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One-pot thermal and photochemical syntheses of lignin-doped silver and gold nanoparticles were
developed and their antimicrobial properties were studied against Escherichia coli and Staphylococcus
aureus. The nature of the lignin as well as the metal are directly involved in the antimicrobial activity

observed in these nanocomposites. Whereas one of the nanocomposites is innocuous under dark

conditions and shows photoinduced activity only against Staphylococcus aureus, the rest of the lignin-
coated silver nanoparticles studied show antimicrobial activity under dark and light conditions for both
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bacteria strains. Additionally, only photoinduced activity is observed for lignin-coated gold nanoparticles.

Importantly, the particles are non-cytotoxic towards human cells at the bactericidal concentrations.

DOI: 10.1039/c8ra08169g

rsc.li/rsc-advances biofilm eradication.

Introduction

Threats posed by bacterial infections are of major public
concern, leading to a boost in efforts to develop new antimi-
crobial agents.” The use of silver nanoparticles (AgNP) has been
widely explored,”* showing antimicrobial activity in the dark
and under illumination.>® Whereas some studies suggest silver
nanoparticles are a simple source of silver ions,” a few years
back our group demonstrated that the mechanism is more
complex® and may involve direct action by the nanoparticles
themselves. Gold nanoparticles (AuNP), also show antimicro-
bial activity. Although sometimes they are less effective, they
can provide an alternative to silver based materials.” The use of
metal nanoparticles for this type of application is directly
related to the type of coating agents utilized to stabilize the
particles in the biological media, while retaining the antimi-
crobial activity.'® We have recently reported a one-pot synthesis
of amoxicillin-coated gold nanoparticles that show synergistic
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Preliminary assays show these silver nanoparticles as potential antimicrobial agents towards S. aureus

antimicrobial activity upon light irradiation;'* where the anti-
microbial mechanism may involve the generation of localized
heat and reactive oxygen species (ROS) upon light irradia-
tion."”* The growing interest in the use of environmentally
friendly capping agents, as well as, the use of sustainable
resources for antimicrobial applications,"**® such as food
packaging,'® has led our group towards the use of non-toxic and
inexpensive capping agents.'” Here we explore the use of lignin,
the second most abundant natural polymer on earth after
cellulose, as an alternative reducing and capping agent for the
synthesis and stabilization of metal nanoparticles for potential
applications as antimicrobial agents.

Lignin, a traditional low-value by-product of the pulp and
paper industry, is gradually becoming a major output of the
forestry industry, recognizing its rich chemical composition.
There is growing interest in pursuing value-added applications
for lignin, which traditionally has been regarded as waste and
used for heat generation.'® Due to its aromatic structure and the
presence of multifunctional groups, lignin is believed to have
potential applications as an additive in lubricants* or wood fuel
pellets.”® Other applications include the use of acid treated
lignin nanoparticles for antimicrobial applications,* and heavy
metal”® or hydrogen peroxide® sensing. The term ‘lignin’
encompasses a wide range of chemical structures that even in
nature vary depending on the type of species and the environ-
ment in which trees grow. But lignin is never extracted ‘intact’,
as the mechanical, thermal and chemical treatments required
for its extraction change its chemical composition, color and
solubility. Chemical modifications can result in insoluble, water
soluble and organo-soluble lignin. Therefore, the properties of

This journal is © The Royal Society of Chemistry 2018
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the lignin are highly dependent on the conditions used during
the process in which the lignin was extracted.> There is no such
thing as the defined structure of lignin, but the main chemical
features of pre-extracted lignin contains many substituted
phenol groups, which are believed to be responsible for the
antioxidant properties of lignin.**** Furthermore, different
types of lignin contain various levels of carbohydrates that are
attached to the polymeric lignin moiety.>>*” Beside its antioxi-
dant properties, it has been proved that lignin can serve as
a reducing agent in the mechanochemical synthesis of metal
nanoparticles.” The use of silver-ion-infused lignin nano-
particles is an alternative to metallic AgNP in antimicrobial
applications, although the former relies on the antimicrobial
activity of silver ions.>*® Here we show lignin can act as reducing
and capping agent during the one-pot synthesis of AgNP or
AuNP. The new nanocomposites proved to be stable in biolog-
ical media, demonstrate antimicrobial activity and be non-toxic
for human cells at bactericidal concentrations.

Here we used three different types of lignin: commercially
available alkali lignin (with low sulfonate content and no
reducing sugars), ZHL lignin (depolymerized and 27% sugar
content) and AL lignin (alkali-extracted, 16% sugar content)
from a local pulp and paper company. Alkali lignin is soluble in
water (pH ~ 7) and ZHL and AL lignin are soluble in alkali
solutions (pH ~ 12), but insoluble under neutral and acidic
conditions. It is important to highlight that whereas pH
requirements are important for manufacturing the materials,
their applications are studied at physiological pH. We show that
colloidal lignin-coated AgNP and AuNP (AgNP@lignin or AuN-
P@lignin) can be synthesized in few minutes using thermal or
photoinduced methodologies. Both, Ag and Au, show photoin-
duced antimicrobial activity, not only against Gram-negative
(Escherichia coli) bacteria, but also against Gram-positive
(Staphylococcus aureus) bacteria. Importantly, they show no
cytotoxicity against human cells. Additionally, AgNP@lignin
were tested for antimicrobial activity towards biofilms, which
are highly resistant to antimicrobial agents as opposed to
dispersed (planktonic) bacteria.*

Materials and methods
Chemicals

Tetrachloroauric acid-99% (HAuCl,-3H,0), silver nitrate
(AgNOs3), alkali lignin, Dulbecco's phosphate buffered saline
(PBS), Luria Bertani (LB) broth, Dulbecco's Modified Eagle
Medium (DMEM) Agar Mueller Hinton, trypsin, Fetal Bovine
Serum (FBS), poly-i-lysine, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), and 2,7-dichlorodihydro-
fluorescein diacetate (DCFH,-DA) were purchased from Sigma-
Aldrich, and used as received. AL and ZHL lignin were
a generous gift from FP Innovations from Point-Claire, PQ,

Canada.
Instrumentation

Centrifugations were carried out in an Eppendorf 5804R
centrifuge equipped with a F-34-6-38 rotor. The UV-vis
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absorption spectra were recorded on an Agilent Cary 60 spec-
trophotometer. TEM images were recorded on a Jeol JEM-2100F
transmission electron microscope (TEM) working at an accel-
erating voltage of 200 kV. The diameter of the nanoparticles was
determined using Image] software. Statistical analysis was ob-
tained by measuring the diameter of 200-400 nanoparticles per
sample. Absorption and emission spectra for ROS and cell
viability experiments were carried out in a 96 well-plate using
a microplate reader SpectraMax M5. {-potential and dynamic
light scattering (DLS) were measured with a Malvern Zetasizer
(model Nano-S). The total amount of metal was determined by
Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES), using an Agilent 5100 series ICP-OES equipment.
Fourier Transform Infrared spectroscopy (FT-IR) was performed
in a Nicolet 6700 FT-IR equipped with and attenuated total
reflectance (ATR) accessory.

Synthesis and characterization of MNP@lignin

Colloidal lignin-coated metal NP (MNP®@lignin) were prepared
in a one-step synthesis using lignin as both the reducing and
coating agent. Thermal and photochemical methodologies
were used for the reduction of the metal precursor (HAuCl, or
AgNO3;) with lignin (alkali, ZHL, or AL). Table S11 summarizes
the conditions utilized for each synthesis. In general, 0.5 mL of
the corresponding metal precursor solution was added to
0.5 mL of lignin (0.4 mg mL™") and the solution volume was
increased to a final volume of 2 mL. For thermal synthesis, the
solutions were heated up to 55-60 °C (Table S1t). Photo-
chemical method was carried out by direct irradiation of the
reaction mixture with 405, 465, 530 and 730 nm LEDs in
accordance with Table S1.1 The prepared colloidal samples
were subjected to a centrifugation/washing cycle with MilliQ
water in order to remove any unbound lignin moieties and/or
unreacted metal precursor. Nanoparticles were resuspended
in 200 puL of MilliQ water (stock solution), and after a 10x
dilution they were characterized by UV-Vis spectroscopy, TEM,
DLS and zeta ({)-potential. The total amount of metal (Ag or
Au) was determined by ICP-OES. Briefly, triplicates of 10 mg of
the solutions were accurately weighed and digested in 0.8 mL
of aqua regia. After that, 5 mL of MQ water were added, and the
solution was centrifuged at 7000 rpm for 10 minutes. The
supernatants were then diluted to 10 mL prior measurement
by ICP-OES. The nM concentration of the particles was calcu-
lated as described in the ESL1*°

Stability of MNP@lignin

The colloidal stability of MNP@lignin was determined in the
three biological media. Briefly, 100 pL of the stock solution of
NP was resuspended in 100 pL of different concentrations (100,
50, 37.5 and 25%) of PBS (pH 7), LB broth or DMEM and their
plasmon absorption was monitored as a function of time during
a period of 10 days.

Bacterial strains and growth conditions

The experiments were performed using Staphylococcus aureus
29283 and Escherichia coli CF073. Stock cultures were

RSC Adv., 2018, 8, 40454-40463 | 40455
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maintained in tryptone soya broth and stored at —80 °C in 10%
glycerol.

Antimicrobial activity and ROS production

The Minimum Inhibitory Concentration (MIC) was determined
by broth microdilution method, which was slightly modified
from the standard Clinical and Laboratory Standards Institute
(CLSI). In brief, an inoculum of 10° colony forming units (CFU)
per mL was prepared from a single colony in LB broth con-
taining different concentrations of solutions of AgNP@lignin,
AuNP@®@lignin and AgNO;. The absorbance was measured at
600 nm (ODg,) after 24 h of incubation at 37 °C under dark
conditions. The MIC was determined as the lowest concentra-
tion of test compounds at which the absorbance of the bacterial
inoculum at 600 nm was lower than 0.03.* All measurements
were run in triplicate.

Antibacterial activity. Antibacterial activity of MNP@lignin
was tested against S. aureus and E. coli. Bacterial suspensions of
10° CFU mL™" in 50% LB from a single colony were prepared.
Using a 96-well plate, 100 uL of bacterial suspension and 100 uL
of the MNP@lignin solutions (at the given concentrations in
50% LB) were mixed and irradiated under different conditions
(vide infra) at 37 °C. Control experiments were run under the
same conditions in the dark. All samples were triplicated.
Aliquots of each sample were diluted properly and seeded in
Mueller Hinton agar plates. CFU were counted from the agar
plates after 24 h of incubation at 37 °C.

ROS quantification in bacterial culture. The amount of ROS
generated was determined using a reported protocol.'*' We
utilized DCFH,-DA as a prefluorescent probe to detect and
quantify the total ROS generated by following the probe emis-
sion at 530 nm. Therefore, the radical indicators of oxidative
stress were measured with DCFH,-DA (2 uM) in bacterial
suspensions (10° CFU mL™ ") treated with MNP@lignin at the
given concentrations. The samples were irradiated with white
light (Fig. S81) for up to 1 h for AgNP@lignin and up to 6 h for
AuNP®@lignin.

Biocompatibility and cytotoxicity

The cytotoxicity and biofilm eradication experiments were
carried out using MTT assay previously described.**

Cell viability. The 3T3 fibroblasts were cultured in Dulbec-
co's modified Eagle's medium (DMEM) with 10% calf serum.
Cells were grown and attached in cells culture flasks using poly-
L-lysine, and after that they were washed with phosphate-buffer
saline and trypsinized with 1 mL of 0.05% trypsin. Trypsiniza-
tion was stopped by adding fresh medium to the reaction. The
cells were washed once by centrifugation with DMEM without
serum, resuspended in medium without serum, and approxi-
mately 10> cells per well were plated after proper cell counting
in an improved Neubauer chamber. They were incubated over-
night to allow attachment and then treated with the bactericidal
concentrations of AgNP@lignin and AuNP@lignin, lignin at
0.1 mg mL ™', DMEM and irradiated with white light during 1 h
in the case of AgNP@lignin nanocomposites and 6 h in the case
of AuNP®@lignin. In parallel dark conditions were tested. The
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Table 1 Synthetic strategies used for each MNP@lignin composite”

Mass ratio (mg of metal

MNP@®@lignin precursor/mg of lignin) Irradiation T (°C) ¢ (min)
AuNP@alkali 0.5 532 nm 25 5
AuNP@ZHL 1 Dark 58 10
AuNP@AL 2 Dark 58 30
AgNP@alkali 5 465 nm 28 5
AgNP@ZHL 1 Dark 58 5
AgNP@AL 1 465 nm 28 5

¢ Conditions: 0.1 mg of lignin in water or pH 12 according to lignin
solubility.

AuNP@Lignin
0.8 129

AgNP@Lignin

0.6 099

Abs
Abs

0.4+ 0.6+

T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Fig. 1 Absorption spectra of the selected MNPa@lignin synthesized
with alkali (black), ZHL (red) and AL (blue) lignins following protocols
described in Table 1.

cells were kept in that period of time at 37 °C, 5% CO,, and 95%
humidity. MTT assay based on the reduction of tetrazolium salt
to formazan (absorbance at 570 nm) in living cells was done
according to a Sigma protocol to determine the percent survival.

Biofilm formation. In order to form a strong biofilm, S.
aureus were grown in LB broth supplemented with 0.25%
glucose. After overnight incubation the well plate was rinsed
with sterile PBS to remove planktonic bacteria before adding
fresh LB media to the attached biofilm to carry out the eradi-
cation experiments.

Biofilm eradication. The mature biofilms formed in a 96-well
plate were treated with AgNP®@lignin nanocomposites at the
bactericidal concentration. LB medium containing the AgN-
P@lignin composite (0.02 nM of AgNP@alkali, 2.9 nM of AgN-
P@AL or 9.8 nM Ag@ZHL) was added and incubated under
white light or dark conditions for 3 h at 37 °C. Bacterial viability
was determined using MTT essay following absorption at
570 nm. Briefly, the biofilms treated with AgNP@lignin or
control (untreated) were washed once with PBS. A 250 uL aliquot
of MTT solution (200 pg mL™ ") was added to each well and
incubated in the dark for 3 h at 37 °C.

Results
Synthesis and characterization of MNP@lignin

Different synthetic strategies were explored for Au and Ag NPs
including thermal- and photo-chemical reactions utilizing the
reducing properties of lignin. Table S11 summarizes all the
conditions used for the synthesis optimization. After an exten-
sive screening of conditions, each MNP@lignin was synthesized

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 TEM images of the MNPa@lignin synthesized following proto-
cols described in Table 1: (A) AuNP@alkali, (B) AuNP@ZHL, (C) AuN-
P@AL, (D) AgNP@alkali, (E) AgNP@ZHL, and (F) AQNP@AL. Scale bar:
100 nm.

by slightly modified conditions, which better suited the desired
stability and optical properties of each NP. The most repro-
ducible synthetic strategies are summarized in Table 1. Fig. 1
shows the absorption spectra of MNP obtained with different
lignin sources and Fig. 2 and S2-S4} display the particle
morphologies and sizes, respectively. Table 2 summarizes the
particle size, hydrodynamic diameter and zeta({)-potential for
each batch of particles. It is important to highlight that all
irradiation wavelengths tested furnished the formation of metal
nanoparticles, possibly due to the capacity of lignin to thermally
reduce Ag" (or Au®*) and the size and shape modulation upon
irradiation.®***

Stability in biological media

The stability of the particles in different biological media was
determined by following the changes on their plasmon
absorption band as function of time in each media. Particles
were resuspended in different media concentrations (100, 50,
37.5 and 25%) and their stability over a period of 10 days was
determined by eqn (1),"” where 20% decrease in the plasmon
absorption band was accepted as stability parameter. Fig. 3, S6
and S71 show the evolution of the plasmon band for media
concentrations where particles were stable.

View Article Online

RSC Advances

N
S

.4{

——e— Ag@L PBS 50%
——e— Ag@L LB 100%
——e— Ag@L DMEM 50%

—— AU@L PBS 100%
——a— AU@L LB 100%
40-] ——e— Au@L DMEM 100%

Stability (%)
8

1 ——e— Ag@ZHL PBS37.5%
60 —— AG@ZHL LB 50%
] ——a— Ag@ZHL DMEM 50%

——— AU@ZHL PBS 100%
——e— AU@ZHL LB 100%
———— AU@ZHL DMEM 50%

Stability (%)

IS
S
Loy

100 -éi -&
R Lt I e L LT e T T T LT
; ——e— Ag@AL PBS 50% ——e—— AU@AL PBS 37.5%
= 60 —e AG@AL LB 50% —e AU@AL LB 100%

2 ——— Ag@AL DMEM 50% —— Au@AL DMEM 100%
& 403
20
o.
T T T T T T T T T T
0 4 6 8 10 0 6 8 10
Time (days) Time (days)

Fig. 3 Stability curves of AuNPa@lignin and AgNP@lignin dispersed in
different biological media. Data obtained from Fig. S5 and S6.1

max

viStability = 0%
©Stability = Abs™

% 100 (1)

Fortunately, AgNP@lignin and AuNP®@lignin show great
stability at high media concentrations, which further suggest
lignin as a strong stabilizing agent. After this, we selected LBB
media to carry out the antibacterial activity experiments.

Antimicrobial activity

Analyzing the minimal inhibitory concentration (MIC) of
MNP@Ilignin required under dark conditions, we were able to
determine MIC values for AgNP@alkali and AgNP@AL of 0.2
pg mL~" and 24.2 pg mL™", respectively. These numbers are
significantly smaller than other reported.** Additionally, we
show that the antimicrobial activity strongly depend on the
type of lignin used. For instance, AQNP@ZHL nanocomposites
show no bactericidal effect in the dark. As expected,

Table 2 Summary of the core size, hydrodynamic size and surface charge for each composite

MNP@®@lignin Diameter” (nm) Hydrodynamic diameter” (nm) PDI {-potential (mV)
AuNP@alkali 15+7 39 0.42 —26.9
AuNP@ZHL 25+ 8 39 0.27 —54.4
AuNP@AL 12+ 4 21 0.65 —50.2
AgNP@alkali 8 +4° 65 0.52 —44.3
AgNP@ZHL 13 +£8 52 0.28 —51.1
AgNP@AL 13+6 100 0.67 —57.8

“ From analyses of the TEM images. ” From DLS analysis. ¢ Only small particles were measured and considered. PDI: polydispersity index scaled
between 0 and 1. Values higher than 0.7 indicate highly-polydisperse materials.*

This journal is © The Royal Society of Chemistry 2018
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AuNP@lignin are also innocuous under dark conditions.
Nevertheless, we tested the antibacterial activity of all
MNP@®@]lignin nanocomposites under illumination utilizing
the concentrations from Table S2.1 Thus, low-density bacteria
suspensions in LB broth (~10° CFU mL ') were challenged at
the composite concentrations shown in Table S2.f In order to
differentiate between bactericidal and bacteriostatic activity,
short-term (1 h for AgNP@lignin and 6 h for AuNP®@lignin)
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Fig.4 Bacteria time-kill profiles for E. coliand S. aureus up to 1 hiin the
presence of AgNP@alkali, AgNP@ZHL, and AgNP@AL at A and B
concentrations given in Table S2.1 Control experiments were per-
formed in the absence of nanocomposites.
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time-killing studies were carried out with all MNP@Ilignin
nanocomposites (Fig. 4 and S971). It is important to note that
alkali lignin alone shows no bactericidal activity. Additionally,
ZHL and AL lignins are not soluble in biological media and
therefore antimicrobial studies cannot be performed with
these materials.

ROS production

The production of ROS in the presence of bacteria was deter-
mined by a well-known protocol employing DCFH,-DA.*” This
non-fluorescent probe undergoes deacetylation in the pres-
ence of bacteria esterase, which can be oxidized by the ROS
species generated (see Fig. S107) to furnish a highly fluores-
cent species. Thus, the total amount of ROS species generated
is directly correlated to the emission detected at 530 nm (Aex
428 nm). Two different concentrations of MNP@lignin were
used (A and B, see Table S27) and the mixtures were irradiated
with white light at ~78 Wm > during a 6 h period in the case of
AuNP@lignin and 1 h period for AgNP@lignin. Fig. 5
summarizes the ROS species generated from AgNP@lignin
nanocomposites and Fig. S117 shows the results obtained with
AuNP@lignin nanocomposites.

Cell viability

The toxicity of the MNP@Ilignin nanocomposites towards
mammalian cells was studied at the bactericidal concentrations
with 3T3 fibroblasts, upon white light irradiation. Results
shown in Fig. 6 suggest that all the MNP@lignin nano-
composites can be considered non-cytotoxic, with the exception
of AgNP@alkali, which shows the same toxicity found with
AgNO;, whereas HAuCl, was considered non-toxic.*® It is
important to notice that the light dose used does not damage
the cells. Also, it is important to highlight that only alkali lignin

S. aureus E. coli

800

600

Wb

400+

Fluorescence (a.u.)
"
}

200

000-

800

Jeqa

400

Fluorescence (a.u.)

0 10 30 60 0 10 30 60
Time (min) Time (min)

Fig. 5 ROS production for samples of S. aureus and E. coli in the
presence of AgNP@alkali (grey), AQNP@AL (red), AQNP@ZHL (blue) and
in the absence of particles (black) at bactericidal concentrations
(concentration B for AgNP@alkali, concentration A for AQNP@AL and
AgNP@ZHL according to Table S271), under dark or light exposure.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Cell viability measurements (% relative to cell viability in the
absence of nanocomposites) carried out by using MTT colorimetric
assay (see Experimental section) of human fibroblasts after (A) 1 h
incubation with AgNP@lignin nanocomposites and (B) 6 h incubation
with AuNPa@lignin at the bactericidal concentrations (concentration B
for AgNP@alkali and AuNPa@lignin, concentration A for AQNP@ZHL and
AgNP@AL, according to Table S27). Black bars correspond to dark
conditions, blue bars under white light irradiation.

could be fully dissolved in the biological media and therefore
controls without NP were only run with this type of lignin.

Biofilm eradication

Fig. 7 shows the antimicrobial activity of the AgNP@lignin
nanocomposites against S. aureus biofilms grown in glucose-
rich LB broth. The so-prepared biofilms were subjected to
dark and light treatments in the presence of bactericidal
concentrations of AgNP@lignin nanocomposites, showing
bacteriostatic activity after the incubation time. The biofilm
viability (biofilm%) was calculated relative to the control
(bacteria in the absence of nanocomposites) using eqn (2):
AbSS70 _ AbSS7O

— % 100% (2)

Biofilm% =
YT T AR

where Abs;’* is the absorption of the biofilm at time 0 h, before
treatment with the nanocomposites, and Abs;r‘x70 is the absorp-
tion of the biofilm in the presence of the nanocomposites at any

specific time.

Discussion

Different types of lignins show similar abilities to reduce Ag”
and Au®*" precursors into AgNP or AuNP upon heat or light

Biofilm (%)

B

1 2 1 2
Time (h) Time (h)

Fig. 7 S. aureus biofilm eradication by treatment with AgNP@alkali
(black), AQNP@AL (red) and AgNP@ZHL (blue) under dark (A) and under
light (B) conditions. (Concentration B for AgNP@alkali, concentration A
for AQNP@AL and AgNP@ZHL according to Table S27).
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exposure. As mentioned before, the phenolic groups present in
the lignin structure are believed to be responsible for the
reducing properties of lignin.>**®* We noticed the presence of
MNP in all the mass ratios explored, however we selected the
methodology that furnished to the most stable MNP@lignin in
less time. Specifically, alkali lignin shows to be a better reducing
and stabilizing agent in the presence of AuNP comparing to
AgNP. Despite the fact that the synthesis of AgNP@alkali
requires higher metal-lignin mass ratio (5 versus 0.5 in the case
of AuNP@lignin), the particles show formation of aggregates
that can be easily spotted by TEM imaging. We note that ZHL
lignin shows the same ability to reduce Ag" and Au®", therefore
the same synthetic protocol was selected for both MNP@lignin
formation. Finally, AL lignin also shows similar reducing abil-
ities and therefore the synthetic methodologies were selected
based on the reaction times. Overall, the reported sugar content
on the lignins appears to have no relation to their reducing
capacities, although in the case of AgNP it might help pre-
venting particle agglomeration (¢f AgNP@alkali with
AgNP@ZHL and AgNP@AL).

Overall, the synthesized spherical MNP@lignin nano-
composites are fairly monodisperse as per their TEM images
(except in the case of AgNP@alkali), although most of them
show some degree of polydispersity according to DLS
measurements (PDI > 0.5). According to these measurements
the hydrodynamic radii of these nanocomposites are bigger
than the particle diameter determined by TEM imaging. This is
in agreement with the presence of a bulky lignin-derived shell
(Table S27). The presence of lignin in the nanocomposites was
further proved by ATR FT-IR spectroscopy as shown in Fig. S5.1
Additionally, the use of lignin as capping agent shows excellent
electrostatic stability according to the {-potential values found
for all the MNP@lignin nanocomposites.*® Whereas there are
many efforts reported to obtained monodisperse and mono-
morphic NP,*>** few reports believe polymorphism and poly-
dispersity could help to avoid bacterial resistance.*” Therefore,
we focused on the good optical properties that all these nano-
composites present, i.e. absorption band in the visible region,
and also on their stability. The use of NP in clinical settings is
usually limited by their aggregation in the biological media,
therefore it is important to demonstrate their stability in such
environments.* Utilizing the stability criterium shown in eqn
(1), all MNP@Ilignin nanocomposites are suitable to be used in
different biological media, namely PBS, LB, and DMEM.

Two bacterial strains were chosen to demonstrate the anti-
bacterial activity of MNP@lignin nanocomposites: S. aureus and
E. coli. They are representative for Gram-positive and Gram-
negative bacteria, respectively. S. aureus is known to present
a thicker peptidoglycan layer as oppose to E. coli, which
contains more fatty acids.* From Fig. 4 we can see that the
different lignin nanocomposites have different antimicrobial
activity. We can recognize the bacteriostatic activity, as less than
3 logyo reduction in CFU, from the bactericidal activity, where
the bacterial viability decrease at least 3 log;, in CFU.***¢
Specifically, under dark conditions AgNP@alkali show bacteri-
cidal activity against E. coli at the MIC (concentration A, Table
S21) while only bacteriostatic activity is detected at lower
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concentrations (B). In the case of S. aureus, the nanocomposites
showed bacteriostatic effect under dark conditions at both
concentrations (A and B). In all cases, when the nano-
composites are subjected to white light illumination, the anti-
bacterial activity can be recognized by either short exposure
times or lower particle concentrations. Similar behavior is
found for the AgNP@AL nanocomposites. Interestingly,
AgNP@ZHL, show neither bactericidal nor any bacteriostatic
activity in the dark at the concentrations studied. However,
under illumination they show an increase in activity against S.
aureus whereas it remains innocuous for E. coli. This is
a particularly interesting result, as it shows good selectivity
towards S. aureus. Coincidentally, these nanocomposites
contain lignin with higher sugar content, which could
contribute to a better interaction with the S. aureus bacterial cell
wall.'”%” Additionally, Fig. S91 shows the AuNP@lignin tested
are non-toxic for the bacteria in the dark, unless they are sub-
jected to light exposure. Thus, the nanocomposites show
bactericidal activity in both strains after 6 hours of irradiation.
In comparison to other AuNP studied, such as those coated with
sugars'’ or hydrophobic organic ligands,*® these AuNP@lignin
nanocomposites show similar antibacterial concentrations,
with the advantage of an easy and rapid synthetic methodology
and stability in biological media. Interestingly, all MNP@lignin
nanocomposites show better activity under white light irradia-
tion, which potentiates their uses in Photodynamic Antimicro-
bial Chemotherapy (PACT).* It is worth noting that light itself
does not produce any damage or change on the normal growth
of bacteria.

Interestingly, all nanocomposites studied here are negatively
charged according to the ¢-potential measurements (Table 2).
Although this can be considered a disadvantage (as bacterial
membranes are known to be negatively charged and attracted
only by positively charged NP***°), the nanocomposites showed
antibacterial activity although we utilized them without further
modifications. We believe the sugar content of the lignin could
be involved in the adhesion to the bacterial membrane, ie.
peptidoglycan layer present in the bacterial cell wall can help to
attract sugars, and with them the nanocomposites attached.*”*’

As mentioned before, there are two main processes that are
believed to be involved in the photo-induced antimicrobial
activity of MNP,"»** namely, photothermal and photochemical
mechanisms. The first one involves the absorption of light by
the MNP and the concomitant local release of heat from the
particle that can destroy biomolecules (or melt the lipids in
a cell membrane) in close proximity to the MNP surface.”* The
photochemical mechanism implicates the production of ROS by
electron transfer processes from MNP to oxygen in the media.
The later can be determined by a simple measurement of ROS
generated during irradiation process. Fig. 5 shows how the
generation of ROS is increased 2-fold when the nanocomposites
are expose to visible light. The maximum ROS production
enhancement in the presence of AgNP@alkali and AgNP@AL
nanocomposites occurs after 10 min of irradiation. Subse-
quently, due to the bacteria being killed (c¢f Fig. 4), the
production of ROS cannot be further identified by this meth-
odology. Additionally, AgNP@ZHL do not show ROS production
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increase upon irradiation compared to the control, which is in
agreement with the absence of antibacterial activity under dark
conditions. This result proves that the main mechanism of
action for this nanocomposite does not involve a photochemical
process. In the case of AuNP@lignin nanocomposites only
solutions of concentration B increase the production of ROS
above the control level, this is probably related to a lower
concentration of lignin and the concomitant decrease of its
antioxidant effect.

Fibroblasts are very sensitive to external factors, as opposed
to HeLa cells - most frequently used for in vitro experiments -,
and therefore more relevant for the analysis of the effects of new
drugs on eukaryotic cells.

None of the MNP@lignin nanocomposites have shown
cytotoxic effects, except for the AgNP@alkali. Although this
composite acts as better antimicrobial agents than AgNO;, they
can be equally toxic. We believe that a synergistic effect due to
the presence of both the big agglomerates (that can improve
antimicrobial activity), and the small NPs (that can release high
amount of silver ions involved in the increase of cytotoxicity)
can explain the activity of this composite.”>>* We attribute this
effect to the type of lignin used (alkali), which is not as strong
a stabilizer for AgNP as the other lignin studied here.

Finally, and yet importantly, the formation of biofilms is
a growing concern as the encapsulation of bacterial cells in the
film plays an important role on their persistency and decreases
their vulnerability to antimicrobials.”® This can make them not
only more dangerous but also more difficult to eliminate.>® In
particular, S. aureus biofilms cause many infections®” and their
eradication is essential.”® Towards this goal, we decided to test
the antimicrobial activity of AgNP@lignin nanocomposites to
eliminate S. aureus biofilms upon white light irradiation. All
nanocomposites show great activity, where over 60% of the
biofilm was eliminated after one hour of irradiation (Fig. 7).

Conclusions

The use of natural compounds, that can find value-added
application while being eco-friendly materials, is important
not only to favour sustainable practices but also to protect the
environment. Here we show that MNP®@Ilignin nanocomposites
could be synthesized with a simple one-step method under very
mild conditions that can involve heat or visible light. The
nanocomposites are stable for more than a week in different
biological media, keeping their optical properties and being
persistently well-dispersed in the media. The nature of the
lignin drastically alters the antibacterial properties of the
nanocomposites; it is believed the interaction of the nano-
composites with the bacterial cell wall can be governed by the
lignin structure helping not only on the stability of the particles
but also on their selectivity towards different type of bacteria.
Finally the nanocomposites are non-toxic and show great
potential to act as bacteriostatic agents against biofilms.
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