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ABSTRACT: Reactive lignin nanocapsules catalyze a pig-
mentation reaction to furnish an innovative type of sustainable
polyvalent bioink. In this nanodevice, the pigment, vehicle,
binder, and additive are included in a single confined spherical
space. Bioinks with different shades of color, black, gray,
yellow-like, pink-like, and red/brown hues, have been
prepared by selecting the reactants and the pigmentation
process. Lignin nanocapsules play multiple functions in the
support and activation of the enzyme necessary for the
synthesis of pigments. Lignin nanocapsules protected the
melanin pigment from alkaline and UV-degradation treat-
ment.

B INTRODUCTION

Over the past several years, increased legislative attention and
safety burden, as well as environmental concerns, oriented
traditional printing ink formulations toward the use of
renewable resources with reduced or absent environmental
impact." Bioinks might not only limit dependency on fuel-oil,
but they also can drive the development of novel technological
applications.” Ink formulations are usually composed of four
type of ingredients, namely, pigment, vehicle and binder,
additive, and solvent.” Moreover, depending on the specific
application and on the viscosity of the binder, no additional
solvent might be necessary, leading to solvent-free ink.* Water
can be used as a sustainable solvent in environmental friendly
ink formulations.® Tall oil rosin (colophony),® soybean, and
edible vegetable oils,” frying oils,® karanja oil,” abietic acid
polymers,'’ and polysaccharides'' have all been used as
binders to replace fuel-oil-derived synthetic materials. Un-
fortunately, drawbacks are envisaged in the application of these
biobinders, since they are in competition with food production,
demanding toxic additives to improve rheological properties.'”

Lignin, the main byproduct of the pulp and paper industry
and of biorefinery processes, is a sustainable binder due to its
favorable physical-chemical properties associated with low cost
and easy availability."> Lignin is a highly branched poly-
phenolic polyether consisting of oligomeric subunits produced
by radical polymerization of monolignols, para-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol.'* This polymer
shows antioxidant activity,">~'® UV-shielding protection, *~*'
anticorrosion effects,””> and electrochemical responsive-
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ness.”*>° Amine salts of the Kraft lignin are additives in

water-based pigments, acting both as grinding agents for the
pigment in the formulation, and as a binder in the printing
processes.””  Moreover, organosolv lignin (OL) has been
applied as a filler in different ink formulations, improving the
viscosity of the medium,”® as well as in sustainable form-
aldehyde resins.”” In a similar way, nitrate alkaline lignin
esters,”’ carboxylate softwood lignin,”" and acetylated lignin**
have been used as binders in ink formulations. Nanoparticles
and nanocapsules of lignin showed innovative pharmaceutical
and technological applications.”> > Nanoscaled binders are of
relevant interest, since they can penetrate easily into the
structure of bulky paper, promoting the rate of biodegrada-
tion.*® For this reason, submicron Kraft lignin particles have
been applied as binders in novel water ink formulations.”” The
main advantage of lignin nanodevices resides in the high
biocompatibility, in the possibility to be degraded by
microorganisms, and in the emergence of novel scale-
dimensional chemical and physical properties.*®

Improved UV-shielding properties and antioxidant activities
emerged during the preparation of OL and lignosulfonate
nanocapsules by a template layer-by-layer (LbL) approach,*
consisting on the alternative deposition of polyelectrolytes of
different electrical charge.”” Lignin nanodevices have been
used as a support for the immobilization of enzymes,”'
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including tyrosinase and laccase.*” In this latter case, they
showed capacitz to improve the enzymatic activity by the
boosting effect” and by direct and mediated electron transfer
processes.** Tyrosinase and laccase catalyze the preparation of
several pigments and dyes under natural or synthetic
procedures.”> Thus, lignin nanocapsules functionalized with
oxidative enzymes can perform as biocatalyst for the synthesis
of the pigment and as vehicle, binder, and additive for the
newly synthesized pigment. Here we describe the use of lignin
nanocapsules loaded with tyrosinase from Aspergillus niger and,
in alternative, with laccase from Trametes versicolor, for the
efficient “in situ” polymerization of appropriate chemical
precursors to afford a large panel of pigments. The pigments
resulted to be stably linked to the support, affording a large
panel of colored nanocapsules to be used as an unique
polyvalent bioink.

B EXPERIMENTAL PART

Materials. OL was purchased from Chemical Point (Oberhaching,
Germany). Tyrosinase from Aspergillus niger (1000 U/mg), laccase
from Trametes versicolor (1.07 U/mg), Bradford reagent, poly-
(diallyldimethylammonium chloride) (PDDA, 20%v/v water solu-
tion), chitosan (CH, low molecular weight) with 20% chitin units,
melanin, 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), v-tyrosine, L-3,4-dihydroxyphenylalanine (L-DOPA), epi-
catechin, catechol, 4-amino benzoic acid, hydroquinone, 3-amino-
benzoic acid, resorcinol, and para-phenylenediamine were purchased
from Sigma—Aldrich (St. Louis, MO, USA) and were used without
any further purification. All experiments were repeated in triplicate
using native and immobilized tyrosinase or laccase in phosphate buffer
saline (PBS 0.1 M pH 7) or sodium acetate buffer (Na-acetate buffer
0.1 M pH ), respectively. Solutions were prepared using Milli-Q
water (p = 182 MQ cm a 25 °C; TOC < 10 ug L™" Millipore,
Molsheim, France).

Preparation of Nanocapsules by a Template-Based LbL
Procedure. Nanocapsules were prepared by applying a modified
version of the LbL procedure using OL as the template.46 Briefly,
commercially available OL (20 mg) was dissolved in THF (20 mL),
followed by filtration (0.4S pm syringe filter) and dialysis against
deionized water, for 24 h at 25 °C. The suspension (15 mL) of OL
nanocapsules in Milli-Q water (1 mg/mL; pH 4.2) was added
dropwise to PDDA or CH solution (1.0 mg/mL, Milli-Q water)
under slow magnetic stirring,*” After 2 h, the final suspension was
centrifuged (6000 rpm, 20 min), and the supernatant removed. The
nanocapsules were rinsed with deionized water, recovered by
centrifugation (6000 rpm, 20 min) and lyophilized to yield OL/
PDDA and OL/CH intermediates, respectively.

Procedure for the Loading of Tyrosinase. The reactivity of
tyrosinase toward lignin is reported.*> As a general trend, tyrosinase
showed negligible activity toward lignin modification.*® Tyrosinase
from Aspergillus niger (1.0 mg, 900 U/mg) was added to a suspension
of OL-PDDA (100 mg), or in alternative, to OL/CH (100 mg), in the
appropriate buffer (100 mL) under orbital shaking for 24 h at 25 °C.
OL/PDDA/tyrosinase (I) and OL/CH/tyrosinase (IT) were
recovered by centrifugation (20 min at 6000 rpm). Compounds (I)
and (II) were washed several times with PBS in order to ensure the
complete removal of the unbound enzyme (as evaluated by the
Bradford method). The recovered solution was used for the
evaluation of the activity parameters.

Procedure for the Loading of Laccase. Laccase from Trametes
versicolor (20 mg, 1.07 U/mg) was added to a suspension of OL-
PDDA (100 mg), or in alternative, to OL/CH, in Na-acetate buffer
(100 mL) under orbital shaking for 24 h at 25 °C. OL/PDDA/laccase
(1I1) and OL/CH/laccase (IV) were recovered by centrifugation (20
min at 6000 rpm). Compounds (IIT) and (IV) were washed several
times with Na-acetate buffer in order to ensure the complete removal
of the unbound enzyme (as evaluated by the Bradford method). The

recovered solution was used for the evaluation of the activity
parameters.

Determination of the Kinetic Parameters. Kinetic parameters
of compounds (I) and (II) (K, Vi and V,,,./K,,) were determined
spectrophotometrically by measuring the activity of immobilized
tyrosinase at different concentrations of r-tyrosine (0.33—0.10 mM)
using the dopachrome method. As a general procedure, the reaction
was started by adding L-tyrosine to PBS solution (0.1 M, pH 7)
containing the appropriate amount of compounds (I) and (II) (0.1
mg). The initial rates were measured in a 3.0 mL reaction cuvette as
linear increase of the optical density (475 nm) at 25 °C under
magnetic stirring.

Kinetic parameters of compounds (III) and (IV) were determined
by measuring the activity of immobilized laccase at different
concentrations of ABTS (0.1—S mM). Briefly, the reaction was
started by adding ABTS to compounds (III) and (IV) (0.1 mg) in
Na-acetate solution (0.1 M pH 5). The initial rates were measured in
a 3.0 mL reaction cuvette as the linear increase of the optical density
at 436 nm at 25 °C under magnetic stirring. The data were analyzed
by a double reciprocal Lineweaver—Burk plot. Spectrophotometric
data were obtained by using a Cary WinUV (AGILENT, Santa Clara,
CA, USA). All experiments were conducted in triplicate using free and
immobilized tyrosinase and laccase.

Determination of Activity Parameters. The activity parameters
of tyrosinase were determined by measuring the tyrosinase catalyzed
oxidation of L-tyrosine by the dopachrome method. As a general
procedure, the reaction was started by adding L-tyrosine (0.83 mM)
to PBS solution (67 mM, pH 7) containing the appropriate amount
(from 45 to 100 units) of samples (I and II) (from 0.045 to 0.1 mg).
The initial rates were measured in a 3.0 mL reaction cuvette as the
linear increase of the optical density (475 nm) at 25 °C under
magnetic stirring. One unit of enzyme activity was defined as the
increase in absorbance of 0.001 unit per minute at pH 7 and 25 °C.
Spectrophotometric data were analyzed with Cary WinUV. All
experiments were conducted in triplicate. The activity parameters of
samples (III and IV) were assayed by using the ABTS procedure.
ABTS (S mM), sodium acetate buffer (2.0 mL, pH 5.0), and the
sample solution (200 uL) were used as the standard solution. The
formation of the cation radical was detected by measuring the increase
of absorbance at 436 nm. One unit of laccase activity has been defined
as the amount of enzyme that catalyzed the oxidation of 1.0 ymol of
ABTS in 200 uL of reaction mixture at 25 °C during 1.0 min.

Dynamic Light Scattering. Measurements of particle size and
zeta potential were performed on freshly prepared aqueous
suspensions (pH = 7) of OL nanocapsules and compounds (I) and
(II) were dispersed in water by dynamic light scattering (DLS) using
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) apparatus,
equipped with an He—Ne laser (633 nm, fixed scattering angle of
173°, 25 °C). Prior to performing size measurements, the suspensions
were filtered with a 0.45 pym filter membrane. Measurements were
performed in triplicate at room temperature (T = 25 °C).

Procedure for the Pigmentation of Lignin Nanocapsules
Functionalized with Tyrosinase. As a general procedure, OL/CH/
tyrosinase (IT) (1.0 mg/mL) was suspended in PBS buffer (pH 7, 0.1
M) in the presence of L-DOPA PBS solution (2 mM), and the
suspension was stirred for 2 h at 25 °C under oxygen atmosphere.
The black suspension was centrifuged (6000 rpm, 20 min), and the
supernatant was removed. Nanocapsules were rinsed three times with
KOH (1.0 M) in order to ensure the complete removal of unbound
melanin, followed by washing with deionized water up to neutral pH.
Next, nanocapsules were recovered by centrifugation (6000 rpm, 20
min) and lyophilized to yield compound (V). The amount of
unbound melanin in the KOH solution was evaluated spectrophoto-
metrically by comparing the OD at 470 nm of an unknown sample
with a standard melanin (1 mg/ mL).* All measurements were done
in triplicate. The disappearance of L-DOPA during the reaction was
monitored by gas-chromatography associated with mass-spectrometry
(GC—MS). The analyses were performed by a 450 GC-320 MS
apparatus using a VF-SMS column and an isothermal temperature
profile of 100 °C for 2 min, followed by a 10 °C/min temperature
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Scheme 1. Structure Model of Lignin®* and Schematic Preparation of Functionalized Lignin Nanocapsules Supporting

Tyrosinase and Laccase”

“PDDA and CH were used as positively charged polyelectrolytes. Tyrosinase from Aspergillus niger and laccase from Trametes versicolor are
negatively charged at the operative pH. The consecutive deposition of alternatively charged polyelectrolytes was performed on the surface of OL

nanocapsules.

gradient to 280 °C for 25 min. The injector temperature was 280 °C.
Chromatography-grade helium was used as the carrier gas with a flow
of 2.7 mL/min. Mass spectra were recorded with an electron beam of
70 eV.

Procedure for the Pigmentation of Lignin Nanocapsules
Functionalized with Laccase. As a general procedure, OL/CH/
Laccase (IV) (1.0 mg/mL) was suspended in Na-acetate buffer (pH
S, 0.1M) in the presence of the appropriate substrate (2.0 mM) in 0.1
M sodium-acetate buffer (pH 5.0), containing 2% (v/v) absolute
ethanol.** The suspension was stirred for 24 h at 25 °C under oxygen
atmosphere. The final suspension was centrifuged (6000 rpm, 20
min), and the supernatant was removed. The product was rinsed three
times with Milli-Q water (10 mL) in order to ensure the complete
removal of unbound pigment. Residual traces of unreacted substrate
were monitored by GC—MS. Irrespective to experimental conditions,
the quantitative conversion of the substrate was observed.

The colored nanocapsules were recovered by centrifugation (6000
rpm, 20 min) and lyophilized to yield compounds (VII), (IXa),
(IXb), (Xa), (Xb), (XIa), and (XIb). The formation of the
epicatechin polymer with OL/CH/laccase (IV) was evaluated
spectrophotometrically in the range of 250—300 nm at different
reaction times (1, 2, and 6 h) using the epicatechin monomer as the
standard.

Electron Microscopy Analysis. For scanning electron micros-
copy (SEM), compounds (V—VIII), (IXa), (IXb), (Xa), (Xb), (XIa),
and (XIb) were fixed with 3% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.2) and washed and postfixed in OsO, (1% weight) in the
same buffer at room temperature. Specimens were dehydrated in a
graded ethanol series. They were then air-dried and sputter-coated
with gold in a Balzers MED 010 unit. The observation was made by a
JEOL JSM 6010LA electron microscope. For transmission electron
microscopy (TEM), nanocapsules were placed on Formvar—carbon-
coated grids and allowed to be adsorbed for 60 s. Excess liquid was
gently removed from each droplet with a strip of filter paper.
Processing for negative staining was carried out by placing a drop of
negative stain (2%uranyl acetate in distilled water) on the specimen
grids, followed by quick blotting. This step was repeated a second
time on a new drop of negative staining solution and prolonged for 60
s. Nanocapsules were observed with a JEOL 1200 EX II electron
microscope. Micrographs were acquired by the Olympus SIS
VELETA CCD camera equipped with the iTEM software.

FTIR Characterization. Attenuated total reflection infrared
(ATR-IR) spectroscopic analyses were performed, at room temper-
ature, with a Perkin—Elmer Spectrum One spectrometer equipped

with an ATR-IR cell. IR spectra were recorded by averaging 32 scans,
with a resolution of 4 cm™.

EPR Analysis. EPR spectra of solid samples were recorded in a
CW (continuous wave) X-band (9 GHz) at room temperature with a
Bruker ES80 Elexsys Series using the Bruker ER4122SHQE cavity.
The 1 mm diameter quartz capillaries were filled in with the samples,
and they were placed into a Suprasil tube with a 3.5 mm internal
diameter. Experimental conditions for acquisition were 9.87 GHz
microwave frequency, 0.1 mT modulation amplitude, and 2 mW
microwave power.

Characterization of Color Parameters after Pigmentation of
Lignin Nanocapsules. Color parameters were measured through X-
Rite CA22 reflectance spectrophotometer according to the CIE
L¥a*b* color system (ISO 11664-4).>° In this system, the coordinate
L* describes the lightness, while the coordinates a* and b* describe
the chromatic coordinates on the green—red and blue—yellow axes,
respectively. The characteristics of the color measuring instrument are
the following, light source, D65; standard observer, 10°% fixed
geometry of measurement, 45°/0°% spectral range, 400—700 nm;
spectral resolution, 10 nm; and aperture size, 4 mm. For each sample,
three measurements were performed, and then average values and
standard deviations were calculated. Data are reported as L¥, a*, b¥,
and reflectance spectra in the visible range.

Effect of Alkaline Treatment and of Ultraviolet Photo-
irradiation on the Color Strength and Fastness Properties.
The effect of UV irradiation on the color change of compounds (V)
and (VII) in lyophilized powder (60 mg) on a glass slide (size 25
mm X 75 mm) support was performed by UVA and UVB light
irradiation, which was provided by UV LAMP 300 W (ULTRA-
VITALUX, UVA power 13.6 W and UVB power 3.0 W). After 2 or 24
h of light irradiation, the compounds (V) and (VIII) were collected
for the characterization of color parameters using the untreated
compounds as a reference.

As reported in the literature, the effect of the treatment with NaOH
(1.0 M) on the color change of compound (V) was performed by
using a slightly modified procedure.’" After 2 or 24 h of NaOH (1.0
M) treatment, the final suspension was centrifuged (6000 rpm, 20
min), and the supernatant was removed. The compound (V) was
lyophilized for the characterization of color parameters using the
untreated compound V as a reference.

B RESULTS AND DISCUSSION

Preparation of Lignin Nanocapsules and Their
Loading with Tyrosinase and Laccase. Functionalized
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Table 1. Kinetic Parameters of Functionalized Lignin Nanocapsules (I)—(IV)

entry sample K, (mM)
1 (D 0.37 3.89
2 (Im)* 0.36 3.88
3 (1)® 0.17 1245
4 (v)? 0.16 1240

Vinax X 107 (AAbs min pg enzyme)

Vina/ Koy X 1073 immobilization yield (%)“

10.51 90.0
10.77 89.5
7323 64.1
7750 62.3

“Tyrosinase-based system. L-Tyrosine was used as a substrate. “Laccase-based system. ABTS was used as a substrate. “V,,__ represents the maximum
rate achieved by the system, at a saturating substrate concentration. The Michaelis constant K, is the substrate concentration at which the reaction
rate is half of V. All experiments were conducted in triplicate. Average errors in kinetic parameters were 2—4% for K, and 1-3% for V...
“Immobilization yield (%) = [(U, — U,)/U,] X 100. U, is the total activity (units) of the enzyme added to the solution, and U, is the residual

activity (units) in the washing solutions.

lignin nanocapsules supporting tyrosinase and laccase have
been prepared by a modified version of the LbL procedure
(Scheme 1, pathway A), consisting of the consecutive
deposition of alternatively charged polyelectrolytes onto the
appropriate support.”> The coating protects the enzyme from
denaturing agents and allows for regulation of the permeability
toward small substrates.”> Briefly, nanocapsules of OL were
obtained by dialysis of a lignin THF solution against deionized
water.*® The OL nanocapsules were used as a template for the
sequential deposition of positively charged poly(diallyl
dimethylammonium chloride) (PDDA) and negatively charged
tyrosinase from Aspergillus niger. Kinetic parameters of OL/
PDDA/tyrosinase (I) (K., Vi and V,./K,.), determined by
measuring the enzyme activity at different concentrations of L-
tyrosine, were found to be in agreement with data previously
reported*” (Table 1, entry 1), confirming the effective loading
of the enzyme.

CH, a linear polysaccharide composed of randomly
distributed $-(1,4)-p-glucosamine and N-acetyl-p-glucosamine
units, was successfully used as biodegradable, and there was no
toxic alternative to PDDA™ to yield OL/CH/tyrosinase (II).
As reported in Table 1 (entry 2), the kinetic parameters of
OL/CH/tyrosinase (II) were of the same order of magnitude
than that of OL/PDDA/tyrosinase (I).

The SEM image of compound (II) showed nanoparticles
with a regular spherical shape and an average diameter of 0.22
+ 0.02 ym (Figure 1). The SEM image of compound (I) is
reported in the Supporting Information, SI #1. DLS analysis of
compounds (I) and (II) is reported in Figure 2.

Figure 1. SEM images of lignin nanocapsules. (A) OL nanocapsules.
(B) OL/CH/tyrosinase (IL).

In order to improve the range of catalytic activity, laccase
from Trametes versicolor was used instead of tyrosinase as a
negative layer to yield OL/PDDA/laccase (III) and OL/CH/
laccase (IV), respectively (Scheme 1, pathway B). Kinetic
parameters of compounds (IIT) and (IV) are reported in Table
1 (entries 3 and 4). Compounds (IIT) and (IV) showed kinetic
parameters higher than that measured for similar catalysts
previously produced by LbL immobilization of laccase on
multiwalled carbon nanotubes (MWCNTSs).>* SEM images of

Figure 2. Size distribution and polydispersity index (PDI) of OL
nanocapsules (blue line, PDI = 0.349), compound (I) (red line, PDI
= 0.353), and compound (II) (orange line, PDI = 0.382).

compounds (III) and (IV) are in SI #2. The immobilization
yield of samples (I)—(IV) was evaluated as reported in the
following eq (Table 1)

Immobilization yield(%) = [(U, — U,)/U,] X 100

where U, is the total activity (units) of the enzyme added to
the solution, and U, is the residual activity (units) in the
washing solutions.

Procedure for the Pigmentation of Lignin Nano-
capsules Functionalized with Tyrosinase. Tyrosinase (EC
1.14.18.1) catalyzes the conversion of L-tyrosine and L-DOPA
to melanin,*® which is a black pigment widely used in bioink
formulations.”” The mechanism for the synthesis of melanin,
especially for the most common variant, eumelanin, is
reviewed.”® It comprises the formation of colored reactive
intermediates, such as dopachrome, followed by sequential
oxidative coupling reactions.

Eumelanin is usually represented as a complex structure with
oligomeric chain lengths of up to a few tenths of monomers
and variable chemical composition.”” Synthetic melanin is
mostly reported as amorphous solid without distinctive
particles,”’ although some evidence exists that spherical
particles can be produced from synthetic sources under
controlled conditions.®! In this latter case, a 3-fold aggregation
of oligomers, based on z-stacking interactions, has been
proposed.”

With the aim to synthesize melanin on the surface of lignin
nanocapsules, we decided to use OL/CH/tyrosinase (II) as a
representative sample, being that this nanodevice was
composed of biobased ingredients. OL/CH/tyrosinase (II)
(1.0 mg/mL) was suspended in PBS buffer (pH 7, 0.1 M) in
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Scheme 2. Schematic Representation of the Synthesis and Subsequent Deposition of Melanin in the Reaction of OL/CH/
Tyrosinase (II) with L-DOPA and L-DOPA/L-Tyrosine Mixtures, Respectively”

“Different shades of gray were obtained depending on the L-DOPA/L-tyrosine ratio.

the presence of L-DOPA (10 mg), and the suspension was
stirred at 25 °C under oxygen atmosphere. The system showed
a red coloration, probably due to the formation of the
dopachrome intermediate, followed by the appearance of the
characteristic black coloration of melanin. L-DOPA was
completely converted after 2.0 h of reaction time (as evaluated
by gas chromatography associated with mass spectroscopy
analysis) to yield black lignin nanocapsules (V). Nanocapsules
(V) retained the black coloration after treatment with KOH
(1.0 M, 3 x 1.0 mL), suggesting a stable linkage between newly
synthesized melanin and the lignin support (Scheme 2,
pathway A). Lignin nanocapsules were stable during the
KOH treatment, in accordance with previously reported data
on the increased stability of lignin nanoparticles at a high pH
value, as a consequence of the structuring process.”> Moreover,
the alkaline stability of lignin nanoparticles was found to be
significantly improved after chemical grafting with dopamine,
due to cross-linking reticulation reactions.”* Tyrosinase
catalyzes the oxidative coupling between phenolic units
(even when sterically hindered) by formation of reactive
quinone intermediates,”® which can diffuse toward the chitin
layer to the lignin in accordance with the results previously
reported on the diffusion- and reaction rate-limited redox
processes mediated by quinones through bilayer lipid
membranes.*®

This reaction mechanism might be responsible for the
formation of covalent bonds between the phenolic units of
lignin and the growing melanin oligomers, assuring the
observed stability of the black pigment on the surface of
compound (V). 7-Stacking interactions between the aromatic
moieties of the lignin and melanin may be also responsible for
the stability of the nanodevice.”*

TEM and SEM investigations of compound (V) (Figures 3
and 4, respectively) showed the deposition of distinguishable

Figure 3. TEM images of lignin nanocapsules. (A) OL nanocapsules.
(B) Black lignin nanocapsules (V). Agglomerates of amorphous
melanin are clearly evident on the surface of lignin.

Figure 4. SEM images of lignin nanocapsules. (A) OL nanocapsules.
(B) Black lignin nanocapsules (V).

agglomerates of melanin on the surface of lignin. The irregular
shape of these agglomerates, as highlighted by the TEM
analysis, suggested the presence of a variable number of
superimposed layers of amorphous melanin. Note, that
spherical nanoparticles of melanin have been previously
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Figure S. Comparison betweenthe UV—vis spectra of the KOH solution recovered during the preparation of compound (V) and the standard
sample. (Blue line) UV—vis spectra of unbound melanin produced by polymerization of L-DOPA in the presence of OL/PDDA/tyrosinase (II).

(Red line) UV—vis spectra of standard melanin.

Figure 6. (A) ATR-FTIR spectra of melanin recovered from the KOH solution (blue line) and standard melanin (red line). Band assignment: 3196
cm™!, OH—, NH—, and water (broad signal); 1700 cm™', quinone (C=0O stretching); 1606 cm™', indole (ring vibration); 1440 cm™', pyrrole
(C=C stretching); 1250 cm™, pyrrole (N—C stretching); and 1038 cm™, COOH pyrrole (DHICA monomer). (B) ATR-FTIR spectra of OL/
PDDA/tyrosinase (II) (red line) and compound (V) (blue line). The band at 1038 cm™ COOH in compound (V), corresponding to the pyrrole

group (DHICA monomer), is a characteristic of the melanin structure.

obtained using tyrosinase adsorbed on an inert glass surface, in
which case, interactions were not operative between melanin
and the support.”’

Moreover, the internal spherical shape of compound (V)
was similar to that of compound (II), indicating that the L-
DOPA polymerization process was limited to the surface of
lignin (Figure 3, panel A versus panel B).

Characterization of the Melanin Pigment and
Production of the Gray Color. The UV—vis spectra of the
KOH solution recovered during the preparation of compound
(V) was similar to that of the standard (Figure S), confirming
the synthesis of the melanin pigment. The amount of unbound
melanin was measured by comparing the OD at 470 nm with
respect to the standard sample.” As reported in SI #3, 0.2 mg/
mL of unbound melanin was detected, indicating that c.a. 0.8
mg of melanin was retained per 10 mg of compound (V).

The ATR-FTIR spectra of compound (II) showed the
vibration bands for the most frequent monomeric subunits in
melanin, $,6-dihydroxyindole (DHI), and $,6-dihydroxyindole-
2-carboxylic acid (DHICA), respectively. However, the signal

of the carboxylic acid (COOH, 1038 cm™") was not found in
the standard, indicating a lower DHICA content in the
reference sample of melanin (Figure 6A).

The vibrational bands of melanin were also detected in the
ATR-FTIR spectrum of compound (V) (Figure 6B), showing
the characteristic COOH absorption band associated to the
pyrrole group (DHICA monomer) at 1038 cm™".

The presence of the melanin pigment in sample (II) was
definitely proven by first-derivative electron paramagnetic
resonance (EPR) analysis (Figure 7, Table 2, entry 2), which
showed the characteristic melanin EPR signal at a g-factor of
2.0041.°%%

Next, experiments using L-DOPA in the presence of
different concentrations of L-tyrosine were performed in
order to tune the shade of the melanin pigment.”’

When L-DOPA (2.0 mM) was reacted with L-tyrosine (1.0
mM and 0.5 mM, respectively) in the presence of compound
(II) under previously reported conditions, lignin nanocapsules
(VI) and (VII), characterized by two different shades of gray,
were obtained. The lighter shade of gray was observed in the
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Figure 7. First-derivative EPR analysis of sample (V). (Red line) Standard melanin. (Green line) Sample (V). (Blue line) OL nanocapsules.

Table 2. Mean Values of g-Factor of Samples (V)—(VII)

entry sample g-factor”
1 standard melanin 2.0036
2 V) 20041
3 (V1) 2.0042
4 (vIn) 2.0038

“The error on the g-factors was +0.0001

presence of the lower amount of L-tyrosine (Scheme 1,
pathways B and C), suggesting the possible control of the
shade simply by varying the ratio between the reagents. SEM
images of nanocapsules (VI) and (VII) are reported in SI #4.

The effective presence of melanin in compounds (VI) and
(VII) was demonstrated by first-derivative EPR experiments, in
which the characteristic signal of melanin was observed at a g-
factor of 2.0042 and 2.0038, respectively (Table 2, entries 3
and 4). Probably, the gray color was a consequence of a low
concentration of the pigment.

Procedure for the Pigmentation of Lignin Nano-
capsules Functionalized with Laccase. Laccase (EC
1.10.3.2, p-diphenol:dioxygen oxidoreductase) is a multicopper
enzyme that catalyzes the oxidation of four molecules of
substrate through the direct reduction of dioxygen (O,).”" The
industrial interest in the application of laccase lies in the low
substrate selectivity, high value of catalytic constants, and high

Scheme 3. Schematic Representation of the Synthesis and Subsequent Deposition of Pigments during the Reaction of OL/

CH/Laccase (IV) with Phenol Derivatives
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thermal resistance.”” Immobilized laccase has been also used in
the chemistry of lignin.”> Laccase efficiently catalyzes the
polymerization of phenol derivatives to form pigments in dying
processes and formulations.** In this latter case, a large panel
of color and a wide range of shade have been obtained by using
heteropolymer synthesis.”* For example, a mixture of natural
compounds belonging to the flavonoids family has been
successfully applied to give rise to yellow, orange, and dark
brown-colored heteropolymers.”®

When the flavonoid epicathechin (2.0 mM) was treated with
OL/CH/laccase (IV) (1.0 mg/mL) in Na-acetate buffer (0.1
M, pH S) at room temperature under dioxygen atmosphere,
the yellow-like-colored lignin nanocapsules (VIII) were
obtained (Scheme 3, pathway A). The color was retained
after being washed with Na-acetate buffer, suggesting the
occurrence of stable interactions between the epicatechin
polymer and lignin. This result is in accordance with data
previously reported on the laccase-mediated grafting-process of
flavonoids on cotton fibers.”® The mechanism for the laccase-
mediated formation of covalent linkages between raw lignin
and flavonoids is reviewed, including the formation of C—C
and C—O covalent bonds.”’

The SEM image of compound (VIII) showed spherical
capsules with an average diameter of 0.33 + 0.02 ym (Figure
8A), while in the TEM analysis, the presence of the epicatechin
layer surrounding the lignin capsule was highlighted (Figure
8B).

Figure 8. (A) SEM image of the yellow-like lignin nanocapsules
(VIII). (B) TEM image of the yellow-like lignin nanocapsules (VIII).

The formation of the epicatechin polymer was monitored by
UV—visible titration at different reaction times (Figure 9).
Epicatechin showed a major absorption band in the range of
250—300 nm. The addition of OL/CH/laccase (IV) afforded
the decrease of the initial absorption band, with the
contemporary formation of a new peak in the 325—800 nm
range (with a maxima at 392 nm), corresponding to the
expected epicatechin polymer.

The ATR-FTIR spectra of compound (VIII) confirmed the
modification of lignin during the reaction with epicatechin, as
evidenced by the disappearance and attenuation of some of the
main absorption bands characteristic of lignin (1738, 1364, and
1217 ecm™") (Figure 10A). Moreover, the spectra showed the
expected absorption bands, including the OH stretching
(3400—3100 cm™"'), C=C stretching (1600 cm™"), and C—
O stretching (1150—1010 cm™").”®

A larger panel of colors was obtained by the reaction of
compound (IV) with mixtures of phenol derivatives. The
treatment of catechol (1.0 mM) and 4-amino-benzoic acid (0.5
mM) with compound (IV) afforded pink-like-colored lignin
nanocapsules (IXa and IXb), whose shade intensity was found
to be dependent upon reaction time, with the darker shade
corresponding to the higher value of reaction time (Scheme 2,
pathway B). The presence of catechol/4-amino-benzoic acid
heteropolymer on the lignin surface of nanocapsules (IXa) was
confirmed by the TEM analysis (Figure 11).

ATR-FTIR spectrum of compound (IXa) showed typical
signals for the amino-benzoic scaffold associated with the
formation of the catechol/4-amino-benzoic acid heteropol-
ymer, including frequency at 760, 860, 1490, 1600, and 1640
em™'7? (Figure 10B).

Red/brown-like lignin nanocapsules (Xa) and (Xb) and
gray/black lignin nanocapsules (XIa) and (XIb) have been
obtained by the copolymerization of hydroquinone (1.0 mM)
with 3-amino benzoic acid (0.5 mM) (Scheme 2, pathway C)
and of resorcinol (1.0 mM) with para-phenylenediamine (0.5
mM) (Scheme 2, pathway C), respectively. Again, the darker
shade of the color was obtained in the correspondence of the
highest reaction time. Pigments were found to be stably linked
to lignin, confirming the formation of covalent linkages
between the colored heteropolymer and the support. TEM
images and ATR-FTIR analyses of compounds (Xa) and (XIa)
are in SI #5 and #6, respectively.

Figure 9. UV—visible titration of the reaction between OL/CH/laccase (IV) and epicatechin. Newly synthesized epicatechin polymer showed a

characteristic absorption peak in the 325—800 nm range.
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Figure 10. ATR-FTIR spectra of compounds (VIII) and (IXa). (A, red line) Absorption bands of compound (IV). (A, blue line) Absorption bands
of compound (VIII). (B, red line) Absorption bands of compound (IV). (B, blue line) Absorption bands of compound (IXa). Characteristic
adsorption bands of the amino-benzoic scaffold were found at 760, 860, 1490, 1600, and 1640 cm™} respectively.

Figure 11. TEM image of nanocapsules (IXa).

Unexpectedly, reactions of compound (IV) produced also
pigments that were unbound to lignin. For example, 2-amino-
3-methoxy benzoic acid (Scheme 4, pathway A), 2-methoxy
hydroquinone (Scheme 4, pathway B), and the mixture of 4-
hydroxy-benzoic acid with ABTS (Scheme 4, pathway C) or, in
alternative, the mixture of 4-methylamino benzoic acid with 4-
methoxy-phenol (Scheme 4, pathway D) afforded orange,
yellow, blue, and violet pigments that were lost during the
workup of the reaction.*

These data suggested that catechol or hydroquinone
moieties were necessary for the formation of a stable linkage
between the pigment and lignin. Probably, the higher reactivity
of these derivatives with respect to simple phenols in the
oxidative cross-coupling process may be responsible for the
observed results.*” This hypothesis is in accordance with the
role that quinone derivatives play in the covalent grafting of
lignin.*'

Characterization of Color Parameters after Pigmen-
tation of Lignin Nanocapsules. The characterization of the
color parameters of compounds (V)—(VIII), (IXa), (IXb),
(Xa), (Xb), (XIa), and (XIb) has been performed by
reflectance spectrophotometry (Figure 12A) using the CIE
L*a*b* system (Figures 12B,C). The reflectance spectrum and
the values of chromatic coordinates indicated for the reference

lignin nanocapsules a yellowish color (average value of b*
equal to 23.3).*” Compound (V) confirmed a black—gray color
having low reflectance in the visible spectrum and low values of
the chromatic coordinates. A similar trend was observed in
compounds (XIa) and (XIb), that exhibited, in respect to
compound (V), only a slightly higher value of lightness.

Lignin nanocapsules (VI) and (VII) showed constant values
in the reflectance spectrum along the entire visible range,
confirming the light gray color of these samples. The two
different gray shades were also documented by color
measurements, with compound (VI) showing the higher
value of lightness and the lower value of b* with respect to
compound (VII).

Compound (VIII) exhibited a reflectance spectrum similar
to that of compounds (II) and (IV), with a clear dominance of
yellow, as showed by the b* value. Compounds (IXa) and
(IXb) showed a different trend in the reflectance spectra and
in the values of chromatic coordinates a* and b*; whereas the
values of L* were the same for the two samples. In particular,
compound (IXb) has a higher value of b*, indicating a yellow
dominance of the color, on the other hand, sample (IXa) is
located very close to the center of the chromatic diagram, i.e.,
the gray scale axis.

Compounds (Xa) and (Xb) exhibited the typical reflectance
spectra of orange—red color with a rapid increase of reflectance
in the red portion of the visible range at 650—700 nm,
especially highlighted in the case of compound (Xb).

Effect of Ultraviolet Photoirradiation and Alkaline
Treatment on the Color Strength and Fastness Proper-
ties. The effect of UV photoirradiation on the color strength
and light fastness properties was evaluated in the case of
compounds (V) and (VII) as representative examples of
black-colored and yellow-like-colored nanoparticles. Color
strength and light fastness are important physical properties
for the quality, weather resistance, and applications of the inks.
Alkaline medium and artificial and natural light may cause
most pigments to degrade, resulting in color change. The light
fastness of inks is important, especially in tattoo, in packaging,
and in printing industries.”’ Light fastness refers to the
resistance of a color to fading under the sunlight radiation. The
effect of UV irradiation on the color change of compounds (V)
and (VIII) is reported in Figure 12D and Table 3. The color
changes were defined as both variation of the single chromatic
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Scheme 4. Unproductive OL/CH/Laccase (IV) Catalyzed Polymerization of Phenol Derivatives 2-Amino-3-methoxy Benzoic
Acid (Pathway A), 2-Methoxy Hydroquinone (Pathway B), and of a Mixture of 4-Hydroxy-benzoic Acid with ABTS (Pathway
C) or 4-Methyl-amino Benzoic Acid with 4-Methoxy-phenol (Pathway D)“

“After the reaction, the orange, yellow, blue, and violet pigments were not retained on the surface of the lignin nanocapsules.

Figure 12. (A) Reflectance spectra of colored lignin nanocapsules (V—VIII), (IXa), (IXb), (Xa), (Xb), (XIa), and (XIb). (B) CIE L*a*b*
parameters of nanocapsules (V—VIII), (IXa), (IXb), (Xa), (Xb), (XIa), and (XIb). (C) Chromatic diagram for a*b* parameters. (D) Reflectance
spectra of compound (V) and (VIII) after UV irradiation and treatment with NaOH.

coordlna.tes énd total color variation (AE ). AE 1: the AE* = \/{(AL*)Z + (A + (AVY)) )
geometrical distance between two points in the CIE L*a*b*
colorimetric space and is calculated according to eq 1.
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Table 3. Variations of the Chromatic Coordinates L*, a*, b*, and Total Color Change (AE*) of Compound (V) and (VIII)

entry compounds treatment L3 a*
1 V) none 27.2 2.89
2 ) UV2h 295 3.04
3 v) UV 24 h 21.1 4.00
4 v) NaOH 1M 2 h 12.1 0.89
5 (V) NaOH 1 M 24 h 18.7 1.67
6 (vIII) none 65.08 5.98
7 (VIII) UV2h 6278 9.12
8 (VIII) UV 24 h 61.41 9.79

b* AL* Aa* Ab* AE*Y
8.69
9.15 2.26 0.15 0.47 2.31
10.0 —-6.11 1.11 1.31 6.35
2.08 —15.1 —-1.99 —6.61 16.6
4.04 -8.5 —1.22 —4.65 9.77
25.59
23.85 —2.30 3.14 —-1.74 4.26
22.78 —3.67 3.81 —2.81 5.99

“L* describes the lightness, while a* and b* describe the chromatic coordinates on the green-red and blue yellow axes, respectively. PAE* is

defined as reported in eq 1.

Samples (V) and (VIII) showed only a slight color variation
after 2 h of UV irradiation, as indicated by the AE* value
(Table 3, entries 2 and 7). A value of AE* close to 2 is
considered imperceptible by human eye, the perceptible
variation being observed only at a AE* value close to 5.**
Interestingly, the sample (V) showed a darker black color (that
is a decrease of L*) after 24 h of irradiation (Table 3, entry 3),
suggesting the occurrence of a further polymerization process,
probably involving semiquinoid-type free radical species, able
to increase the 7-conjugation degree of the sample.*” In the
case of sample (VIII), only a modest AE* variation was
observed after 24 h, encompassing the decrease of L*
(darkening), the increase of a* (reddish trend), and the
decrease of b* (yellowish trend) (Table 3, entry 8).

The treatment of the sample (V) with NaOH as the selected
example produced a great variation of color after 2 h, mainly
due to the change of the L* value, in association with a slight
decrease of b* (Table 3, entry 4). The resulting color was
darker than the reference and completely black, having lost the
b* contribute. The reflectance spectrum further supports this
assessment (Figure 12). Note, that a lower value of AE* was
observed after 24 h of treatment (Table 3, entry S). This
reaction pattern can be explained assuming that NaOH can
initially favor the complete polymerization of melanin
quinones intermediates by a general alkaline catalysis,*®
followed by the degradative pathway of lignin for a longer
reaction time.”’”

B CONCLUSIONS

We have described the preparation of unique and sustainable
bioink ingredient-functionalized lignin nanocapsules. The
synthesis of the pigment was catalyzed by LbL-immobilized
tyrosinase and laccase, with the lignin scaffold performing as
the vehicle and binder of the pigment. L-DOPA, L-tyrosine,
epicatechin, and other phenol derivatives were used as
reactants to afford a large panel of pigments. When tested
together, a mixture of phenols afforded different colors, with
the specific shade being dependent upon both the reaction
time and the ratio between the two reactants. Pigments were
found to be stably linked to lignin, suggesting the formation of
covalent bonds between the pigment and the support. The
presence of the catechol or hydroquinone moiety in the
substrate was essential for the stability of the ink. Oxidative
coupling processes occurring through reactive quinone
intermediates were probably responsible for this effect. The
pigmentation process does not modify the spherical shape of
lignin nanocapsules, and the pigment was mainly deposited on
the surface of lignin, probably in the proximity of immobilized
enzymes. Black bioinks characterized by low values of

reflectance (samples (V), (XIa), and (XIb)) were obtained.
The lowest value of lightness (L*) was measured for
compound (V), with it being the blackest ink. Two shades
of gray were also obtained (samples (VI) and (VII)). Yellow
shades were observed with compounds (VIII), (IXb), (Xa),
and (Xb). Lastly, compound (IXa) showed a light gray-orange
color with low saturation, with it being positioned close to the
center of the a*b* chromatic diagram. Compounds (V) and
(VIII) were resistant to ultraviolet photoirradiation. In the case
of (V), the color darkness increased during the exposition
time. Exposure to ultraviolet radiation usually induces the
modification of melanin,®® suggesting the occurrence of a
protective effect, probably due to the known UV shielding
capacity of lignin at the nanoscale level.”” Compound (V) was
also resistant to alkaline treatment, retaining a black coloration
darker than the reference, even for prolonged reaction time.
The very fact that the pigment is confined on the surface of
lignin nanocapsules, which can contemporary act as vehicle,
additive, and binder for the pigment, encourages to further
evaluate the possibility to use this procedure for the
preparation of unique polyvalent bioinks.
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