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ABSTRACT:

Bioinspired aerogel functionalization by surface modification and coating is in high demand for
biomedical and technological applications. In this paper, we report an expedient three-step entry
to all-natural surface-functionalized nanostructured aerogels based on a) TEMPO/NaClO
promoted synthesis of cellulose nanofibers (TOCNF); b) freeze-drying for aerogel preparation;
and c) surface coating with a eumelanin thin film by ammonia-induced solid state polymerization
(AISSP) of 5,6-dihydroxyindole (DHI) or 5,6-dihydroxyindole-2-carboxylic acid (DHICA)
previously deposited from an organic solution. Scanning electron microscopy showed uniform
deposition of the dark eumelanin coating on the template surface without affecting porosity,
whereas solid state *C NMR and electron paramagnetic resonance (EPR) spectroscopy
confirmed the eumelanin-type character of the coatings. DHI melanin coating was found to
confer to TOCNF templates a potent antioxidant activity, as tested by the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assays
as well as strong dye adsorption capacity, as tested on methylene blue. The unprecedented
combination of nanostructured cellulose and eumelanin thin films disclosed herein implements
an original all-natural multifunctional aerogel biomaterial realized via an innovative coating

methodology.

INTRODUCTION
Aerogels are cellular solids usually obtained by the random interconnection of nanoparticles or
nanowires.! The resulting network skeleton provides ultra-lightweight highly porous materials,

which have attracted increasing interest in the last years for their potential ranging applications



as drug-carriers, catalyst supports, thermal and acoustic insulators, adsorbent units, and templates
for active coating.>® Both inorganic and organic solutions have been proposed in this field, the
latter usually affording better performances from a mechanical strength point of view.*®
Moreover, recent environmental issues and the creation of recycle-based and sustainable
societies have driven the fundamental research and application of materials deriving from natural
and recycled sources.

In this context, cellulose and nanocellulose have been widely investigated for the fabrication of
aerogels and membranes, following different homogeneous and heterogeneous approaches.” The
choice of this biopolymer allows to take advantage of the enhanced chemical-physical properties
of the polysaccharide, providing, at the same time, biodegradable and eco-friendly materials
which match the common rules of green chemistry. In particular, nanofibrillated cellulose has
been successfully suggested as a building block for the construction of aerogel skeletons, due to
the low density, high strength and large surface area of the fibers.?!°

Among the several techniques suggested for cleaving the hierarchically ordered native
cellulose, (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl (TEMPO) mediated oxidation appears to be
the first choice for the production of cellulose nanofibers (CNF), due to the simplicity, efficiency
and versatility of the approach, which is performed under mild conditions (room temperature)
and with inexpensive reagents.!!"!* Corresponding aerogels can be obtained following a simple
reported procedure, consisting in the freeze-drying processing of the milky suspension of
TEMPO-oxidized CNF (TOCNF).!%13

While interesting by themselves as biocompatible organic substrates to be used either as drug
delivery vehicles or as scaffolds for tissue engineering,'®!® CNF-aerogels can also be further

manipulated in order to confer or optimize functionality. A possible approach consists in



promoting nanofibers reticulation by formulating the aerogel in the presence of suitable cross-
linkers. The latter usually have the dual function of consolidating the network by cross-linking of
nanofibers and of introducing new functional groups with specific activity.!>?° In this context,
we have recently reported the synthesis of adsorbent materials with sponge-like structure by
cross-linking TOCNF with branched polyethyleneimine (bPEI). The resulting nanostructured
sponges have been proposed as efficient adsorbent materials for water remediation.?! Moreover,
we have extended this protocol to the preparation of novel polymeric conjugate materials, with a
porous structure, which were successfully used for the heterogeneous sensing of fluoride anions
in DMSO solution.?

Alternative approaches involve use of CNF-aerogels as templates for either inorganic or
organic coatings.?3?® From the inorganic point of view, we have recently reported a one-pot
protocol for the synthesis of ceramic aerogels by mixing aqueous hydrogels of CNF with TiO: or
Ti02/S102 sols and subsequent freeze-drying of the obtained mixtures. The calcination of the
resulting hybrid materials led to the formation of ceramic cellular solids with combined
adsorption and photo-degradation properties.?’

A highly attractive, yet still apparently unexplored entry to CNF functionalization would be
based on the exploitation of the unique physico-chemical properties of eumelanins, 2832 the
antioxidant and photoprotective pigments of human skin and eyes. Eumelanins are insoluble
biopolymers derived biogenetically from tyrosine or DOPA via the oxidative polymerization of
5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) (Figure 1).
Both natural eumelanins and their synthetic mimics are endowed with a unique set of
physicochemical properties, including a broadband absorption spectrum unusual for organic

pigments, semiconductor-like behavior, a stable free radical character, efficient UV-dissipation



and, notably, antioxidant and free radical scavenging properties, suggesting application in
organic electronic, biosensing, nanomedicine and drug delivery. ** A mussel-inspired variant of
eumelanin biopolymers produced by autoxidation of the catecholamine dopamine (DA) leads to
the formation of the black polydopamine (PDA), a versatile biomaterial widely employed for the
deposition of films or multifunctional coatings on a wide range of materials.>*>° PDA coating of
non-oxidized cellulose microfibrillated membranes was reported recently together with the
efficient performance of the new material as separator for lithium-ion batteries.** However, the
PDA-based dip coating technology was unsuitable for application to CNF due to the limited
resistance of the latter to degradation in aqueous media, requiring development of alternate
procedures.

An alternative route for eumelanin coating has been proposed recently,*! which allows to
overcome the main issues associated with the limited processability of eumelanins due to
insolubility in most solvents. Typically, eumelanin thin films are obtained by direct deposition of
the pigment from aqueous alkali favoring partial solubilization due to oxidative backbone
modification. In the ammonia-induced solid state polymerization (AISSP) protocol, a soluble
eumelanin monomer is uniformly deposited on the substrate from an organic solvent and is then
exposed to gaseous ammonia in air-equilibrated atmosphere. Under these conditions, the
monomer undergoes polymerization in the absence of solvent with apparent darkening denoting
formation of eumelanin film capable of reproducing the shape of underlying substrates. As
monomer precursors, DHI and DHICA can be selected in place of the commonly used DA or
DOPA for melanin-coating due to their solubility in organic solvents, higher oxidizability and

the superior antioxidant properties of DHI and DHICA melanins.3>434¢
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Figure 1. Chemical structure of principal melanin precursors.

Herein we report AISSP based eumelanin-coating as a viable biomimetic strategy to confer
antioxidant and adsorption properties to TOCNF aerogels in organic media. Salient outcomes of
the study include a) the extension of the solid-state polymerization protocol for eumelanin
coating to porous CNF aerogels; b) the characterization of the antioxidant and paramagnetic
properties of the first all-natural bioinspired organic aerogel coated with a multifunctional
bioinspired eumelanin layer; c) the dependence of eumelanin coating properties on the monomer

used.

MATERIALS AND METHODS

Materials

5,6-Dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) were prepared
according to a reported procedure.>* All other chemicals were commercially available and were

used without further purification.

Synthetic procedures
Synthesis of TOCNF aerogels: TOCNF were obtained according to the procedure reported in our

previous paper.>!*’ Briefly, KBr (1.19 g, 10.0 mmol) and TEMPO (156 mg, 1 mmol) were



dissolved in deionized water (450 mL) in a three-necked round-bottom flask. Cotton wool (8.1 g,
50.0 mmol of anhydroglucose) was added to the solution and soaked for 1 h at room temperature,
after which a 12.5% w/w sodium hypochlorite solution (36 mL) was added. The pH value was
maintained in the range of 10.5-11 by using 0.5 M aqueous sodium hydroxide solution. The
obtained suspension was stirred for 6 h. The cellulose fibers were then collected by filtration
onto a sintered glass funnel, washed with deionized water (250 mL, 3 times), and re-dispersed in
water at pH 11.0 (200 mL). The slurry was sonicated at 0 °C using a Branson Sonifier 250
equipped with a 6.5 mm probe tip working at 20 kHz in continuous mode, with an output power
50% the nominal value (200 W), until an almost transparent liquid was obtained (approximately
1 h of sonication). After acidification (to pH 1-2) with concentrated HCI (37% w/w aqueous
solution), the white precipitate was recovered on a sintered glass funnel and washed extensively
with deionized water (6 x 200 mL). The final weight of TOCNF paste was measured in order to
quantify the cellulose content.

A 3.5% w/v aqueous suspension of dry CNF (160 mL) was stirred for 1 h and then sonicated for
30 min in an ice bath. The liquid was pipetted into 24-well plates (10 mL in each well) and
frozen at -80 °C for 12 h. The freeze-drying at -60 °C for 48 h afforded white cylindrical CNF-
aerogels.

Preparation of Melanin-Coated TOCNF (Mel-TOCNF) aerogels by Ammonia Induced Solid
State Polymerization (AISSP): The circular disks of CNF aerogels were dipped into a 1 mg mL!
DHI or DHICA solution in ethyl acetate (or ethyl acetate alone for the blank) and exposed for 3 h
to air-equilibrated gaseous ammonia from an ammonia solution (28% in water) in a sealed
camera at 1 atm pressure and 25 °C. Mel-CNF and blank-CNF aerogels were then dried under

vacuum for 3 h. For preparation of DHI and DHICA melanin a 1 mg mL™! ethyl acetate solution



of each substrate was exposed to gaseous ammonia as above and after 3 h taken to dryness to

recover the dark brown pigments.

Characterization

The '*C cross-polarization magic-angle-spinning (CP-MAS) spectra were recorded with an FT-
NMR AvanceTM 500 (Bruker BioSpin S.r.l) with a superconducting ultrashield magnet of 11.7
Tesla operating at 125.76 MHz '3C frequency. The following conditions were applied: repetition
time 4 s, 'H 90 pulse length 4.0 ms, contact time 1.2 ms, and spin rate 8 kHz. The compounds
were placed in a zirconium rotor, 4 mm in diameter and 18 mm high. The chemical shifts were
recorded relative to glycine standard, previously acquired (C=0O signal: 176.03 ppm, relative to
tetramethylsilane reference).

Scanning electron microscopy (SEM) was performed using a variable-pressure instrument (SEM
Cambridge Stereoscan 360) at 100/120 Pa with a detector VPSE. The operating voltage was 20
kV with an electron beam current intensity of 150 pA. The focal distance was 8 mm. The
specimens were used without any treatment.

Electron paramagnetic resonance (EPR) measurements were performed by following an
experimental procedure recently set up for paraffin-embedded sections of melanoma
samples>3 and used in the characterization of DHI and DHICA melanins.32 Samples were
measured using an X-band (9 GHz) Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten,
Germany), equipped with a super-high sensitivity probe head. DHI Mel-TOCNF and DHICA
Mel-TOCNF samples were transferred to flame-sealed glass capillaries which, in turn, were
coaxially inserted in a standard 4 mm quartz sample tube. DHI and DHICA melanins obtained by

the same preparation protocol were also investigated as references. Measurements were



performed at room temperature. The instrumental settings were as follows: sweep width, 100 G;
resolution, 1024 points; modulation frequency, 100 kHz; modulation amplitude, 2.0 G. The
amplitude of the field modulation was preventively checked to be low enough to avoid detectable
signal overmodulation. EPR spectra were measured with a microwave power of ~4 mW to avoid
microwave saturation of resonance absorption curve. 64 scans were accumulated to improve the
signal-to-noise ratio. For power saturation experiments, the microwave power was gradually
incremented from 0.004 to 64 mW. The g value and the spin density were evaluated by means
of an internal standard, Mn2*-doped MgO, prepared by modifying a synthesis protocol
reported in literature.>* Since sample hydration was not controlled during the
measurements, spin density values have to be considered as order of magnitude
estimates.46

Water contact angle (WCA) was measured with a Data Physics OCA150 contact angle system at
ambient humidity and temperature, and the software was SCA20 version 2.3.9. build 46.
Droplets of deionized water were placed at different locations on the aerogel samples with a
micro-syringe. The droplet volume was 8 pL. A minimum five readings was taken for each
sample in order to determine the average values. Typical standard deviations are 2—3°.

The bulk density of the TOCNF and Mel-TOCNF aerogels was determined from the dimensions
and weights of the samples, while the related porosity (P) was calculated using the bulk density
of the aerogels (db) and the density of the crystalline cellulose nanofibers (dn = ~1.6 g cm™) using

Equation (1), which is obtained from the simple mixing rule with a negligible gas density.*?

P(%)= 100(1—%} (1)

n



Antioxidant Experiments

2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay:*=° Mel-TOCNF or blank TOCNF aerogels were
finely cut with scissors and suspended at 0.5-2 mg mL"! in a freshly prepared 0.2 mM solution of
DPPH in ethanol and the mixture was taken under vigorous stirring at room temperature. After
10 min the solution was filtered and absorbance at 515 nm was measured by UV/Vis
measurements using a Hp 8453 UV-spectrophotometer. Results were expressed as percentage of
reduction of the initial DPPH radical absorption. Experiments were run in triplicate.
2,2'-Azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) Assay: The ABTS radical cation
(ABTS™") was produced as described’! by reacting ABTS with potassium persulfate. The ABTS*
solution was diluted with ethanol to an absorbance of 0.70 at 745 nm. Mel-TOCNF or blank
TOCNF aerogels were finely cut with scissors and suspended at 0.5-1.5 mg mL™! in this solution.
The mixture was taken under vigorous stirring at room temperature and after 10 min the
absorbance at 745 nm was measured. Results were expressed as percentage of reduction of the

initial ABTS"absorption. Experiments were run in triplicate.

Adsorption Experiments

Methylene blue (MB) Adsorption Studies:*’ Adsorption experiments were performed at room
temperature by immersion of Mel-TOCNF or blank TOCNF aerogels (58 mg average) in a 2 mg
L' MB ethanolic solution (10 mL). At different time-points, the liquid was sampled (5 mL),
immediately centrifuged (2 min, 1000 rpm), and the absorbance at 654 nm of the supernatant
measured by UV/Vis measurements using a Beckman DU640 UV-spectrophotometer. After the

measurement the liquid was remixed with the fraction containing the solid and added to the
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original suspension. Results were expressed as percentage of reduction of the initial MB
absorption. Experiments were run in triplicate. Other experiments were performed on TOCNF

aerogels finely cut with scissors and under magnetic stirring.

RESULTS AND DISCUSSION

Synthesis and Characterization of Eumelanin-Coated Aerogels

Cellulose aerogels were prepared according to an optimized procedure previously reported 2!’
and described in detail in the Experimental Section. TOCNF were first obtained by
TEMPO/NaClO-mediated oxidation of cotton cellulose. The protocol consists into the selective
conversion of a variable amount of C6 hydroxyl functional moieties of cotton cellulose backbone
to the corresponding carboxylic groups (Scheme 1, path a). Titration revealed a content of
carboxylic acid units of 1.1 mmol g!'.%!

By operating under basic conditions, it is possible to promote defibrillation of cellulose, thanks
to the electrostatic repulsion of the negative charges distributed on the nanofibers (Scheme 1,
path b), while following acidification allows the recovery of cellulose nanofibers (Scheme 1,

path c).
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Scheme 1. Protocol for the synthesis of TOCNF.

Milky suspensions of so-prepared TOCNF were pipetted in 24-well plates and frozen at -80
°C. The subsequent freeze-drying at -60 °C for two days afforded white cylindrical TOCNF-
aerogels with a final volume of 7 cm?®, a bulk density dv of about 40 mg cm™, and a resulting
porosity of 97.5%. TOCNF-aerogels thus prepared were coated with eumelanin using the
recently developed AISSP *! of DHI and DHICA (Scheme 2).

Figure 2 shows complete aerogel coating, as apparent from the dark colorations, black in the
case of DHI, or dark brown in the case of DHICA.

The 13C cross polarization-magic angle spinning (CP-MAS) solid state NMR spectrum of dried
DHI Mel-TOCNF aerogel is reported in Figure 3. In addition to the peaks associated with the
carbons of the anhydroglucose units of cellulose,*’ and the signal at 175 ppm, which should be
ascribed to the carboxylic groups deriving from the oxidation of pristine polysaccharide,?! a
broad signal appearing at 130-140 ppm reveals the presence of aromatic carbons, which can be
uniquely ascribed to DHI units on the material surface. As DHI and DHICA melanins are
characterized by the presence of unpaired electrons which are easily detected by electron

32,46 with the aim to further confirm the formation

paramagnetic resonance (EPR) spectroscopy,
of a melanin coating on the TOCNF surface and to characterize its structural features, EPR
measurements were carried out on DHI Mel-TOCNF and DHICA Mel-TOCNF samples.

In the former case a well-detectable single peak is obtained (Figure 4a), while in the latter one
a very weak and broad signal is observed. For comparison, the EPR spectra of DHI and DHICA

melanin obtained by the same synthetic protocol were registered. The DHI Mel-TOCNF and

DHI melanin spectra are very similar, as quantitatively confirmed by the signal amplitude AB

12



(5.7 £ 0.3 vs. 5.3 £ 0.2) and the g value (2.0029 + 0.0003 vs. 2.0030 + 0.0002), which is

consistent with the presence of carbon-centered radicals.*®
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Scheme 2. Schematic illustration of AISSP melanin-coating of white TOCNF-aerogels.

Figure 2. a) TOCNF (untreated), b) DHI Mel-TOCNF, and c¢) DHICA Mel-TOCNF aerogels.
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Figure 3. 3C CP-MAS solid state NMR spectrum of dried DHI Mel-TOCNF aerogel.

Moreover, the normalized power saturation profiles, reported in Figure 4b, show for both
samples a maximum after which only a limited intensity decrease is observed, suggesting a quite
heterogeneous distribution of the radical centers. These evidences indicate that the coating on the
TOCNF surface presents the same features of pure DHI melanin. Based on the spin density
determined for DHI melanin (~7 x 10'8 spin g'!), a semi-quantitative estimation of the melanin
weight fraction in the DHI Mel-TOCNF sample indicates a value of about 1 x 1073, In the case of
DHICA Mel-TOCNF, the comparison with the DHICA melanin spectrum shows that the degree
of deposition of the melanin coating is very limited, thus hampering a detailed analysis of the

spectral features.
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Figure 4. a) EPR spectra of DHI Mel-TOCNF and DHI melanin (upper part of the figure,
continuous and dashed line, respectively) and DHICA Mel-TOCNF and DHICA melanin (lower
part of the figure, continuous and dashed line, respectively) samples. DHI Mel-TOCNF and
DHICA Mel-TOCNF spectra have been normalized by the sample weight. b) Amplitude vs

power intensities of DHI Mel-TOCNF (full squares) and DHI melanin (open squares).

Finally, scanning electron microscopy (SEM) analysis (Figure 5) showed that the pristine
porous architecture of CNF-aerogels was virtually unaffected by eumelanin coating, confirming
that the polymerization process occurred on the template surface, without forming lumps or
occluding the pores. The 2D-sheet like morphology of the pore walls, usually observed for CNF-
aerogels obtained from the freeze-drying of aqueous suspensions with a content of dry cellulose
higher than 0.5% w/v,*® is preserved after the induced polymerization. At higher magnification,
the polymer deposition is manifested, appearing to be more significant for DHI Mel-TOCNF

aerogels, compared to DHICA Mel-TOCNF ones.

15



Figure 5. SEM images of (a, b) TOCNF, (c, d) DHI Mel-TOCNF, and (e, f) DHICA Mel-

TOCNF aerogels.

The higher efficiency in DHI coating also resulted in a significant modification of the surface
wetting property of the aerogel, as confirmed by water contact angle (WCA) measurements. As
expected due to its hydrophilic surface, TOCNF aerogel adsorbed the water droplets
instantaneously (Movie S1, Supporting Information). A slightly slower, but still very fast water
adsorption was observed for the DHICA Mel-TOCNF aerogel as well (Movie S2, Supporting
Information). For both these two materials it was impossible to measure any WCA. On the
contrary, the DHI Mel-TOCNF aerogel showed a higher hydrophobicity (Movie S3, Supporting

Information), with a WCA of 94.2° (Figure 6).
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Figure 6. WCA on DHI Mel-TOCNF aerogel.

Antioxidant Assays

The antioxidant capacity of Mel-TOCNF aerogels was assessed through the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) #>° and 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) !
assays. DPPH is a stable free radical characterized by a strong absorption maximum at 515 nm
and a deep violet color in ethanol solution. Upon interaction with a reducing agent, DPPH turns
into a yellow hydrazine, which has no absorption in the visible region (Figure 7a). By
monitoring the decrease of the absorption at 515 nm of a solution of DPPH in the presence and in
the absence of an antioxidant, it is possible to estimate the reducing activity of the latter. ABTS
radical cation, which is produced by oxidation of ABTS with potassium persulfate prior to the
addition of antioxidant, has a blue-green chromophore absorption and the antioxidant activity is
determined by its decolorization, by measuring the reduction of the radical cation as the

percentage inhibition of absorbance at 734 nm.
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Figure 7. a) DPPH reduction by TOCNF and Mel-TOCNF-aerogels (1.5 mg mL™). b) Free
radical scavenging properties of DHI Mel-TOCNF (grey bars), TOCNF (white bars), and
DHICA Me-TOCNF (black bars) aerogels at 1.5 mg mL"' (mean values + SD, n= 3

experiments). c¢) Free radical scavenging by DHI Mel-TOCNF aerogel at different doses (mean

values + SD, n= 3 experiments).

The results reported in Figure 7b show very good reducing properties in both assays for the

DHI Mel-TOCNF aerogel compared to the blank TOCNF aerogel. The low antioxidant activity

18



exhibited by the DHICA Mel-TOCNF aerogel can be ascribed to the lower degree of
melanization achieved with the less oxidizable melanin precursor DHICA, as observed by SEM
and EPR analysis. Figure 7c shows that the free radical scavenging by DHI Mel-TOCNF is dose-

dependent.

Methylene Blue (MB) Adsorption Test

Figure 8 reports the results of MB adsorption test performed on the Mel-TOCNF aerogels in
comparison to the blank TOCNF sample, following a protocol previously reported.”’” DHI
melanin-coating significantly improved the adsorption capacity of TOCNF aerogels leading to
35% adsorption after 3 h vs 15% adsorption observed for the blank sample. Conversely, no
significant difference in the adsorption properties were observed comparing the DHICA Mel-
TOCNF aerogel with the blank. A considerable improvement in the adsorbent capacity was
achieved by finely dispersing the aerogels in the MB solution, especially in the case of the
DHICA Mel-TOCNF aerogel. Notably, DHI melanin prepared by the AISSP protocol did not
show significant adsorption capacity toward MB, indicating that deposition onto the

nanocellulose template is critical for this capacity (data not shown).
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Figure 8. MB adsorption by TOCNF aerogels as circular disks (grey bars) or fine dispersion
(white bars)
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Conclusions

An all-natural aerogel with a multifunctional eumelanin coating has been prepared from
cellulose nanofibers (CNF) by a recently-developed procedure involving ammonia-induced solid
state polymerization (AISSP) of suitable melanogenic precursors, i.e. 5,6-dihydroxyindole (DHI)
or 5,6-dihydroxyindole-2-carboxylic acid (DHICA). The resulting highly porous organic
aerogels exhibited structural and paramagnetic properties compatible with an inner cellulose
template covered by a eumelanin-like thin film, conferring potent antioxidant activity and strong
adsorption capacity toward organic dyes. Both the properties of the new multifunctional aerogels
and the scope of the expedient synthetic protocol used for their preparation are worthy of further

investigations for application in a range of biomedical and technological sectors.
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