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Purpose: Lignin is the most abundant source of aromatic biopolymers and has gained interest in industrial and biomedical
applications due to the reported biocompatibility and defense provided against bacterial and fungal pathogens, besides antioxidant
and UV-blocking properties. Especially in the form of nanoparticles (NPs), lignin may display also antioxidant and anti-inflammatory
activities.

Methods: To evaluate these characteristics, sonochemically nano-formulated pristine lignin (LigNPs) and enzymatically-phenolated
one (PheLigNPs) were used to expose zebrafish embryos, without chorion, at different concentrations. Furthermore, two different
zebrafish inflammation models were generated, by injecting Pseudomonas aeruginosa lipopolysaccharide (LPS) and by provoking
a wound injury in the embryo caudal fin. The inflammatory process was investigated in both models by qPCR, analyzing the level of
genes as il8, il6, il1P, tnfo, nfkbiaa, nfk2, and ccl34a.4, and by the evaluation of neutrophils recruitment, taking advantage of the Sudan
Black staining, in the presence or not of LigNPs and PheLigNPs. Finally, the Wnt/f-catenin pathway, related to tissue regeneration,
was investigated at the molecular level in embryos wounded and exposed to NPs.

Results: The data obtained demonstrated that the lignin-based NPs showed the capacity to induce a positive response during an
inflammatory event, increasing the recruitment of cytokines to accelerate their chemotactic function. Moreover, the LigNPs and
PheLigNPs have a role in the resolution of wounds, favoring the regeneration process.

Conclusion: In this paper, we used zebrafish embryos within 5 days post fertilization (hpf). Despite being an early-stage exemplary,
the zebrafish embryos have proven their potential as predicting models. Further long-term experiments in adults will be needed to
explore completely the biomedical capabilities of lignin NPs. The results underlined the safety of both NPs tested paved the way for
further evaluations to exploit the anti-inflammatory and pro-healing properties of the lignin nanoparticles examined.
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Introduction

Lignin is the most abundant sustainable source of aromatic biopolymers, representing 15-30% of the plants’ dry mass.
Every year, the paper manufacturing industry generates nearly 70 million tons of lignin as a low-value by-product usually
used for energy recovery or discarded as a waste liquid.! Only 2-5% of lignin is revalorized in its macromolecular form
and commercialized as an additive in adhesive formulations and polyurethanes or as a surfactant for colloidal
suspensions.’

Recently, lignin has gained interest even in industrial and biomedical applications. In fact, due to the presence of
phenolic hydroxyl groups in its structure, it provides defense against bacterial and fungal pathogens,’ besides
antioxidant* and UV-blocking properties.” Furthermore, these phenolic functionalities allow further modification of
lignin, enabling different applications as an active ingredient, especially in the form of nanoparticles (NPs).® Lignin
nanoparticles (LigNPs) have been lately used in polymeric materials as mechanical reinforcement, UV absorbents,
antibacterial and antioxidant agents in food packaging, and carriers for drug delivery. Extensive attempts have been
made to propose possible uses of lignin waste as fillers for the preparation of polyurethane foams, fiber mats, and
thermoplastics materials, due to its multiple characteristics, such as the high abundance, low weight, carbon neutrality,
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biodegradability, and reinforcing capability.® Even if all these features seem to make lignin the perfect material, given the
fact that it is natural, present almost everywhere, and plentiful, there are reasons explaining its limited use and
applicability. For instance, lignin presents low compatibility with polymeric matrices in composite production and
a heterogeneous molecular structure.

In this frame, the effort of researchers led to the understanding that some factors, such as the sonication time and
amplitude, lignin concentration, and flow rate, can improve the industrial process for lignin nano-transformation.® In
addition, taking advantage of a sono-enzymatic approach for the simultaneous functionalization and nano-transformation
of lignin, recently, phenolated lignin nanoparticles (PheLigNPs) with antimicrobial efficacy have been produced, without
the need for chemical modification or combination with metals, usually required to potentiate the antimicrobial properties
of lignin.’

Phenolation and amination are techniques used to enhance the antibacterial and antioxidant properties of LigNPs.
However, these strategies often involve toxic reagents or metal catalysts and require harsh conditions” ' proposed an
eco-friendly enzymatic approach for grafting functional molecules onto lignin, thereby improving its performance in
specific applications, eg as an antimicrobial agent or as a reinforcing element in composite materials. This biotechno-
logical approach provides clear advantages over chemical modifications, in particular at the environmental level,
avoiding the use of hazardous reagents and reducing toxic wastes.’

Besides the known antioxidant activity of lignin, different biological capabilities characterize this material. For
instance, the great number of S and G phenylpropane groups, ample phenolic hydroxyl groups, and lower molecular
weight are features that give lignin the ability to scavenge free radicals and reactive oxygen species (ROS).'" In addition
to antioxidant, antibacterial, and anti-UV properties, it is reported that lignin possesses anti-inflammatory'? and
neuroprotective properties.’® In this context, the evaluation of new and different properties, such as the possible anti-
inflammatory abilities of completely natural PheLigNPs appears very attractive for biomedical purposes.
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Many papers can be found in the most recent literature describing the attempt to use lignin as a bio-material in the
medical field, since products from plants typically present excellent biocompatibility. However, despite of the growing
research on biomedical applications of lignin-based materials, and in particular LigNPs, such materials still lack
regulatory approval and standardization partially due to intrinsic heterogeneity and additional structural changes during
their extraction.'* ' There are research works on the use of lignin nanoparticles as drug delivery in cancer,”® or as
treatment for different pathologies,”' but most of the data are obtained in in vitro models. Despite the uncontested utility
of the in vitro systems, there is a lack of in vivo evaluations in reliable and accessible animal models.

In this contest, the use of zebrafish (Danio rerio) model can be useful to observe an integrated biological response that
takes into consideration different aspects.>? For these reasons, the zebrafish embryos were used to test in vivo the effects
of LigNPs and PheLigNPs in two distinct inflammatory situations - one induced by a lipopolysaccharide (LPS) injection,
and the other caused by wounding. Zebrafish, a Teleostei fish member of the Cyprinidae family, has been widely used as
a research organism since the 1960s. It possesses a unique combination of features, such as high fecundity, optical
transparency, extra-uterine fecundation, rapid development, and easy genetic manipulation, that make this little fish
amenable to many research fields. Moreover, it can be considered as a credible translational and predictive model.>>**
Zebrafish has been employed so far as a model organism for in vivo illness modeling and evaluation of medicine and
plant-derived extractives since the hematopoietic system and the immune cell types are similar to the human ones.*
Furthermore, zebrafish has been largely implied as an inflammation model, since it is highly influenced by different types
of external injuries, and consequently more susceptible to inflammation.*®

Furthermore, zebrafish embryos are a powerful system for assessing skin inflammatory responses at the early life stages.>’

In this work, different techniques were used to evaluate the anti-inflammatory effects of PheLigNPs, compared to
unmodified LigNPs, on zebrafish embryos. At first, the NPs were characterized by transmission electron microscopy
(TEM) and dynamic light scattering (DLS). Successively, after the screening of lethal and malformation effects through
the ISO/TS 22082:2020 (Nanotechnologies — Assessment of nanomaterial toxicity using dechorionated zebrafish
embryo) (https://www.iso.org/standard/72516.html), a panel of genes, such as nfa, nfkb2, il8, il6, illf, nfkbiaa, and
ccl34a.4, were evaluated by qRT-PCR after both inflammatory models’ generation (LPS injection or wound) (Figure 1).
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Figure | Experimental plan. Two lignin nanoparticles sono-enzymatically extracted were used, i) non-functionalized (LigNPs), and ii) functionalized with phenols groups
derived from tannic acid (PheLigNPs). Both nanoparticles were produced with the intent of being used as additives for adhesives, in polyurethane foams, as surfactants in
colloidal suspensions and for food packaging. Since it is reported that several polyphenolic compounds derived from plant extracts have anti-inflammatory properties we
decided to investigate whether LigNPs and PheLigNPs could have effects on modulating the inflammatory response in two different inflammatory models (embryos LPS-
injected or wounded) Both models were compared at molecular level, undergoing to the same time-exposure to LigNPs and PheLigNPs.
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Sudan Black b histochemical staining was used to evaluate the recruitment of neutrophils after wound and successive
exposure to NPs. Finally, the capability of LigNPs and PheLigNPs to modulate the Wnt/B-catenin signaling pathway was
studied, to explore the possibility that these NPs could promote tissue re-generation. In this research, new beneficial
properties of lignin and phenolated lignin nanoparticles were reported in vivo for the first time, underlining the incredible
potential and applicability that this natural material can have in a variety of areas, and in particular the biomedical field.

Materials and Methods

Synthesis and Morphological and Surface Characterization of LigNPs and PheLigNPs
Protobind™ 6000 soda lignin was purchased from PLT Innovations (Switzerland). Tannic acid (TA), gallic acid (GA),
and 3',5'-dimethoxy-4'-hydroxyacetophenone (acetosyringone) were supplied by ACROS Organics (Belgium). Fungal
laccase Novozym 51003 from Myceliophthora thermophile (EC1.10.3.2) was obtained from Novozymes (Denmark).
Folin-Ciocalteu phenol reagent was purchased from Sigma-Aldrich (Spain).

Pristine lignin, Protobind™ 6000 soda lignin (PLT Innovations, Switzerland) was enzymatically modified using
a laccase-mediator-assisted approach. First, a 1.5 g/L acetosyringone (ACROS organic, Belgium) solution in pH 5.5 50
mM acetate buffer was prepared, and 30 g/L of lignin was added to the mixture. After complete homogenization, 6 U/mL
of fungal laccase Novozym 51003 from Myceliophthora thermophile (EC1.10.3.2) (Novozymes, Denmark) was added to
the solution. The biomass was pre-activated for 1 h before the functionalization. Subsequently, the phenolic compounds
tannic acid (TA) and gallic acid (GA) (ACROS organic, Belgium) were incorporated into the reaction at a concentration
of 18 g/L for each reagent. The functionalization reaction was carried out for 2 h at 300 rpm of agitation and 40 °C.
Finally, the unreacted precursors were separated by centrifugation at 15000 g for 20 min and the phenolated lignin in the
pellet was freeze-dried for 2 days. The successful modification of lignin was assessed by Fourier-transform infrared
spectroscopy (FTIR). Prior to the analysis, the NPs were lyophilized at — 80°C and 0.2 bars for 36 hours in a freeze-dryer
LyoAlfa 15 (Telstar, Spain) to remove the water from the samples. FTIR was conducted with a PerkinElmer Spectrum
100 instrument (PerkinElmer, USA). Spectra were acquired over a wavenumber range of 4000—650 cm ™', performing 64
scans. Baseline correction and normalization were carried out with PerkinElmer Spectrum software. The phenolic content
increase was assessed using the Folin-Ciocalteu phenol reagent (Sigma-Aldrich, Spain). 20 pL of lignin solution at
a concentration of 1 mg/mL was mixed with 100 pL of 20% Na,COj3; and 80 pL of 0.2 N Folin-Ciocalteu reagent. After
10 min of incubation, the absorbance changes at 765 nm were measured and the phenolic content was calculated using
a TA calibration curve.

The nano-transformation of pristine and modified lignin was carried out as previously described.® Briefly, 30 g/L
biomass dispersion was recirculated at a flow rate of 222 mL/min through a 500 mL cylindrical sonochemical flow cell
(Sonics & Materials, Inc., USA) operating at 50% amplitude and equipped with a jacket to maintain the reaction
temperature at 50 °C for 2 h. The LigNPs and PheLigNPs were recovered by centrifugation at 18000 g for 30 min and
freeze-dried for 2 days.

Transmission electron microscopy (TEM) was used to study the morphology of the NPs by placing 10 pL of water-
diluted samples on a carbon-coated 300-mesh copper grid. Grids were observed with a Jeol JEM 2100Plus (JEOL,
Tokyo, Japan) TEM, operating at an acceleration voltage of 200 kV and equipped with an 8 MPx complementary metal
oxide semiconductor (CMOS) Ga-tan Rio9 (Gatan, Pleasanton, CA, USA) digital camera.

The hydrodynamic size distribution of LigNPs and PheLigNPs was evaluated through dynamic light scattering (DLS)
analysis using a Malvern Zetasizer S90 (Malvern Instruments Inc., U. K). The NP hydrodynamic behavior was assessed
after dispersing the NPs (final concentration 100 mg/L) in two different media: i) Milli-Q (mQ) water and ii) FET
solution (0.1 g NaHCO3 and 0.19 g CaSO4*2H20; from Sigma-Aldrich, St. Louis, Missouri, MO, USA; 0.1 g instant
ocean from Instant Ocean Spectrum Brands, Blacksburg, Virginia, VA, USA).

Animal Care
The adults AB wildtype are maintained and bred at the University of Milan-Bicocca zebrafish facility (approved by ATS
Metro Milano Prot. n. 0020984—12 February 2018), in a recirculating ZebTec Active Blue aquatic system (Tecniplast,
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Buguggiate, Italy). All experiments were performed on embryos within 5 days post fertilization (dpf), thus not subject to
animal experimentation rules according to European and Italian directives. Embryos were raised at 28°C and staged

according to Kimmel et al.*®

Streptomyces Griseus Pronase Treatment

The pronase (EC 3.4.24.4; CAS# 9036—06-0, Sigma Aldrich) is an enzyme mixture of several non-specific endo and exo
proteases that digest proteins down to single amino acids, from Streptomyces griseus. Briefly, the pronase was
resuspended and divided into small volumes. The working solution used was 10 mg/mL concentrated. The 6 hpf
developmental stage selected embryos were incubated with pronase in a Petri glass dish for 30 seconds at room
temperature (RT), applying gentle shaking under a stereomicroscope. After that embryos were rapidly and frequently
washed with FET solution (0,1 g of NaHCOs; 0.1 g of Instant Ocean; 0.19 g of CaSO,4*2 H20 for 1L of solution) at least
6 or 7 times. If some chorions were still intact, a mechanical rupture of it, by the use of needles, was provided. Finally,
the embryos were recovered and exposed to LigNPs and PheLigNPs at different concentrations.

Embryonic Zebrafish Assay. ISO/TS 22082:2020 Nanotechnologies — Assessment of
Nanomaterial Toxicity Using the Dechorionated Zebrafish Embryo

Since the chorion plays a role in protecting the embryo from external influences, we removed the chorion to facilitate
a toxicological assessment that is more indicative of direct exposure to the NPs studied. The evaluation was conducted
according to the International Organization for Standardization (ISO) TS 22082:2020 guidelines. Briefly, freshly fertilized
zebrafish embryos were exposed to contaminants for a total of 96 h, after dechorionation treatment with pronase enzyme.

The NPs in solution form were diluted in FET medium to the desired concentration (0.1, 1. 10, 50, and 100 mg/L).
Every 24 h, embryos were screened for lethality, in particular checking coagulation of fertilized eggs, lack of somite
formation, lack of detachment of the tail bud from the yolk sac, and lack of heartbeat, according to the specific time
points. Moreover, sub-lethal endpoints, such as reduced yolk resorption, blood congestion, and formation of edema were
observed from 48 hours post-fertilization (hpf) to 96 hpf developmental stage. At the end of the exposure period, the
embryos were divided into groups, to be processed for morphometric, molecular, and histochemical analyses. The
embryos were observed during 5 different experiments, in which n = 24 embryos were exposed for each condition (0.1, 1.
10, 50, and 100 mg/L) and compared to n = 24 control embryos not exposed. The total number of embryos observed at
the end of the 5 experiments was n = 120 embryos for each condition, compared to n = 120 control embryos not exposed.

LPS-Induced Inflammatory Model

The microinjection of P. aeruginosa lipopolysaccharide (LPS) (derived from strain ATCC 27316, Sigma Aldrich) was used to
generate a model of acute inflammation in zebrafish embryos.'® Embryos at 30 hpf were microinjected with 1 nL of 250 pg/mL
of LPS suspension into the apical portion of the yolk sac. Embryos were incubated at 28.5°C in FET solution to which was added
0.003% 1-phenyl-2-thiourea (PTU, Sigma-Aldrich, Saint Louis, MO) to prevent pigmentation, The experimental groups
observed were i) embryos not injected (negative Ctrl); ii) embryos LPS-injected (LPS, positive control); iii) embryos LPS-
injected and exposed to LigNPs (100 mg/L); iv) embryos LPS-injected and exposed to PheLigNPs (100 mg/L); v) embryos not
injected and exposed to LigNPs (100 mg/L) (Ctrl LigNPs); and vi) embryos not injected and exposed to PheLigNPs (100 mg/L)
(Ctrl PheLigNPs) for 48 hours. At 96 hpf, n = 45 embryos per condition, pertaining to 3 different experiments, were used for
molecular analyses, including the evaluation of tnfo, nfkb2, il8, il6, il1f, nfkbiaa, ccl34a.4 expression levels.

Wound-Induced Inflammatory Model

Anesthetized wild-type larvae were wounded at 48 hpf by a microneedle, causing a cut directly in the caudal fin.
Wounded larvae were then randomly divided into 4 experimental groups, such as i) Ctrl not wounded; ii) Ctrl wounded,;
iii) Embryos wounded and exposed to LigNPs (100 mg/L), and iv) Embryos wounded and exposed to PheLigNPs
(100 mg/L). The embryos after wounding, exposed or not to lignin NPs, were placed at 27 £ 1°C. Every 24 hours,
embryos were placed in a 60 mm Petri dish with a medium containing 0.016% ethyl 3-aminobenzoate methanesulfonate
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salt (Tricaine, Sigma-Aldrich), and a single-plane image was acquired using Leica M205FA microscope equipped with
a SMPx DFC450C digital camera and Leica software (Leica). Larvae were rinsed, placed into fresh FET solution, with or
without NPs, and returned to 27 + 1°C until subsequent imaging. The tissue regrowth area was photographed over time.
At the end of the experiment, n = 30 embryos per condition, pertaining to 3 different experiments, were used for the
molecular analyses, including the evaluation of nfo, nfkb2, il8, il6, ill1f, nfkbiaa, ccl34a.4, wntda, gsk3p, wnt10b, and -
catenin expression levels, while 15 embryos per experiment were used for the evaluation of neutrophils number.

RNA Extraction

Total RNA was isolated from zebrafish embryos (n = 15 embryos randomly collected, for each exposure condition and in
each experiment) using TRIzol reagent (15596018, Invitrogen). First-strand cDNA synthesis reaction from total RNA
was catalyzed by LunaScript® RT SuperMix Kit (New England Biolabs, Ipswich, MA, USA). cDNA was amplified with
specific primers using Phusion High-Fidelity polymerase (Finnzymes, Thermo Fisher Scientific, Waltham, MA, USA).

gRT-PCR: Analyses of Relative Gene Expression Level

Quantitative real-time PCR (qRT-PCR) was performed using Luna® Universal gPCR Master Mix kit (New England
Biolabs, Ipswich, MA, USA), using the Quantum 3™ (Applied Biosystems, Waltham, MA, USA) Real-Time PCR
system, according to manufacturer instructions. Briefly, real-time PCR was performed in a 10 pL reaction containing 600
nM of each primer, 2 pL template cDNA, and 5 pL. qPCR Master Mix. The PCR was run at 95°C for 60 sec followed by
40 cycles of 95°C for 15 sec and 60°C for 30 sec. IsmI2b or mobkl3 were used as the endogenous control. Relative
272AC method, and the
results were presented in a logarithmic scale (log 2-fold change). The primer sequences of tested genes (tnfa, nfkb2, il8,
il6, il1p, nfkbiaa, ccl34a.4, wntda, gsk3f5, wnt10b and fB-catenin) are listed in Additional Table 1.

changes in gene expression between control and treated samples were determined using the

Sudan Black B Staining

To mark the mature neutrophils, we used the Sudan Black histochemical staining, as previously described.” We prepared
the buffer solution with crystalline phenol (16 g), absolute ethanol (30 mL), and double distilled water (100 mL) plus Na,
HPO,*12 H,O (0.3 g). The Sudan black stock solution was prepared by dissolving 0.3 g of Sudan black powder (0.3 g)
into absolute ethanol (100 mL), under stirring for 48 hours at RT. The working staining solution (SB) was made by
mixing stock solution (30 mL) with buffer (20 mL) and filtering. The embryos (n = 15 embryos, randomly collected for
each exposure condition and in each experiment) were fixed with 4% methanol-free paraformaldehyde (PFA) in PBS for
2 hours at room temperature, rinsed in PBS several times, incubated in SB for 20 minutes at RT, washed extensively in
70% ethanol in water, then progressively rehydrated with PBS plus 0.1% Tween-f20 (PBST).

Neutrophils Quantification

To quantify the Sudan black staining, embryos were observed under a stereo microscope, and pictures of the entire tail,
starting from the caudal hematopoietic tissue (CHT) area, were collected. The purple signal area (expressed as arbitrary
units) was calculated by ImageJ Fiji software (https://imagej.net/Fiji) on Bright-field images taken under the same

conditions, such as light exposition and frame size. Using the software, a threshold was applied to the pictures to obtain
regions positive for Sudan black in black and negative in white. Automatic particle counting was then applied in the
pictures, launching the “Cell Counter” plugin, developed by Wayne Rasband.**!

Statistical Analysis
Data are reported as means and standard error of the means (SEM) using GraphPad Prism 9.2.0.332 (GraphPad
Software). To determine the statistical significance between multiple groups, we employed one-way ANOVA, followed
by Bonferroni’s post hoc test analysis. We considered the level of significance at p<0.05.

The data presented were obtained from embryos collected during each experiment from at least 3 mating tanks,
containing 5 females and 5 males per tank. Each replicate was conducted separately, during different days or weeks.
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Results
Physic-Chemical Evaluation of LigNPs and PheLigNPs

To assess the modification of lignin, lignin, and phenolated lignin were analyzed by FTIR. The presence of TA and GA in
the spectrum of the modified lignin was demonstrated by the increase of the —OH signal at the region between 3000—
3600 cm ', associated with the stretching vibration of hydroxyl groups, an increase in the signal at 1340 cm ',
corresponding to phenolic groups, and the increase of —CH groups detected at 2850 and 2930, and 760 cm™'.** The
grafting of the phenolic compounds on the biomass was confirmed by the strong peak at 1720 cm ', corresponding to the
stretching vibration of C=0 bonds (Figure 2A).2%* Additionally, the phenolic content of the phenolated lignin
increased by more than 50%, from 0.88 pmols of TA per mg of biomass to 1.36 pmols of TA per mg.

The LigNPs and PheLigNPs were investigated morphologically by transmission electron microscopy (TEM images).
The electron micrographs obtained showed agglomeration of nanoparticles in both lignin and phenolated lignin
(Figure 2).

—Lignin ——Phenolated lignin

>

Absorbance (a.u.)

3600 2600 1600 600
Wavenumber (cm™)

LigNPs PheLigNPs

200 nm

Figure 2 (A) FTIR analysis of the pristine and phenolated lignin. (B) Electron micrographs of LigNPs and PheLigNPs.
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Table | {-Average (nm) and Polydispersity Index (Pdl) of 100 Mg/L LigNPs and PheLigNPs Measured
by Dynamic Light Scattering (DLS) at Different Time Point and in Different Media (mQ WVater and FET

Solution). Means SD of Three Replicates

NPs (100 mg/L) | Medium | Time (h) | {-Average (nm) = SD Pdl £ SD {-Pot (mV) = SD
LigNPs mQ 0 355.5 £ 7.366 0.197 £ 0.017 -332+%25
mQ 24 293.0 + 4.456 0.172 £+ 0.043
mQ 48 300.8 + 6.657 0.122 + 0.06
mQ 72 301.2 + 3.900 0.134 £ 0.027 =31 £0.1
FET 0 384.0 + 7.725 0.196 * 0.055 —19.7 £ 0416
FET 24 314.7 + 8.554 0.116 £0.017
FET 48 286.3 * 0.650 0.149 £ 0.022
FET 72 292.1 +£7.427 0.122 + 0.034 —17.1 £ 0451
PheLigNPs mQ 0 525.4 + 23.290 0.345 £ 0.016 —32.7 £ 0.451
mQ 24 568.9 + 10.060 0.099 £ 0.015
mQ 48 526.0 £ 15.970 0.221 £ 0.009
mQ 72 500.0 + 3.301 0.181 £+ 0.023 —30.7 £ 0.781
FET 0 564.1 £ 7911 0.334 £ 0.073 —16.5 + 0.902
FET 24 503.7 £ 20.020 0.21 +0.037
FET 48 4825 + 8.429 0.168 + 0.024
FET 72 4523 + 8951 0.197 £ 0.017 —16.3 £ 0.551

Data from DLS analyses, performed in two different media (mQ water and FET medium) and at different time points
(0, 24, 48, and 72 hours), showed that LigNPs and PheLigNPs were relatively stable when resuspended in both solutions.
The hydrodynamic size of LigNPs resuspended in mQ water was 355.5 + 7.366 nm at 0 h, while the hydrodynamic size
at 72 h was 301.2 = 3.900 nm, while the size presenting after resuspension in FET solution was 384.0 + 7.725 at time 0
hours (h), and 292.1 + 7.427 nm at 72 h. Regarding PheLigNPs, the size in mQ water was 525.4 + 23.290 nm at 0 hours
and 500 + 3.301 nm at 72 h, while in FET solution was 564.1 £ 7.911 nm and 452.3 + 8.951 nm at 0 and 72 h,
respectively (Table 1). The polydispersion index (PdI) measurement of both LigNPs and PheLigNPs at 0 and 72
h showed similar values (for LigNPs, an average of 0.156 £ 0.036 in mQ, and 0.145 + 0.032 in FET medium; while
for PheLigNPs, an average of 0.211 £ 0.015 in mQ and 0.227 + 0.037 in FET medium), highlighting the fact that the NPs
were mono-dispersed. The {-potentials, measured in mQ water of LigNP (equal to —33.20 mV at 0 h and —31 mV at 72 h)
and of PheLigNP (equal to —32,40 mV at 0 and —30.7 mV at 72 h), showed that these NPs were negatively charged and
colloidally stable The {-potential measured in the FET solution, even though still negative, presented a reduced charge for
both NPs. For instance, LigNPs showed a {-potential of —19,7 mV at 0 h and —17.1 mV at 72 h, while PheLigNPs had
—16.5 mV at 0 h and —16.3 mV at 72 hours.

Assessment of the Effects of LigNPs and PheLigNPs on Dechorionated Zebrafish
Embryo

The effects after exposure to LigNPs and PheLigNPs were assessed during three static tests, starting from the 80%
epiboly developmental stage, after chemical chorion deprivation (Figure 3). The pronase treatment, used for this purpose,
caused a mortality rate of around 27%, a percentage attributable probably to the treatment itself** (Figure 3A).

After exposure of 96 h, the embryos were fixed in 4% paraformaldehyde (PFA) and measured to observe statistically
significant morphological defects. The body length, the eye area, the eye diameter, the yolk area, and the eye distance
were calculated. The results showed no significant lethal and malformation effects on embryos exposed to both NPs at
different concentrations, compared to control embryos (Ctrl) (Figure 3B-3F). The few malformations detected were
pertinent to body axis defects, in a percentage of less than 4%, observed at the end of the experimental exposure time

(96 hpf).
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Figure 3 (A) Mortality reported as percentage after chemical pronase treatment. (B-F) Measures were performed on embryos at 96 hpf after exposure to both LigNPs and
PheLigNPs at different concentrations. The analyses were taken on embryo body length, eye area and diameter, yolk area, and eye distance.

International Journal of Nanomedicine 2024:19

https:

Dove:

7739


https://www.dovepress.com
https://www.dovepress.com

Bragato et al Dove

Acute Inflammation Induced by P. Aeruginosa Lipopolysaccharide (LPS) Injection and
Investigation of LigNPs and PheLigNPs Exposure Effects

The LPS is an inflammation inducer that stimulates the immune system cells that recognize it. To generate the first acute
inflammation model, zebrafish embryos at the 30 hpf developmental stage were injected with 250 pg/mL of
P aeruginosa LPS (LPS). The chosen injection site was the apical part of the yolk. This particular site was selected
to reduce possible damage to the embryo given by the injection itself and to take advantage of the natural yolk
reabsorption, besides the proximity to the circulatory system.

Soon after the LPS injection, the embryos were exposed for 48 h to the LigNPs and PheLigNPs, at a concentration of
100 mg/L, as reported in the Material and Methods section. Successively, the RNA of these embryos was extracted and
used for qRT-PCR analyses to observe the variation of gene expression levels related to inflammation. The genes
observed were tnfo, nfkb2, ilS, il6, illp, nfkbiaa, ccl34a.4 (Figure 4). Tnfo is related to the immune system and the
inflammatory response activation.’® The nfkb2 is part of a complex that activates genes involved in inflammation and
immune function, increasing the expression of pro-inflammatory molecules like tnfa, il8, il6, il15.>° Nfkbiaa is estimated
to enable NF-kappa B binding activity, acting upstream of or within negative regulation of hematopoietic progenitor cell
differentiation. Importantly, it is upregulated in repairing epithelium after injuries.’” Ccl34a.4 is a chemokine, named
Chemokine ligand 34a, important for the zebrafish immune response.*®

The results observed (Figure 4A) showed that tnfa expression levels increased in LPS-injected embryos and LPS-
injected embryos treated both with LigNPs or PheLigNPs, compared to the negative control (Ctrl). Even if a descendant
trend was visible in LPS-injected embryos exposed to LigNPs and to PheLigNPs, compared to positive control (LPS-
injected embryos), the decrease was not statistically significant. The observation of the other gene expression levels
(nfkb2, il8, il6, 111P, nfkbiaa, and ccl34a.4) showed a similar tendency, meaning an increase in embryos LPS-LigNPs,
compared to positive control (LPS injected embryos), and a decreasing trend in embryos LPS-PheLigNPs compared to
embryos LPS-LigNPs, but not to positive control. The gene expression levels observed in embryos not LPS-injected and
exposed to LigNPs and PheLigNPs are most of the time comparable or downregulated if compared to the negative or
positive control embryos. These results, reported in Figure 4, (Figure 4B) and in Additional Table 2, underline the

absence of effects related to exposure to the studied NPs, highlighting their safety.

Acute Inflammation Induced by Wound Injury and Evaluation of LigNPs and PheLigNPs

Exposure Effects
Acute inflammation can be induced by tail wounding in zebrafish, a well-established model for inflammation and
regeneration studies. Tail wounding was performed by incision of the zebrafish embryo fin with a sterile needle under
a stereo microscope.””

After the wound, the gene expression panel examined was the same as observed in embryos after LPS-induced
inflammation (tnfo, nfkb2, il8, il6, il1p, nfkbiaa, and ccl34a.4). For this inflammatory model, we observed an increase in
almost all gene expression levels compared to the negative control (Ctrl not wounded), confirming its generation
(Figure 4B). The results obtained showed an increase in tnfa, illf, and il6 expression levels in wounded and exposed
to LigNPs or PheLigNPs embryos, compared to the positive control (Ctrl wounded) (Figure 4B, a, e and d). The nfkbiaa
expression levels increased in wounded embryos exposed to LigNPs, but not to PheLigNPs, compared to positive control
(Figure 4B, f). About /8 expression levels, a significant decrease was observed in embryos wounded and exposed to both
LigNPs and PheLigNPs, compared to positive control. The cc/34a.4 expression level decreased only in wounded and
exposed to PheLigNPs embryos, compared to positive control (Figure 4B, g). All results are reported in Additional
Table 3.

The Neutrophil Number is Increased in Embryos Wounded and in Embryos Wounded
and Exposed to LigNPs and PheLigNPs

An acute local inflammatory response can be observed in zebrafish embryos. In fact, an induced accumulation of
neutrophils can be observed near the wounded area (Figure 5A). The zebrafish immune system is highly like that of
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Figure 4 (A). Graphs reporting gene expression levels of tnfa, nfkb2, il8, ilé, ill 5, nfkbiaa, and ccl34a.4 in the acute inflammation model generated by Pseudomonas
aeruginosa lipo-poly-saccharide (LPS) injection (250 pg/mL) in embryos at 30 hpf. The injected embryos were exposed soon after with LigNPs and PheLigNPs (100 mg/L),
and compared to embryos not injected (Ctrl) or control embryos not injected but exposed to LigNPs or PheLigNPs. * p < 0.05 with respect to Ctrl; ° p < 0.05 with respect
to LPS; A p < 0.05 with respect to LPS-LigNPs; ¥ p < 0.05 with respect to LPS-PheLigNPs;** p < 0.0/ with respect to Ctrl; °° p < 0.0/ with respect to LPS; A A p < 0.0/
with respect to LPS-LigNPs *** p < 0.005 with respect to Ctrl; (B) Graphs reporting the expression levels of the same genes observed in (A), but on acute inflammation
model obtained by wound. In this case, the wounded embryos exposed to LigNPs and PheLigNPs were compared to Ctrl wounded or Ctrl not wounded. * p < 0.05 with
respect to Ctrl not wounded; ° p < 0.05 with respect to Ctrl wounded; A p < 0.05 with respect to Wounded LigNPs; ** p < 0.0/ with respect to Ctrl not wounded; °° p <
0.01 with respect to Ctrl wounded; A A p < 0.0/ with respect to Wounded LigNPs; *** p < 0.005 with respect to Ctrl not wounded; °°° p < 0.005 with respect to Ctrl
wounded; A A A p < 0.005 with respect to Wounded LigNPs.
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Figure 5 (A). Representative images wounding experiment. The number of neutrophils recruited in the caudal fin region, at the wound site, was observed and analyzed by
Imagej (Fiji) software. (B) Data represents the mean + SEM of 3 independent experiments. Scale bar: 50 um. * p < 0.05 with respect to Ctrl not wounded; ** p < 0.0/ with
respect to Ctrl not wounded.

humans, even if the first that matures during zebrafish development is the innate immune system. Macrophages, which
can be observed from 15 hpf, are capable of phagocytosing particles, producing reactive oxygen species (ROS), and
killing pathogens still during the onset of blood circulation at 26 hpf.**! The zebrafish neutrophils, which develop by 18
hpf and mature between 24 and 48 hpf, resemble human neutrophils in terms of the presence of segmented nuclei,
cytoplasmic granules, and expression of myeloperoxidase.**

It is important to know that the embryonic tail fin is not a vascularized tissue and that many of the recruited
neutrophils migrate to the sound from nearby tissues, such as the CHT.*

To observe if lignin NPs could have a role in the neutrophils’ recruitment, we caused an injury to 48 hpf embryos and
exposed them to LigNPs and PheLigNPs at the concentration of 100 mg/L, the highest concentration used in this work,
for 72 h. Thereafter, Sudan black b staining was used to mark the mature neutrophils. The results showed a significant
increase in neutrophils number in the positive control embryos (Ctrl wounded), and in embryos wounded and exposed to
PheLigNPs, compared to negative control (embryos not wounded - Ctrl). Upregulation of neutrophils was observed also
in the wounded embryos exposed to LigNPs, though not significative, while in embryos not wounded and exposed to
LigNPs and PheLigNPs, the increased neutrophils number was negligible, again confirming the absence of effects
towards these NPs (Figure 5B).

LigNPs and PheLigNPs Inhibit the Canonical Wnt/p-Catenin Pathway

Zebrafish embryos are an emerging organism to study the cutaneous wound healing, particularly in the field of drug
discovery. In this model, the wound-healing progression recapitulates the stages observed in mammals, except for the
blood-clotting phase. The other processes, such as inflammation, re-epithelialization, granulation tissue formation, and,
finally, remodeling, are resulting very similar.**

In this scenario, the canonical Wnt signaling pathway plays diverse and important roles during regeneration of
different organisms. In the zebrafish fin regeneration, the blastema, which is an organized mass of tissue characterized by
the presence of stem/progenitor cells, is the principal actor that manages the mesenchymal regenerative process. The Wnt
pathway is activated during blastema formation in a spatiotemporal regulated manner, playing a role in tissue organiza-
tion and differentiation, besides in the proliferation of the blastema cells. In mammals, the Wnt/S-catenin pathway
activity is maintained in the adult organism only in specific organs/tissues with high cell turnover, such as the
epidermis.**

Taking into consideration the different properties that lignin NPs presented, we decided to evaluate if LigNPs and
PheLigNPs could have effects on the wound healing process in embryos exposed (Figure 6), at the molecular level
(Figure 6). The results obtained showed that the embryos wounded and exposed to 100 mg/L LigNPs and PheLigNPs,
presented a significantly decreased level of wnt4a, B-catenin, and gsk3p, with PheLigNPs showing the higher (although
not significant) capacity to downregulate these genes. About the wntl0b expression level, a significant decrease was
observed only after PheLigNPs exposure, compared to positive control, whereas increased levels were observed after
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Figure 6 Representative images of wound injury provoked in embryos at 48 hpf. The wounded embryos were soon after treated with lignin nanoparticles, and compared
with Ctrl wounded and Ctrl not wounded embryos till the 96 hpf developmental stage. Successively, wnt4a, S-catenin, gsk3p, and wnt|0b expression levels were evaluated by
qPCR in each experimental group. The genes observed are related to the Whnt/f-catenin signaling pathway, fundamental for the regeneration process. Scale bar: 50 ym. * p <
0.05 with respect to Ctrl not wounded; * p < 0.05 with respect to Wounded LigNPs; ** p < 0.005 with respect to Ctrl not wounded; °° p < 0.005 with respect to Ctrl
wounded; M p < 0.005 with respect to Wounded LigNPs; *** p < 0.0/ with respect to Ctrl not wounded; A p < 0.0/ with respect to Wounded LigNPs; °°°° p < 0.00/
with respect to Ctrl wounded.

LigNPs, compared to negative control, but not to positive control (Figure 6 Additional Table 4). As shown in the upper

panel of Figure 6 (Figure 6), a better regeneration process of the zebrafish caudal fin is visible in embryos exposed to
lignin NPs after wound injury.
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Discussion

NPs derived from renewable resources, such as biomass, and thus called bio-based NPs (B-NPs), are nano-formulated
particles with multiple functionalities, such as antimicrobial, antioxidant, and UV-blocking properties. B-NPs, besides
their application in several sectors, including packaging, construction, and automotive industries, are also raising an
increased interest in other fields, such as medicine and therapeutics. The use of natural bio-based NPs and bio-polyols is
a novel strategy that producers identified for the generation of not-harmful greener nano-formulations that consider the
development of engineered particles by using renewable or biomass-derived resources. The broad application potential of
these B-NPs will valorize biomass wastes in safe and sustainable for the environment and human uses. From such
a perspective, the natural polyphenolic compounds from lignocellulose biomass, namely lignins and tannins, feature
a myriad of intrinsic properties derived from their composition like antioxidant activity, anti-inflammatory activity, and
stacking tendencies.*’

In this work, we wanted to explore the anti-inflammatory potential of sono-enzymatically synthesized nanoparticles
from pristine (LigNPs) and phenolated with TA and GA for increased reactivity lignin (PheLigNPs).®” Data from
physicochemical characterization, performed in both mQ water and FET medium and at different time points, confirmed
the colloidal stability of LigNPs and PheLigNPs, the presence of different population sizes, and their midrange mono-
dispersion in the medium used. LigNPs and PheLigNPs were negatively charged in mQ, while in FET medium presented
a reduced negative charge, probably due to the ionic and salt composition of this solution.

To evaluate in depth the direct interaction of LigNPs and PheLigNPs with the zebrafish embryos, we relied on a test
to evaluate toxicity on zebrafish embryos chorion deprived, according to the guidelines of the ISO/TS 22082:2020 Nano-
technologies — Assessment of nanomaterial toxicity using dechorionated zebrafish embryo. Since the chorion is
a natural barrier that protects the embryo from external influences, its removal facilitates a toxicological assessment
that is more indicative of direct exposure to NPs or nanomaterials (NMs). The OECD test guideline using fish embryos to
evaluate acute toxicity (see OECD TG 236) is reporting that this classic test might be inappropriate for assessing
substances characterized by a molecular weight > 3 kDa, or a cumbersome molecular structure, or known to be the cause
of a delayed hatching in embryos. Moreover, the presence of the chorion can affect the results of the nanomaterials’
biological activity.

The use of this test is not directly intended for retrieving toxicological information but will help to better identify
potentially hazardous NMs. There are two ways to remove the chorion from embryos during early developmental stages
(6-8 hpf), an enzymatic method and a mechanical method. The enzymatic method presents some advantages, such as
time and labor efficiency by easy preparation for dechorionation, no mechanical embryonic damage, and the possibility
to prepare a large number of dechorionated embryos for a high throughput-based approach at the same time. On the other
hand, there is a disadvantage of variability in pronase activity that could influence the success rate of chorion removal.

The pronase treatment was performed on embryos at 6 hpf using an enzyme mixture of several non-specific
endoproteases and exoproteases from Streptomyces griseus. At 24 hours post-treatment (hpt), we observed a mortality
rate of about 27%, which is a percentage compliant with reports on the same treatment.>* The mortality observed at 96
hours, the end of the exposure period with different concentrations of LigNPs and PheLigNPs, was paltry and not
attributable to an effect of the NPs exposure. For instance, it is reported that polyphenols show anti-inflammatory
capabilities, largely due to the antioxidant activity of the phenolic groups. In different conditions, characterized by an
inflammatory state, oxidative stress produces an excess of reactive oxygen species (ROS) in damaged cells and tissues.
The antioxidant capacity of polyphenols lies in their ability to suppress the formation of ROS, inhibiting the activity of
many enzymes involved in their production, or stimulating the synthesis of antioxidant defenses.*®*’

Furthermore, the embryos fixed at 96 hpf after exposure to the NPs, were evaluated for morphological parameters
possibly affected by the NMs used. Body length, eye distance, area, and diameter, besides the yolk sac area, did not show
differences, after any concentration used, compared to control embryos at the same developmental stage. To date, the
highest concentration (100 mg/L) used for the experimental analyses is greater than the lignin NPs concentration reported
in literature, tested for biomedical purposes.?

Considering the safety of lignin NPs highlighted by the results obtained, and the lack of acute developmental toxicity,
besides the possible applications that LigNPs and PheLigNPs may find as antimicrobial agents for biomedical purposes,””
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we investigated whether these NPs could be able to modulate the immune response, possibly showing anti-inflammatory
characteristics. Therefore, we tested LigNPs and PheLigNPs on two different inflammatory models generated in zebrafish
embryos - one obtained by the injection of lipopolysaccharide from P. aeruginosa (LPS), and the other by wounding the
caudal fin.

To generate the first inflammatory model, we injected the LPS at a concentration of 250 pug/mL / embryo. In the
zebrafish model, the LPS-induced inflammation is generally established by non-invasive immersion of embryos in
a growth medium containing LPS>'>? or injection into the yolk.'® In our case, the site chosen for inoculation was the
upper part of the yolk sac of embryos at 30 hpf, to avoid the eventual LPS sequestration by the bio-based nanomaterial
(NM) used. The LPS concentration of 250 pg/mL was selected to obtain an acute inflammation without causing death,
since it is half of the concentration generally injected to cause acute fatal inflammation (500 pg/mL).'® After the LPS
injection, we left the embryos at 27+1 °C for 18 h and when the embryos (LPS-injected or not) reached the 48 hpf
developmental stage, we exposed them to the LigNPs and PheLigNPs for 72 h. Thereafter we observed the expression
levels of the following inflammation-related genes: tnfa, nfkb2, ilS, il6, il1f, nfkbiaa, and ccl34a.4.

The increased level of the majority of genes observed in LPS-injected embryos (positive control), and LPS-injected
embryos exposed to LigNPs and PheLigNPs, compared to the controls not injected (negative control), highlight the fact
that, despite the low level of LPS inoculated in embryos (1 nL/embryo of 250 ug/mL LPS), we were able to establish our
first inflammatory model. Interestingly, we observed a significant increase in nfkb2 expression level in LPS-injected
embryos exposed to LigNPs, but not to PheLigNPs, compared to LPS-injected embryos (our positive control). Nfkb2 is
a gene that encodes two members of the NF-kB/Rel family of proteins, that regulate an array of target genes involved in
the immune, antiapoptotic, acute-phase responses and inflammatory processes.”

We hypothesize that LigNPs could increase intracellular oxidation. This fact can be related to the sonochemical
production of the NPs,® where hydrogen peroxide may be generated.>® This oxidative agent is known to cause oxidative
damage/stress in cellular models>> and.’® However, we did not observe the same effect with sonochemically nanofor-
mulated PheLigNPs, probably due to the increased phenolic content of these NPs endowing them with high antioxidant
capacity to mitigate possible peroxide activity. The expression levels of tnfa, il8, il6, illf, nfkbiaa, and ccl34a.4 showed
an increased trend, if compared to positive control, even though this is not statistically significant. It can be appreciated in
this case again, the fact that the increase is more visible after LigNPs than PheLigNPs exposure.

Moreover, the increased trend observed among the inflammatory pathway genes can be related to a normal
upregulation of the innate immune system, characterizing the embryos at the developmental stage in which they were
analyzed, in response to exogenous stimuli.’’ The only effect that we observed in embryos not injected and exposed to
NPs, was related to the increased nfkbiaa expression level after exposure to LigNPs. Since nfkbiaa is a nfkb2 target gene,
it is expected that it will show similar behavior in embryos exposed to LigNPs, compared to the negative control. In
summary, a general increasing trend in inflammatory gene expression levels in LPS-injected embryos after exposure to
LigNPs, in comparison to LPS-injected embryos exposed to PheLigNPs, was detected. This result highlighted the
potential for biomedical applications of the functionalized lignin NPs, which combine the known positive characteristic

of polyphenols,*®*° 60,61

with the power of tannins in the same nano-entity.

The second inflammatory model was generated by performing a wound injury in the terminal portion of the caudal fin
in zebrafish embryos at 48 hpf. The wound was not the classical fin-clip, but a minor damage of the epidermis, to mimic
a scratch rather than a cut. The wounded embryos were immediately exposed to both NPs for 72 h, and analyzed at the
molecular level at 96 hpf for the same inflammatory genes studied in the LPS model. We observed a generalized increase
in expression levels of inflammatory genes in wounded embryos, exposed or not to both NPs, if compared with the
negative Control (not wounded embryos). These results confirmed that we were able to generate an inflammatory model.

The data obtained comparing the wounded embryos exposed to both NPs to wounded embryos not exposed (positive
Control) showed significantly increased expression levels in tnfa, il6, il1f, ccl34a.4, and nfkbiaa. The results obtained are
in line with the report of Xie et al, who observed the same gene levels increased after wounding.*® To date, the NF-kB
activation, which can be related to the significant increase of nfkbiaa expression level and the increased trend in nfkb2
levels in our research, was shown to be dependent on the phosphorylation of the extracellular signal-regulated kinases

(ERKSs), which results in an increased expression of pro-inflammatory molecules like tnfo, il1f, il6, and il§ upon tail
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wounding. This upregulation mediates neutrophil recruitment through Cxcr2, an intermediary of the neutrophils’
promigratory pathway.®? Importantly, tnfa, illf, and ccl34a.4 are recognized wound-healing markers,*® and the afore-
mentioned intracellular nuclear factor-kB (NF-kB) is not exclusively a mediator of the pro-inflammatory response, but in
parallel, it is known to activate the nuclear factor NRF2, which in turn is responsible for the anti-inflammatory
response.®*

Finally, we observed increased i/6 levels. This could be explained by the fact that interleukin-6 is known to be
produced in response to tissue injuries, given the case that it contributes to host defense through the stimulation of acute
phase responses, hematopoiesis, and immune reactions.®> We detected only two genes, i/8 and ccl34a.4, that were
significantly downregulated after exposure of wounded embryos to PheLigNPs. As we reported for LPS-injected
embryos exposed to LigNPs, also in this wound model we observed a general trend of increased expression levels of
inflammatory genes after exposure to LigNPs, while, interestingly, after the PheLigNPs exposure a reduction of the
genes’ expression level is observed. We are firmly convinced that this is a further demonstration of the beneficial effect of
the presence of tannins in the functionalized NPs.

Moreover, it is known that cytokines such as tnfo and il1f are important for cutaneous homeostasis maintenance, and
alteration in the transcriptional levels of these molecules is a characteristic feature of the immune response, for example,
to sunburn, which can be considered an epidermis damage comparable to the injury that we provoked in the embryos’
fin.°>®” About this point, Banerjee and Leptin’s research highlighted that, despite the role of i/I§ as a potent proin-
flammatory cytokine involved in acute inflammatory response to several conditions, it is characterized also by the less
well-known role as a mediator in tissue repair and reconstitution. This aspect was studied in a UV-exposure zebrafish
model, in which the researchers demonstrated the protective role of i//f, showing that higher levels of i/1f correspond to
better survival rates post-UV exposure.®® This type of damage can be compared to the injury that we inflicted on the
embryos’ caudal fin, which was superficial and did not harm the blastema. Therefore, we hypothesize that the i//f
increased levels observed by qPCR can be reconducted to the incipit of its protective action. Based on the aforemen-
tioned observations and on the fact that the increased expression gene levels were observed in embryos wounded and
exposed to both LigNPs and PheLigNPs, we can conclude that these NPs demonstrated to have a beneficial role during
wound healing in zebrafish embryos.

To further evaluate the effect of LigNPs and PheLigNPs exposure, and to confirm that the increased inflammatory
gene levels were not related to proinflammatory activity of the NPs, we monitored the neutrophils recruitment at the
injury site by Sudan black B staining. Neutrophils are one of the major components of the innate immune response,
besides to be the most abundant circulating cell type in humans and zebrafish.®® The Sudan black (SB) is a mature
neutrophil marker. The first mature SB-positive neutrophils can be detected from 35 hpf, even if the entire fully mature
neutrophils are present by 48 hpf, under steady-state conditions.”® By the use of this staining, we could detect if there
would be an increase in neutrophils’ number in wounded embryos exposed to LigNPs and PheLigNPs, not only at the
injury spot but also at the Caudal Hematopoietic Tissue (CHT), the region for neutrophil production during larval
development (similar to the mammalian fetal liver).

We observed a significant increase in neutrophil number after wounding, compared to the negative control, high-
lighting the fact that we were able to generate an inflammatory model by harming superficially the embryos’ fin. After 48
hours of exposure to both LigNPs and PheLigNPs at the highest concentration, the wounded embryos did not show any
significant neutrophil number increase, compared to the positive control (wounded embryos). This result demonstrates
that at tissue level, the lignin NPs do not increment the acute inflammation episode, caused by the wound.

The last experiment performed was to evaluate if the LigNPs and PheLigNPs could have a beneficial action on
cutaneous homeostasis maintenance, given the fact that these NPs increased expression levels of nfo, illp, il6, and
ccl34a.4. In this case, we observed the healing of the fin injury and evaluated the Wnt/B-catenin signaling, which is
necessary for normal progression of the injury response during regeneration. Moreover, this pathway regulates macro-
phage chemotaxis, recruitment, and inflammatory diseases in several organisms, besides being a candidate for linking
inflammation and regeneration in zebrafish.”' Petrie et al reported that Wnt/B-catenin signaling is required not only for
regenerative outgrowth in zebrafish caudal fins but also modulates inflammatory processes including scar formation,
fibrosis, wound healing, and tissue remodeling in mammals.”' Based on this, we attempted to analyze the expression
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levels of wnt4a, p-catenin, gsk3p, and wnt10b, related to the Wnt/f-catenin signaling pathway, in wounded embryos,
exposed or not to both lignin NPs. Our data showed that the exposure to LigNPs significantly downregulated the
expression level of wnt4a, B-catenin, and gsk3p, but not wnt10b. The latter is increased compared to the negative control
(not wounded embryos), but not to the positive control (wounded embryos). Conversely, the exposure to PheLigNPs
reduced the expression levels of every gene observed, compared to the positive control.

The Whnt/p-catenin signaling pathway plays fundamental roles in many biological processes including neurodevelop-
ment, cell survival, and cell cycle regulation, besides in embryonic development.’® Bastakoty et al realized that the
modulation in Wnt signals during regeneration and tissue repairing processes can have a positive effect.**”* For instance,
they reported that in the dermis, the Wat inhibition promoted granulation tissue resolution and deposition of a more
organized extracellular matrix, indicating a better restoration of the dermal-epidermal junction (35). We hypothesize that
the Wnt/p-catenin repression observed after LigNPs exposure, and even more, after PheLigNPs exposure, can have
beneficial effects on embryos’ caudal fin wound injury. The differences observed in Wnt modulation between the two
NPs can be ascribed to the increased number of phenolic groups on lignin due to enzymatic grafting of the phenolic
compounds. The tannic acids, a generic term for hydrolysable tannins, are characterized by the presence of various
phenol groups. They are known to prevent photo-damage and photoaging by inhibiting oxidation levels and to protect the
human skin from UV radiation. Furthermore, they are reported to mitigate the oxidative stress and modulate the activity
of pro-inflammatory enzymes, such as cyclooxygenases (COX) and lipooxygenases (LOX), in the extracellular space,
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while reducing the binding of pro-inflammatory cytokines to receptors in the cellular membrane and to have

a scarring effect in wound repair.”’

Conclusion

In this study, the sono-enzymatically functionalized and nanoformulated lignin NPs showed interesting bioactivities,
beyond their antibacterial, antioxidant and anti-UV features. The lignin NPs did not affect zebrafish development and did
not significantly trigger an acute inflammation episode, indicating the safety of these bio-based nanomaterials and their
functionalization/nanotransformation methods. We observed an increase in inflammatory gene expression levels in
inflammatory models generated in zebrafish embryos after exposure to LigNPs and PheLigNPs. We hypothesize that
both NPs could have a positive role in inflammatory event resolution, recalling cytokines and chemokines to resolve the
damage. Moreover, the increased expression levels of some genes, such as il/f or il6 and tnfa, can be related to
a favorable healing process, based on increased tissue regeneration and scarring, as also confirmed by the effective
modulation of the Wnt/p-catenin expression pattern.

Even if we do not observe clear anti-inflammatory properties of LigNPs and PheLigNPs, we can confirm that these
lignin-based NPs showed the capacity to induce a positive response in an inflammatory event, increasing the recruitment
of cytokines to accelerate their chemotactic function. Moreover, the LigNPs and PheLigNPs can also have a role in the
resolution of wounds, favoring the regeneration process.

The nanoformulated lignin certainly requires additional investigation as a bioactive material, not only because safe
enzymatic and nanotransformation processes can efficiently modulate its biological activity and safety profile, but also
because of its potential for biomedical purposes.

For example, the comparison with additional NPs of other or similar nature (organic, inorganic, persistent or more
soluble) can be helpful to confirm beyond doubt the specificity of the effects observed with LigNPs and PheLigNPs.

Moreover, we are aware that further toxicity studies, scalability of nanoparticle production, and regulatory approvals
will be necessary before the wide application of lignin nanoparticles and its modifications in the medical field, but the
potentialities in terms of biocompatibility, intrinsic powerful properties, and availability of this natural material will
surely deserve the effort.
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