyophilized (freeze dryer from Labconco Corporation), supplied by Thermo
Fisher Scientific in Heysham, UK. Samples were stored in a freezer until
analyzed.

Polymerization of HGA (Lower Concentration of HGA—in the Presence of
Enzymes): HGA was dissolved in buffer (at a concentration of 0.052 g
HGA in 5 mL of buffer solution, i.e., concentration of HGA of 10.4 mg
mL–1) at room temperature in the presence of air. The buffers were either
sodium acetate (0.1 m, pH 5) or phosphate-buffered saline (0.1 m, pH 7.4)
and, if necessary, after the addition of HGA the pH was corrected by addi-
tion of 1 m NaOH or HCl. Enzymatic polymerization reactions were initi-
ated by addition of 85 units of enzyme chosen from HRP, supplied by Alfa
Aesar (Thermo Fisher Scientific) in Heysham, UK), Agaricus bisporus LACC
and mushroom TYR. Hydrogen peroxide (30%, 50 μL) was added. Sam-
ples were isolated at specific points in time before/after dialysis (molecular
weight cutoff of 3.5 kDa) against water (4 L), refreshing the water every few
hours for 5 days. The dialyzed mixtures were lyophilized (freeze dryer from
Labconco Corporation), supplied by Thermo Fisher Scientific in Heysham,
UK. Samples were stored in a freezer until analyzed.

Polymerization of HGA (Higher Concentration of HGA–No Enzyme Con-
trol): HGA was dissolved in buffer (at a concentration of 0.168 g HGA
in 5 mL of buffer solution, i.e., concentration of HGA of 33.6 mg mL–1) at
room temperature in the presence of air. The buffers were either sodium
acetate (0.1 m, pH 5) or phosphate-buffered saline (0.1 m, pH 7.4) and,
if necessary, after the addition of HGA the pH was corrected by addition

of 1 m NaOH or HCl. Samples were isolated at specific points in time be-
fore/after dialysis (molecular weight cutoff of 3.5 kDa) against water (4 L),
refreshing the water every few hours for 5 days. The dialyzedmixtures were
lyophilized (freeze dryer from Labconco Corporation), supplied by Thermo
Fisher Scientific in Heysham, UK. Samples were stored in a freezer until
analyzed.

Polymerization of HGA (Higher Concentration of HGA—in the Presence
of Enzymes): HGA was dissolved in buffer (at a concentration of 0.168 g
HGA in 5 mL of buffer solution, i.e., concentration of HGA of 33.6 mg
mL–1) at room temperature in the presence of air. The buffers were either
sodium acetate (0.1 m, pH 5) or phosphate-buffered saline (0.1 m, pH
7.4) and, if necessary, after the addition of HGA the pH was corrected by
addition of 1 m NaOH or HCl. Enzymatic polymerization reactions were
initiated by addition of 170 units of enzyme chosen from HRP (supplied
by Alfa Aesar (Thermo Fisher Scientific) in Heysham, UK), Agaricus bis-
porus LACC and mushroom TYR. Hydrogen peroxide (30%, 50 μL) was
added. Samples were isolated at specific points in time before/after dialy-
sis (molecular weight cutoff of 3.5 kDa) against water (4 L), refreshing the
water every few hours for 5 days. The dialyzed mixtures were lyophilized
(freeze dryer from Labconco Corporation), supplied by Thermo Fisher Sci-
entific in Heysham, UK. Samples were stored in a freezer until analyzed.

UV–Vis Spectroscopy: Spectra were recorded in UV Quartz cuvettes
(Standard Cell with PTFE Stopper, manufactured in UV Quartz (195 nm to
2.5 𝜇m); path length = 10 mm, inside width = 10 mm, volume = 3.5
mL; outside dimensions (H × W × D) 45 × 12.5 × 12.5 mm.) on an Agi-
lent Technologies Cary 60 UV–vis supplied by Thermo Fisher Scientific in
Heysham, UK.

NMR Spectroscopy: 1H NMR (400 MHz) spectra were recorded using
a Bruker AVANCE III 400 NMR spectrometer using residual solvent as in-
ternal standards in deuterated solvents (D2O). Chemical shift (𝛿) values
were recorded in parts per million (ppm).

X-Ray Photoelectron Spectroscopy: A Kratos Analytical Axis Supra X-
ray photoelectron spectrometer with a monochromatic Al K𝛼 source
(1.487 keV) was used to analyze surface chemical composition.[86,87] Pow-
dered samples were mounted using carbon tape in a well-shaped holder.
An internal flood gun was applied for neutralizing charging effects. Wide-
scan and core-line spectra were recorded at pass energies of 160 and 20 eV
and step sizes of 1 and 0.1 eV, respectively. Samples weremeasured in trip-
licate at an emission angle of 0° (relative to the surface normal), a power
of 225 W (15 kV × 15 mA), and an analysis area of 700 × 300 μm. Data
were quantified and processed by CasaXPS (ver.2.3.23PR 1.0, Casa Soft-
ware Ltd.) using linear baseline correction. All spectra were adjusted for
charge compensation effects by offsetting the binding energy relative to
the C–C component of the C 1s spectrum at 285.0 eV.

Size Exclusion Chromatography: Aqueous SEC was measured on a
Jasco system equipped with a DG-2080-53 degasser, PU-980 pump, and an
RI-2031 Plus refractive index detector (Jasco Deutschland Labor-und Da-
tentechnik GmbH, Groß-Umstadt, Germany) with 0.1 mNa2HPO4/0.05%
NaN3 pH 9 as an eluent and at a flow rate of 1 mL min−1 on a column set
of PSS SUPREMA 1000 and 30 Å (10 μm) at 30 °C (PSS, Mainz, Germany).
Polyethyleneoxide (PEO) was used for calibration.[50]

Dynamic Light Scattering: DLS measurements were performed using
an ALV laser CGS3 Goniometer equipped with a 633 nm HeNe laser (ALV
GmbH, Langen, Germany) at 25 °C and at a detection angle of 90°. The
CONTIN analysis of the obtained correlation functions was performed us-
ing the ALV 7002 FAST Correlator Software.

Scanning Electron Microscopy: Prior to imaging, the samples were
sputter-coated with a 10 nm layer of gold. The structures were observed
using either a JEOL JSM−6390L V operating at 15 kV or a JEOL JSM 7800F
scanning electron microscope (JEOL, Welwyn Garden City, UK) operating
at 10–15 kV.

EDX Spectroscopy: For qualitative EDX analysis, the samples were
sputter-coated with a layer of gold (60 s, 20mA, 8 × 10−2 mBar, ≈5 nm)
using a Quorum Q150RES sputter coater (Quorum Technologies Ltd.)
and then investigated using a field-emission SEM JEOL JSM 7800F with
an EDX system (X-Max50, Oxford Instruments, Abingdon, UK) at 10mm
working distance and 10 kV voltage mounted on a brass JEOL holder
with 25mm carbon tables (G3348N, Agar Scientific, Stansted, UK). Three
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measurements were performed per sample and average results were
presented.

FTIR Spectroscopy: All spectra were recorded using an Agilent Tech-
nologies Cary 630 FTIR instrument (Agilent Technologies Ltd., Cheadle,
UK) at a resolution of 1 cm−1 and was an average of 16 scans.

EPR Spectroscopy: Room-temperature EPR spectra of polyHGA pow-
ders were recorded at X-band on a JEOL X320 spectrometer using 0.1 mW
microwave power and 1 G modulation width (100 kHz modulation fre-
quency). The g values were determined by using a Mn2+ marker. The spec-
tra were simulated using EasySpin toolbox for MatLab.[88]

Cyclic Voltammetry: Voltammetry was carried out using an EmStat 3+
potentiostat with PSTrace 4.7 software (PalmSens Houten, Netherlands)
at ambient temperature. The cell was comprised of a three-electrode sys-
tem with an Ag/AgCl reference electrode, a gold counter electrode, and a
glassy carbon working electrode (GCE). The GCE was coated with a film
prepared by drying 10 μL of a suspension of polyHGA (1mg) inNafion per-
fluorinated resin solution (10 μL of a 5 wt% in mixture of lower aliphatic
alcohols and water, containing 45% water; product number 510211 from
Sigma-Aldrich, Gillingham, UK) overnight in a fume hood at room temper-
ature. Buffer (pH 5 or 7.4, described above) was used as the electrolyte,
with a scan rate of 0.01 V s−1 between −1 and 1 V.

Conductive Probe AFM: A triangular bias voltage was applied on the
AFM stage in electric contact with the samples. A Pt-coated AFM probe
acted as a drain for the electric current. The electric signal collected by the
conductive probe was fed into an I/V converter with a low-noise filter built
in. Output current and bias voltage were recorded by an AFM controller
in real time. Multiple I–V traces were recorded and processed to extract
the electrical conductance, which is an intrinsic property of the samples
under investigation. The setup is depicted in Figure S35 (Supporting In-
formation).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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