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nanocoatings for disinfecting biomedical devices+
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There is growing awareness that utilizing lignin as a sustainable biopolymer has emerged as a promising
avenue to address challenges in antimicrobial protection. However, the application of lignin to prevent
the spread of fungal infections is a less explored area and needs attention. Traditional antifungal agents
often highlight significant concerns related to toxicity and environmental impact. To overcome these
limitations, lignin, a renewable and biodegradable polyphenolic compound derived from plant cell walls,
proves to be a substantial candidate. In this work, lignin is employed as a precursor molecule for the
development of a gel-based coating. Rapid gelation technology was immensely useful in fabricating
these versatile antifungal coatings. The developed coatings were highly transparent (nearly 85%
transmittance values) and water resistant. Furthermore, the incorporation of lignin-based photodynamic
nanoconjugates into coatings provides a multifaceted approach to combat fungal growth, thereby
enhancing durability and sustainability, which enhanced the photodynamic activity of the lignin
nanocoatings by approximately 50 fold. This work highlights the synergistic potential of lignin-based
sustainable nanocoatings combined with photodynamic activity for on-demand disinfection of

rsc.li/rscsus biomedical instruments.

Sustainability spotlight

In this work, lignin is used as a sustainable biopolymer to develop gel-based coatings through one-step and non-toxic procedures. Such a natural biomaterial-
based disinfecting product developed in this work possesses properties of an adhesive coating having enhanced water resistance, which was applied through
spread coating, spray coating, and dip coating techniques on biomedical devices. Lignin-based photodynamic nanoconjugates were incorporated into the
developed coatings, for stimuli-responsive and controlled on-demand delivery to disinfect a wide range of biomedical devices. This scalable sustainable coating
can also be applied to a broad range of fields including food preservation and agricultural applications.

Introduction

Photodynamic surface-coating materials technologies have
been utilized as an innovative approach for commercial disin-
fection." In the relentless pursuit of innovative strategies to
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combat microbial threats, the utilization of sustainable
resources has emerged as a convincing approach for explora-
tion. Lignocellulosic biomass, a renewable feedstock abun-
dantly available from plant materials, has garnered significant
attention for its multifaceted applications.> Owing to its poly-
phenolic structure, lignin (a complex and heterogeneous
aromatic polymer) stands out as an intriguing candidate due to
its unique structural attributes and inherent antimicrobial
potential.® In recent years, there has been a growing realization
of the capacity of lignin to serve as a foundation for developing
novel antimicrobial coatings.'™ Lignin serves as a crucial
determinant of structural integrity and defense against micro-
bial invasion.®>® Its intricate chemical structure, characterized
by an array of phenolic hydroxyl groups and aromatic moieties,
suggests inherent antimicrobial activity.*® Recent research has
unveiled a captivating dimension of lignin's antimicrobial and
anticancer potential through its photodynamic activity.>'® This
intriguing property capitalizes on the generation of reactive
oxygen species (ROS) upon light activation, leading to localized
oxidative stress and subsequent microbial cell damage.** The
aromatic chromophores present in the structure of lignin are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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capable of absorbing light within a specific wavelength range
and play a pivotal role in initiating this photochemical
cascade.”” By harnessing lignin's inherent ability to generate
ROS under controlled light conditions, there lies an immense
opportunity to explore the prospects of developing photody-
namic antimicrobial coatings.*” For instance, the preparation of
an efficient antiviral coating has recently been published by
a group of researchers using spin coating technology." The
antiviral mechanism was attributed to the ROS production from
lignin on exposure to visible light. Also, the coating was stable
under ambient conditions for up to six months.” Other
important advantages of utilizing lignin include: biodegrad-
ability, sustainability, cost-effectiveness, mechanical strength,
biocompatibility and thermal stability. These attributes confer
an additional advantage to lignin as compared to other
synthetic polymers such as polyacrylamide and polyethylene
glycol. Lignin's functional properties such as inherent antimi-
crobial potential, antioxidant potential and UV-protection
confer an advantage over other natural polymers such as algi-
nate, starch, and gelatin-based hydrogels.

Microbial colonization and biofilm formation pose formi-
dable challenges across diverse sectors, ranging from health-
care and food safety to industrial processes and
infrastructure.>* Candida spp. are known to cause an increasing
proportion of medical device-related infections. These organ-
isms produce biofilms, leading to the adhesion of micro-
organisms to biomedical devices and other materials.'*'**
Conventional antifungal agents have long been employed to
address these challenges. However, their widespread use has
led to the emergence of resistant strains, environmental
concerns, and health risks.'*'” Antifungal coatings play a pivotal
role in safeguarding various substrates, such as textiles, medical
devices, and food packaging, against fungal colonization and
degradation.'® On the other side, Rose Bengal (RB) is a U.S. Food
and Drugs Administration (FDA) approved photosensitizing
agent known as a textile dye that can be potentially used in the
biomedical field." The quest for environmentally benign and
effective alternatives has led researchers to explore nature-
inspired solutions, and lignin has emerged as a promising
contender.” Lignin-based silver nanoparticles have been re-
ported to eradicate multidrug-resistant bacteria.”® Hence,
conjugation of Rose Bengal on lignin-derived silver nano-
particles could produce a sustainable, environment-friendly
nanosized biomaterial for photodynamic therapy.®* Photody-
namic therapy, recognized for its precise and localized action
against microorganisms, involves the activation of photosensi-
tizers by specific wavelengths of light to induce cytotoxic
effects.*'" In this line, the integration of photodynamic activity
in lignin-based antifungal coatings holds immense potential.*®
Through careful design and formulation, these coatings can
exhibit enhanced antifungal efficacy, while also offering the
ability to trigger on-demand delivery of encapsulated thera-
peutic agents in response to specific external stimuli.

Such innovative approaches not only circumvent issues
associated with conventional antimicrobial resistance but offer
a pathway toward the design of photoactive lignin-based coat-
ings with precise and localized bactericidal effects.”” In this
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work, lignin is used as a precursor to develop gel-based coatings
through simple and mild procedures. Such a novel resin
developed in this work possesses properties of an adhesive
coating material having enhanced water resistance, which was
applied through spread coating, spray coating, and dip coating
techniques. The structure of the coatings was characterized
through various analytical techniques such as FTIR, rheology,
fluorescence microscopy, and SEM analysis. The lignin-based
photodynamic nanoconjugates were incorporated into the
developed coatings, for stimuli-responsive and controlled on-
demand delivery. This work will open up a realm of possibili-
ties for transformative applications, spanning from wound
dressings and medical devices to food preservation and envi-
ronmental remediation. The integration of antimicrobial attri-
butes and photodynamic capabilities presents a promising
strategy to address challenges in antifungal protection while
advancing the development of intelligent and sustainable
coating technologies.

Results and discussion

Development of lignin-based gel-coating

Being a polymeric macromolecule, lignin offers the develop-
ment of various materials, such as coatings and hydrogels.
Various functional groups (such as phenolics, hydroxyl groups,
etc.) present in lignin confer a structural advantage to lignin
aiding in the development of different industrially relevant
resources.*® Considering all these aspects, lignin was utilized in
this work, as a starting material for the development of a gel-
based coating. The rapid gelation technology developed using
lignin as a precursor polyphenolic material can be immensely
useful in fabricating versatile antifungal coatings. Initially,
lignin and polyvinyl alcohol (PVA) cross-link through hydrogen
bonding between the various hydroxyl moieties. The cross
linking between various PVA-lignin units and glyoxal can occur
through the formation of acetal bonds by the reaction of
hydroxyl groups (present in PVA as well as lignin) with the
aldehyde groups of glyoxal at 60 °C. This results in the
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Fig. 1 (a) Prospective mechanism underlying the formation of the
lignin-based gel. (b) Visual observation and transparency of the lignin-
based gel (spread coated): (i) tilting of glass beaker does not lead to
free flow of the gel, (ii) transparency study of the glass slide coated with
lignin gel, and (ii) comparison between spread-coated (left) and
uncoated (right) glass slides.

RSC Sustainability, 2024, 2, 2348-2356 | 2349


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4su00180j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Sustainability

formation of intermolecular and intramolecular networks
(Fig. 1a). Also, there can be a probability of forming an ester
bond between PVA and lignin. Fig. 1b(i) represents the visual
observation of the lignin-derived gel, and it was observed that
the tilting of the glass beaker did not lead to the free flow of the
developed gel. The coatings developed through lignin gel
should have water-resistance properties to be industrially
applicable.* Therefore, along with lignin, another polymer
[poly(dimethyl siloxane) (PDMS)] was used as it provides
industrially relevant properties to the developed lignin-based
gel coatings. PDMS is a transparent elastomer, which is non-
toxic and hydrophobic, can be used over a wide range of
temperatures, ie., from —50 °C to 250 °C, and is relatively inert
in hydrophilic solvents.>* Rather than mixing it with the lignin
gel, PDMS was coated over the glass substrates. The lignin gel
was deposited over the PDMS functionalized glass substrates
through three methods, namely spreading (through a fine
brush), spraying, and dip coating. For spray coating, the
precursor lignin gel solution was sprayed over the glass slides
and then subjected to 70 °C for efficient fabrication of the
developed gel onto the glass slides. However, for the spread as
well as dip coating, the finally developed lignin gel was utilized.
The visual observation of lignin gel-based spread coating is
represented in Fig. 1b(ii). Fig. 1b(ii) and (iii) also represent the
high transparency of lignin gel-based coatings through the glass
material.

Characterization of the lignin-based gel-coating

After the visual observation of the developed gel, the coatings
were examined under an inverted fluorescence microscope. It
was observed that the developed gel coatings have a cross-
linked interwoven pattern, which reveals the intense cross-

Fig. 2 Fluorescence microscopy analysis of lignin gel-based coatings
(at 20 um scale) on a PDMS functionalized glass slide: (a) spread
coated, (b) spray-coated and (c) dip-coated.

2350 | RSC Sustainability, 2024, 2, 2348-2356

View Article Online

Paper

linking between lignin-PVA and glyoxal. The lignin has fluo-
rescence behavior (due to polyphenolic groups present in
lignin). Therefore, the coated glass slides can be visualized via
a fluorescence microscope. All three patterns were found to be
similar as shown in Fig. 2. However, the spread-coated glass
slide was found to reveal a more refined porous structure of the
developed lignin gel coating. In the case of spray and dip
coating, the pores were not well defined (Fig. 2). This reveals
that the coating method can have a significant impact on the
structure and network of the developed coating, which impacts
its feasibility.

Further, the lignin-based gel coatings were characterized
using transmittance studies, rheology, and Fourier transform
infrared spectroscopy (FTIR) analysis. After optimization of the
deposition methods of lignin-based gel coatings, the spread-
coated lignin gel coatings were utilized for further analyses
and application purposes. The ease of application as well as the
more refined and porous structure of the spread-coated lignin
gel will be helpful in the appropriate loading and release of
active ingredients. The developed lignin-based gel coatings
were analyzed for their surface properties, such as texture,
functional groups present, and flow behavior. For this, scan-
ning electron microscopy (SEM) was performed to visually
observe the morphology of the developed coatings. It was
observed that the developed coatings revealed a smooth struc-
ture. Fig. 3a depicts the SEM data obtained for the developed
lignin gel coating. Further, rheology studies of the developed
coatings revealed that the lignin gel coatings were viscous and
stable under continuous shear and stress (Fig. 3b). Upon
elemental analysis, it was found that the carbon content of the
lignin gel coatings was 52%, which is similar to that of the bare
lignin (57%). The results are summarized in Table S1 (ESI).}
Further, the lignin gel coatings were tested for their surface
functionalization through FTIR analysis. It was observed that
the lignin-based gel coatings have similar functional groups to
bare lignin, the functional groups majorly being polyphenolic
as revealed by a major dip at 3334 cm ™' and a peak at ~1050
cm ' indicates the presence of C-O-C stretching vibrations of
acetal bonds (Fig. 3c and d).
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Fig. 3 (a) Scanning electron microscopy (SEM) of lignin-based gel
coating, (b) rheology studies, (c) FTIR analysis of bare lignin, and (d)
FTIR analysis of lignin gel coatings.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Development and characterization of RB@AZLNCs doped
lignin gel nanocoatings

After the thorough and detailed characterization of the devel-
oped lignin-based gel coatings, the lignin gel was doped with
lignin-based silver nanoparticles (AgLNCs) conjugated with
Rose Bengal (RB@AZLNCs). The synthesis of RB@AZLNCs is
adapted from our previous work.> For this, the bioinspired
RB@AZLNCs (5% w/v) were mixed with the lignin gel precursor
solution and left for half an hour under stirring at 70 °C. This
has led to proper homogenization as well as the incorporation
of nanoconjugates into the developed lignin-based gel for
antimicrobial photodynamic therapy applications.

To confirm the incorporation of RB@AgZLNCs into the lignin
gel coatings, the lignin-based bare gels as well as the newly
developed lignin gel-based nanocoatings were analyzed using
UV-Vis spectroscopy (Fig. 4a). It was observed that there was
a single major peak corresponding to lignin present in the bare
lignin gel. However, the lignin gel-based nanocoating
(comprising RB@AZLNCs) revealed the peak of lignin (280 nm)
along two other peaks for RB@AZLNCs (560 nm for RB and
420 nm for AgLNCs). Moreover, the AgLNCs doped lignin gel
coating was also analyzed as a control, which revealed two peaks
for lignin (280 nm) and AgLNCs (420 nm). This study confirms
the presence of nanoconjugates inside the lignin-based gel.

Since Rose Bengal is a fluorescent dye, the incorporation of
such a dye into the lignin gel coating significantly increases the
fluorescent properties of the finally developed lignin gel nano-
coatings. Therefore, the probes were tested for their fluores-
cence spectra, which revealed that the bare lignin gel coating
was also fluorescent to some extent (Fig. 4b). However, the Rose
Bengal doped lignin gel coatings were found to be highly fluo-
rescent, and lignin-based silver nanocomplexes also added to
the fluorescence properties (Fig. 4c and d). Upon careful eval-
uation of the fluorescence spectra (Fig. 4b-d), it was observed
that the peak for the fluorescence spectra of bare lignin coatings
is centered at ~500 nm (Fig. 4b), which shows a significant shift
towards ~590 nm. This can be attributed to the interaction
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Fig. 4 Spectroscopic analysis: (a) UV-vis spectra of the RB@QAgLNCs
doped lignin gel coating, AGLNCs doped lignin gel coatings and bare
lignin gel coatings, (b) fluorescence spectrum of lignin gel (Aex = 365
nm), (c) fluorescence spectrum of the lignin-RB gel coating (A, = 525
nm), and (d) fluorescence spectrum of the lignin-RB@AgLNCs gel
coating (Aex = 525 nm).
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Fig.5 Visual observation and morphological analysis of the developed
lignin-based nanocomposite gel: (a) visual observation of free-flowing
analysis of the developed gel; (b) transparency analysis of lignin
nanocomposite gel-based coating. (c) Transmittance analysis of the
bare lignin gel coating; (d) SEM analysis of the lignin nanocomposite
gel-based coating.

between lignin and Rose Bengal, causing possible changes in
the local environment and interactions.

These interactions could induce electronic coupling between
their energy levels, which can change the energy levels available
for electronic transitions and fluorescence emission, leading to
a shift in the emission wavelength. The specific molecular
arrangement and orientation of lignin and Rose Bengal within
the coating can play a significant role in this phenomenon. It
was speculated that the lignin nanogel was consistent with the
bare lignin gel and resisted the free flow as well (Fig. 5a). When
tested for transparency properties, the lignin-based nano-
coatings had a color tint due to the presence of silver-based
nanoconjugates. However, the transparency of the lignin-gel-
based nanocoatings was consistent and maintained (Fig. 5b).

For efficient antimicrobial photodynamic therapy, the
developed coatings need to be transparent, so that the light can
penetrate to a maximum extent inside the developed coatings.**
Therefore, the PDMS functionalized glass slide, lignin gel-
coated glass slide and glass slide coated with lignin gel nano-
coatings were evaluated for their transmittance properties using
a UV-vis spectrophotometer. It was found that the PDMS func-
tionalized glass slide possessed approximately 95% trans-
mittance in the wavelength range of 200 to 700 nm. The PDMS
functionalized glass slides coated with lignin gel were found to
have 85% transmittance. Moreover, the functionalized glass
slide coated with silver nanocomposite doped lignin gel coating
also had ~85% transmittance (Fig. 5c¢). The developed lignin
nanocomposite gel coatings were also analyzed for their surface
morphology through SEM analysis. It was observed that the
incorporation of nanocomposites into the lignin gel coating
emulsion did not change the morphology of the developed
nanocomposite lignin gel-based coatings to a great extent when
compared to the bare lignin gel coatings (Fig. 5d). Therefore,
the nanocomposite lignin gel-based coatings can be utilized for
further application in antimicrobial photodynamic therapy.

RSC Sustainability, 2024, 2, 2348-2356 | 2351
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RB@AZLNCs doped lignin gel nanocoatings for antifungal
and antibacterial photodynamic therapy

Due to the increasing number of hospital-acquired infections,
patient safety and well-being are under increasing threat.>® The
major cause of a large number of such infections is the colo-
nization of microbial biofilms on surfaces of medical devices
such as catheters, endotracheal tubes, and prosthetics, which
are implanted in millions of patients every year.® It has been
found that fungal diseases are difficult to diagnose, which leads
to high mortality rates in various parts of the world.>”*® More-
over, antifungal drug resistance continues to limit the thera-
peutic options.**°

Among the fungi, Candida species are the most prevalent
biofilm pathogens and one of the leading causes of blood-
stream infections in hospitals.** Therefore, there is an urgent
need for the development of advanced strategies, such as
coatings for targeting polymicrobial biofilms on medical
devices.*” Interestingly, lignin is known for its adhesive and
antimicrobial properties which will be advantageous in coating
formation.*®*** The developed lignin-derived silver nano-
formulations have been converted to nanocoatings by mixing
with lignin solution and appropriate cross-linking agents to
provide plasticizing properties through the formation of
a nanocomposite gel (Fig. 6a). Fig. 6b illustrates the antimi-
crobial photodynamic effect of the developed lignin-based
nanocoatings against Candida tropicalis. The exposure of
Candida tropicalis to green LED did not show any significant
reduction in fungal survival. The percentage of Candida
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tropicalis survival was observed to be reduced by ~7% in the
instance of bare lignin coatings, the inhibition efficiency
increases in the presence of green LED (~12% decrease in
fungal survival). This is because the polyphenolic groups of
lignin are associated with reactive oxygen species (ROS) gener-
ation in the presence of light, leading to increasing biological
cytotoxicity. However, in the instance of lignin-based nano-
coatings (with AgLNCs), the survival of Candida tropicalis colo-
nies was 49.89% in the presence of green LED (3 W for 20
minutes). When the fungal colonies were treated with Lig_coat-
RB@AgZLNCs, the fungal growth was found to be around 42.6%
(in the absence of LED), which was reduced to ~8.5% fungal
growth (91.5% reduction in fungal survival) upon exposure to
green LED for 20 minutes. This is due to the strong antimi-
crobial photodynamic effect of Rose Bengal (RB). The ICs,
values of various samples against Candida tropicalis are
summarized in Table 1. The developed bare lignin gel coatings
along with lignin gel nanocoatings were also tested for their
photodynamic antimicrobial efficacy against bacterial species.
For this, E. coli (Gram-negative bacteria) was selected for further
experimentation purposes (Fig. 6c¢). Interestingly, it was
observed that the trend of antimicrobial activity of the devel-
oped probes was consistent with the bacterial species as with
the fungal cells. However, the effect was slightly higher than
Candida tropicalis, which is revealed by approximately 98%
reduction in the bacterial growth upon treatment with Lig_coat-
RB@AZLNCs in the presence of green LED (3 W for 20 minutes).
This can be attributed to the eukaryotic nature of Candida

“
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(a) Schematic representation of the development of lignin gel and its utilization in antimicrobial photodynamic therapy; (b) antimicrobial

photodynamic therapy of various agents against Candida tropicalis; (c) antimicrobial photodynamic therapy of various agents against E. coli.
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Table 1 1Csp values of various samples against Candida tropicalis in the presence and absence of light

S. no. Sample No LED (ug mL ™) With green LED (ug mL %) Fold decrease
1 Lignin gel coating 162.06 + 0.91 136 + 0.48 1.19

2 Rose Bengal — 12.09 + 0.26 —

3 AgLNCs 8.31 £ 0.98 5.81 £ 0.71 1.43

4 RB@AgZLNCs 8.04 £+ 0.81 5.48 £+ 0.46 1.46

5 Lig-coat-RB@AZLNCs 15.64 + 0.63 2.68 £+ 0.59 5.83

tropicalis. The values for the antifungal efficacy of the various
probes are summarized in Table S2 (ESI).T

The antimicrobial nanocoatings developed in this work have
a great societal impact, in terms of coating various biomedical
devices (surgical instruments, infected materials), masks, fabrics
and common surfaces. Further, complete disinfection can be
achieved through the application of an appropriate light source.
Fig. 7a illustrates the disinfection of biomedical devices using the
lignin gel-based nanocoatings. To further examine the effect of
antimicrobial nanocoatings on different substrates, various
surfaces (coated with lignin-based nanocomposite gels) were
subjected to antimicrobial photodynamic therapy. Due to the
majority of fungal infections reported in the literature being
nosocomial, different lignin nanocomposite gels were coated
over borosilicate glass surfaces and tested against fungal species
only. All the coated as well as uncoated surfaces were transferred
to freshly prepared growth media after incubation with Candida
tropicalis, and allowed to grow for 18 h at 37 °C (Fig. 7b).

It was observed that the media became turbid for uncoated
surfaces, revealing the presence of live fungal cells. However, in
the case of the surfaces coated with RB@AgLNCS doped lignin
gel, the media were clear and without any turbidity.

For further evaluation of the antifungal photodynamic effi-
cacy of the developed nanocoatings, a 20 pL aliquot of fungal
suspension (10° CFU per mL) in saline was placed on the lignin

(@) s , g
°g £ i °50)

Nanocoatings

Infected biomedical devices Clean biomedical devices

RB@AGLNCS doped
Lignin Coating

Control Bare Lignin Coating

AgLNCs Doped
Lignin Coating

Fig. 7 (a) Schematic representation of disinfection of various
biomedical devices using the developed lignin-based nanocoatings,
(b) digital pictures of the different substrates: (i) control (ii) bare lignin
coating, (i) AGLNCs doped lignin nanocoating, and (iv) RB@QAgLNCs
doped lignin coating, incubated with a droplet of Candida tropicalis at
37 °C for 20 minutes in the dark and light (3 W green LED) and
subsequently dipped in broth.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Antifungal photodynamic therapy studies using dragging on
agar plates. Digital pictures of various substrates: (i) control, (ii) bare
lignin coating, (iii) AQLNCs doped lignin coating, and (iv) RB@QAgLNCs
doped lignin coating, incubated with a droplet of Candida tropicalis at
37 °C for 20 minutes under (a) dark conditions and (b) light (3 W green
LED) and subsequently dragged on agar plates.

gel and nanocomposite gel coated surfaces followed by incu-
bation for 20 minutes under light as well as dark conditions.
The coated surfaces were then dragged on the agar plates to
deduce their efficacy (Fig. 8). In the case of RB@AZLNCs doped
lignin gel nanocoatings dragged over the agar plates, up to 95%
reduction in fungal growth was observed. In contrast, thick
fungal lawns were observed in the instance of uncoated surfaces
displaying the exemplary antimicrobial efficacy of the coatings.
The direction of dragging of coated surfaces on the agar plates
is indicated by the arrows. Hence, the Lig-coat-RB@AgLNCs
coating effectively reduces bacterial load after green LED
exposure, thereby rendering it suitable to be employed on
diverse biomedical equipment and implants. This observation
also shows that the covalent coating composition was effective
in killing microbes even after repeated examinations.

Experimental section

Synthesis of lignin gel

For the synthesis of the gel emulsion of lignin, alkali lignin (15
weight%) was dissolved in deionized water. This was followed
by the addition of plasticizers, i.e. glycerol, glyoxal, and poly(-
vinyl alcohol). 5% PVA and 2% glyoxal were found to be
optimum for the development of lignin gel. The concentration
of the plasticizers ranged from 1 to 5% to evaluate the optimum
value. The solution was subjected to stirring conditions (200
rpm) for 15 minutes. After this, the reaction mixture was sub-
jected to incubation at 60 °C for 30 minutes until a gel emulsion
was developed.
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Synthesis of Lignin-RB@AgLNCs nanocomposite gel

The synthesis of AgLNCs and RB@AZLNCs was carried out based
on our previously published works.? For the development of the
lignin-based nanocomposite gel, the pre-synthesized RB@AgLNCs
(5% aqueous solution) were mixed with the precursor gel solution.
This reaction mixture was then incubated at 60 °C for 30 minutes
till it developed into a thick gel. For comparison, the AgLNCs-
based nanocomposite gel was prepared in a similar manner.
The lignin nanocomposite gel was then characterized and
deposited onto a glass substrate to develop a coating.

Deposition of lignin bare gel coatings and nanocomposite
coatings

Prior to use, the glass slides were immersed in ethanol and
sonicated for 16 minutes, followed by drying at 120 °C. Firstly,
a mixture of PDMS [poly(dimethyl siloxane)] (5 weight %) in
hexane was prepared and applied to the glass slides to func-
tionalize them. The slides were placed in an oven at 70 °C for 40
minutes to ensure the cross-linking initiation of PDMS. In order
to fabricate the lignin-based coatings, the gel precursor solution
was sprayed evenly using a spray bottle on the substrate surface,
i.e. glass slide (1 x 2.5 inch?). The glass slide was allowed to dry
at 60 °C in an oven to develop a thin gel coating. Another
simplified method used for the fabrication of lignin gel coatings
was spreading the synthesized gel using a fine brush over the
glass slide. This procedure was performed until the gel was
evenly coated over the glass slide. The coatings were also
developed using a customized dip coater, for which the glass
slide was fixed on the slide holder, which was utilized to dip the
glass slide into the gel emulsion kept below. For the appropriate
development of lignin-based coatings, the number of cycles
fixed for dip coating is 20. The wet time was kept at 20 minutes,
followed by a drying time of 10 minutes.

Characterization of the lignin gel

Optical microscopy. For the surface analysis of the developed
coatings over glass slides, they were observed under a bright
field microscope. The optical transmittance of the glass slides
coated with lignin coatings was studied with a UV-vis spectro-
photometer in the range of 250 to 700 nm.

Rheology and FTIR analysis. To perform rheology studies,
a pressure of 2 N was applied to the lignin gel using the planar
probe head (having a diameter of 25 mm) of the rheometer. The
viscosity of the samples was measured against an applied shear
rate of up to 200 s '. For the FTIR analysis, the nanocoating
samples were freeze-dried and measured with an ATR accessory
(64 scans and resolution of 4 cm ™).

Transmittance analysis. For the transmittance analysis, the
coating samples (bare lignin as well as nanocoatings) were
analyzed using a UV-vis spectrophotometer for their visible light
transmittance. For this, the samples were coated on the surfaces
of thoroughly cleaned glass slides, dried, and analyzed for
transmittance in the range of 200-700 nm.

Elemental analysis. The total carbon, hydrogen, nitrogen,
and sulfur (CHNS) contents of the newly developed lignin
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coatings and nanocoatings were determined using a CHNS
analyzer. For this, the samples were freeze-dried, crushed, and
weighed. This was followed by mixing of the samples with an
oxidizer in a tin capsule, and combustion in a reactor at 1000 °©
C. A thermal conductivity detector (set at 290 °C) was then used
for the final quantification.

Antimicrobial photodynamic therapy of the lignin gel
nanocoatings

Colony counting method. For colony counting, Candida
tropicalis was grown in MGYP (mannose, glucose, yeast extract
and peptone) broth at 37 °C for approximately 12 h. Also, the
bacterial strain (E. coli) was grown in Luria Bertani broth at 37 °
C for 12-18 h. Both the strains were subjected to orbital shaking
(150 rpm) in a 20 mL Erlenmeyer flask and allowed to grow until
the ODg(, value reached 0.6. The cells were then collected in
a sterile microcentrifuge tube and washed with PBS. The pel-
leted cells were resuspended in PBS and incubated with all the
samples at the concentration of 1 ug mL ™" in deionized water.
Each set-up of lignin nanocoating treated fungal and bacterial
cells was then individually illuminated with a green LED (3 W)
for 15 min. The fungal cells were then plated, followed by the
counting of colonies in each plate.

Visual turbidity analysis. Candida tropicalis was allowed to
grow for 12 h in MGYP broth at 37 °C under constant shaking
conditions. Then the fungal cells were diluted to prepare
a suspension in PBS (~10° CFU per mL). The final cell suspen-
sion (20 uL aliquot) was placed on a 1 x 1 cm? borosilicate glass
surface coated with lignin nanocomposite gel. The surfaces were
subjected to illumination under green LED for 15 minutes at 37 ©
C. For control, another set of coated and uncoated surfaces was
kept in the dark under similar conditions. All the surfaces were
subsequently placed into freshly prepared nutrient broth (20 mL)
individually, followed by incubation for 18 h. After incubation,
the flasks were visually analyzed for the presence of any turbidity,
and images of the flasks were captured for comparison purposes.

Dragging on agar plates. Candida tropicalis cells were grown
for 12 h in MGYP broth at 37 °C with constant shaking. Then
dilution of the fungal cells was done to prepare ~10° CFU
per mL suspension in PBS. After this, a 20 uL aliquot of this cell
suspension was placed on a 1 x 1 cm? borosilicate glass surface
coated with nanocomposite lignin coatings as well as bare
lignin coatings. The coated as well as uncoated surfaces were
illuminated under green LED for 15 minutes at 37 °C. For
control, another set of coated and uncoated surfaces was kept in
the dark under similar conditions. After this, all the surfaces
were subjected to dragging along the diameter and subse-
quently placed on MGYP agar plates. These plates were then
subjected to incubation for 18 h at 37 °C and digital imaging. All
the experiments were carried out in triplicates.

Conclusions

In this work, we have demonstrated a highly effective and
simple method to develop lignin-based sustainable antifungal

and antibacterial nanocoatings. Fluorescence microscopy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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revealed the highly networked and cross-linked structure of the
coatings, which were also found to be highly water-resistant,
transparent, and adhesive. The incorporation of RB@AZLNCs
in the lignin coatings leads to a reduction of the IC;, value
against Candida tropicalis by 50 fold (in the presence of green
LED) as compared to the bare lignin coating, which is an
exemplary finding of this work. This inhibition reduces to 10
fold in the absence of green LED. The antifungal and antimi-
crobial photodynamic activities of all the samples were
confirmed by testing the coated coverslips by dragging them on
agar plates as well as visual turbidity analysis. Hence, this study
demonstrates the effectiveness of Lig-coat-RB@AgLNCs to
effectively inactivate both bacteria as well as a lethal fungal
infectious agent, ie., C. tropicalis species upon green LED
exposure at a significant amount. The developed material has
the potential to exhibit effectiveness when used on a range of
biomedical equipment and implants since distinct implant-
associated infections have a comparable microbial pop-
ulation. These findings led us to confirm the high applicability
of the developed lignin-based sustainable nanocoatings for the
disinfection of biomedical devices.
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