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Under ultrasonication, cuprous oxide (CuzO) microparticles (<5 um) were fragmented into nanoparticles (NPs,
ranging from 10 to 30 nm in diameter), and interacted strongly with alkali lignin (Mw = 10 kDa) to form a
nanocomposite. The ultrasonic wave generates strong binding interaction between lignin and CuO. The L-Cu

iﬁ?&ﬁ?ﬁal nanocomposite exhibited synergistic effects with enhanced antibiofilm activities against E. coli, multidrug-
Antibiofilm resistant (MDR) E. coli, S. aureus (SA), methicillin-resistant SA, and P. aeruginosa (PA). The lignin-Cuz0 (L-Cu)

nanocomposite also imparted notable eradication of such bacterial biofilms. Experimental evidence unraveled
the destruction of bacterial cell walls by L-Cu, which interacted strongly with the bacterial membrane. After
exposure to L-Cu, the bacterial cells lost the integrated structural morphology. The estimated MIC for biofilm
inhibition for the five tested pathogens was 1 mg/mL L-Cu (92 % lignin and 8 % CuzONPs, w/w %). The MIC for
bacterial eradication was noticeably lower; 0.3 mg/mL (87 % lignin + 13 % CuaONPs, w/w %) for PA and SA,
whereas this value was appreciably higher for MDR E. coli (0.56 mg/mL, 86 % lignin and 14 % Cux0 NPs). Such

results highlighted the potential of L-Cu as an alternative to neutralize MDR pathogens.

1. Introduction

As a global threat to health organization systems, bacterial biofilms
cause a wide range of perpetual infections of ~80 % of human infections
[1]. The surface-related bacterial formation wrapped within a covered
exopolysaccharide becomes resistant to chemical attacks and harsh
conditions [2,3]. The bacterial matrix of biofilm formation triggers wide
flexible changes in bacteria, conceding over 1000-fold resistance to
conservative antibiotic medication and the host immune system [4,5].
Bacterial biofilms are essential targets for biorthogonal therapeutics and
their formation is persistent in wounds and dental transplants, urinary
catheters, and indwelling medical devices [6]. The biofilm matrix re-
inforces embedded microbial cells and deliberately delays the hydro-
phobic molecule’s diffusion, rendering the treatment mostly difficult
[7]. The treatment of these infections is also very ineffective and chal-
lenging on wounds and indwelling therapeutic devices because micro-
bial cells are implanted in extracellular networks, making them highly

resistant to harsh environmental conditions, antibiotics [8,9], and host
immune response systems [10,11]. The sustained usage of antibiotics to
cure those infections also increases the emergence of antibiotic-resistant
strains, provoking the burden of microbial persistence in those in-
fections [12]. Resistance has eventually been seen to nearly currently
prescribed antibiotics including vancomycin, imipenem, and ceftazi-
dime. MRSA alone kills more Americans each year than HIV/AIDS,
Parkinson’s disease, emphysema, and homicide combined [9]. Infection
by Gram-negative pathogens including PA in healthcare settings is
worrisome because they are becoming resistant to nearly all the anti-
biotic drug options available [9]. The modification of existing antibi-
otics does not completely avert the evolution of antimicrobial resistance.
Hence, new classes of antimicrobial agents are urgently needed to pre-
vent microbial adhesion and biofilm formation of emerging pathogens
with antibiotic resistance [10] (see Scheme 1).

Lignin metal-based nanomaterial composites illustrate a key mo-
dality toward biofilm eradication because of their excellent antibacterial
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Scheme 1. Schematic illustration of lignin-capped Cu,O synthesis.

activity, robustness, size, and tailored surface charge [13]. Bioinspired
nanocomposite antibacterial materials stand out in terms of the
competitive cost and scalability of their chemical counterparts [14]. The
limited efficacy of antibiotics is due to their interference with the im-
mune system along with considerable antibiotic resistance [13]. After
cellulose, lignin is the second most abundant natural polymer but is
hardly valuable in its macromolecular form because lignin is mainly
burned for energy usage [14]. Considering its high availability and
renewability, lignin represents an excellent source for the production of
valuable functional molecules [13,15]. As a few examples, lignin is
being utilized to improve safe design methods to provide biocompatible
nanocomposite materials [16]. Lignin (L) composites have been advo-
cated as antibacterial agents for sensitive and resistant bacteria, e.g., L-
bimetallic nanoconjugate [14], aminated L-NPs (nanoparticles) [13], L-
capped Ag NPs [17], Te-L-NPs [18], lignocellulose nanocrystals [19], L-
hydrogels [20], L-CuS [4], Kraft L/silica-~AgNPs [21] and L-PVA (poly-
vinyl alcohol)/chitosan [22]. Albeit lignin-based composites have been
developed for antibacterial and antibacterial wound applications [17],
there are very limited reports of antibiofilm treatment by L-based
composites. Green procedures for fabricating L-Cu nanoparticles are
appealing as they involve no chemicals, which might adversely affect
plants, humans, and the environment.

This study focuses on a nanocomposite of L-Cu (lignin-Cup0) pre-
pared by ultrasonication with antibiofilm applications. The L-Cu nano-
composite material is stabilized due to the formation of strong
interaction between the lignin chain and the CuyO. Subsequently, there
is a conspicuous change in the backbone of the lignin of the nano-
composites compared to the pristine Lignin. To our knowledge, this is
the first effort for the formation of the L-Cu by sonochemistry. Of only
relevance is the synthesis of a stable lignin nanocomposite by depositing
Cuy0 into lignin by ultrasonication. This strong binding of L-Cu provides
the antibiofilm properties against five selected WHO high-priority
pathogens: Escherichia coli (E. coli), multidrug-resistant (MDR) E. coli,
Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus aureus (S.
aureus), and methicillin-resistant S. aureus (MRSA). Based on pertinent
experimental evidence, a postulated mechanism is suggested to high-
light the role of the L-Cu nanocomposite, which efficiently penetrates
bacterial cells and interferes with biofilm formation.

2. Characterization of materials

The L-Cu was sonicated by an ultrasonic transducer (Ultrasonic
Disruptor, 20 kHz, 750 W with 30 % amplitude). The size and surface
topography of the fabricated substrates and CuyO were characterized by
environmental scanning electron microscopy (ESEM), high-resolution
scanning electron microscopy (HRSEM) with an FEI Megallen 400 L
microscope, and transmission electron microscopy (TEM) JEOL 2100.
The phases of CupO and coated substrates were probed by X-ray
diffraction (XRD) (40 KkV, monochromatic Cu Ko radiation:
A = 0.15418 nm). The XPS (X-ray Photoelectron Spectroscopy) peaks
obtained by the Thermo Scientific Nexa spectrometer, UHV) were
deconvoluted using XPSPEAK 41 software. The generation of reactive
oxygen species (ROS) was examined by a Bruker ELEXSYSR500cw X-
band electron paramagnetic resonance (EPR) spectrophotometer. The
sonochemical process was carried out using an ultrasonic transducer
(Tihorn, 20 kHz, 750 W, Sonics, and Materials VC750, USA). With a cell
volume of 80 mL and an electric power of 650 W, the ultrasonic power of
29.8 W with a corresponding power density of 0.37 W-cm > was
determined calorimetrically by measuring the time-dependent temper-
ature increase in the ultrasonic vessel [23].

3. Result and discussion

The optimal conditions of the frequency, power, and efficiency have
been well established in our laboratory for sonochemical coating on
fabrics [23,24]. Surface & Coatings Technology 204, 54-57, 2009; J.
Mater. Chem. B, 2013, 1, 1968]. First, the operating temperature was
kept constant and low in this study because the gas solubility in the
liquid decreases at elevated temperatures, resulting in reduced cavita-
tion nuclei available [25]. Increasing liquid temperature also decreases
the cavitation threshold, due to increased liquid vapor pressure or a
decrease in surface tension or viscosity [26]. It should be noted that a
temperature change can affect other parameters, and frequency for
example; an increase in liquid temperature to 40 °C causes a shift of
maximum H202 production to 613 kHz from 204 to 362 kHz [27]. A
sound field consists of both standing and traveling wave components,
with optimization of sonochemical yields observed in the presence of
traveling waves [28]. An ultrasonic horn operating at 20 kHz consists of
both traveling and standing waves [29], therefore, this setup and
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Fig. 1. (a) The XRD patterns of lignin, Cu,0, and L-Cu, (b) TEM micrograph of lignin (c), TEM micrograph of CuyO NPs, (d) TEM micrograph of L-Cu, and (d)

Magnified image of L-Cu.
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Fig. 2. (a) XPS survey spectra of L-Cu, (b-d) high-resolution spectra of Cu,0, oxygen, and carbon.
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Fig. 3. Comparison of Biofilm biomass between doubly deionized water (DDW) and lignin-capped Cu,O (L-Cu) by crystal violet staining assay (a) Pseudomonas
aeruginosa (P. aeruginosa), (b) multidrug-resistant E. coli (MDR E. coli), (c) Escherichia coli (E. coli), (d) Staphylococcus aureus (S. aureus), and (e) methicillin-resistant

S. aureus (MRSA), and (f) Percentage of biomass reduction by each bacterial strain.

frequency were adopted in this study with the applied electric power at
650 W, corresponding to an ultrasonic power of 29.8 W and a power
density of 0.37 W-cm ™ 3as mentioned earlier.

The welL-developed sonication technique [30,31] was used to syn-
thesize lignin-CuyO (L-Cu). The strongly capped material is formed
because of the strong ultrasonic binding interaction between lignin and
Cu20 and the product yield was 90 %. As mentioned in Table S1, Zidan
et al. [32] prepared lignin nanosphere-supported cuprous oxide by
stirring for 1 h. However, Gala et. al. [17] prepared lignin-capped silver
nanoparticles with sonication for 2 h. Shuqi et. al. [16] reported a
multistep synthesis of lignin-capped polyurethane/Ag composite. Simi-
larly, in other reports, they used lengthy sonication or stirring approach
for the preparation of lignin-based composite materials. Consequently,
the binding interaction between the materials is lower by the stirring
method. As compared to the reported synthesis studies, we reported a
green and short-time sonochemical method for the synthesis of L-Cu,
which exhibited strong biocompatibility, low cost, and excellent biofilm
inhibition ability. In brief, the ultrasonic irradiation of the liquid forms
the primary effects of cavitation such as bubble formation, growth, and
collapse as well as heat. During the microscopic cavitation, the bubbles
collapsed on the surface of the solid material, it generates powerful
shock waves along with microjets which makes the effective mixing of
the adjacent liquid layer. These cavitation effects are several hundred
times higher in the heterogeneous than the homogeneous system. In our
synthesis, ultrasonic waves stimulated the fast migration of the Cu,O
particles on the lignin surface to make a strong binding. This collision of
the imprinting CuO particles with the solid surface caused the local
fusion with the lignin chain at the contact sites, a rationale behind the
strong binding of CuyO particles to lignin.

In agreement with the literature, Fig. 1a shows an amorphous XRD
peak of pristine lignin at 13.72° [33] and a crystallographic phase of
Cuy0 NPs with six XRD peaks at 29.6°, 36.4°, 42.4°, 61.3°, 73.5°, and
77.4° (JCPDS No. 05-0667) [34]. The L-Cu nanocomposite displayed a
noticeable peak at 14.27° for lignin and 36.4°, 42.4°, 61.3°, 73.5°, and
77.4° diffraction peaks corresponding to CupO NPs, these diffraction
peaks indicated that due to strong capping treatment of Cup,O NPs with
lignin, a new phase was formed, appreciably even though a very small
amount of the CuyO powder was used for the synthesis of L-Cu. Cu0

NPs and alkaline lignin are positively charged at neutral pH [35]. Thus,
hydrophobic interactions between lignin and Cuy0 played an important
role in the formation of stable L-Cu. A broad peak observed for lignin
was anticipated as lignin is a highly branched biopolymer composed of
phenol units with strong intramolecular bonding. Ultrasound energy has
been used to remove and purify lignin from different sources of biomass
and this procedure presents no significant modifications of lignin in
terms of composition, structure, [36] or molecular weight [37]. Lignin
nanoparticles can be synthesized by ultrasonication; however, the pro-
cess is lengthy, 60 min at 20 kHz frequency and 600 W [38], compared
to a total time of 15 min used in this study using a mixture of lignin and
Cuz0 powder.

TEM imaging illustrated the polyhedral morphology of lignin and a
spherical shape for CuyO (10-20 nm in diameter) NPs (Fig. 1b,c), which
were capped on lignin (Fig. 1 d, e). L-Cu exhibited three XPS peaks at
281.1 (Cls), 532.39 (Ols), and 933.27(Cu2p) eV (Fig. 2a). High-
resolution spectra of Cu2p stemming from CuyO NPs encompassed the
corresponding peaks of Cu™ (2p3/2, 2p1,/2), cut? (2ps/2, 2p1/2), and five
satellite peaks at 933.06 (Cut), 934.98, 943.87 (Cu*?), 952.76 (Cu™),
and 954.67 eV (Cu*z) (Fig. 2b). The unassigned peak at 943.87 eV was
associated with a satellite peak [39]. Fig. 2¢ shows the attributed peaks
of O1s at 532.06, 533.22, and 536.63 eV, which were assigned to Cu*/
C—O0, C=0, and Ph—0 [39,40]. The Cls high-resolution peaks at
284.93 eV, 286.18 eV, and 288.77 eV were assigned to the C—C/C=C,
C-OH, and C=0/0-C=0 bond of lignin (Fig. 2d) [41]. The structural
units in lignin are p-hydroxyphenyl, guaiacyl, and syringyl [42] as lignin
is a highly branched polymer of three precursors: p-coumaryl alcohol,
coiferyl alcohol, and sinapyl alcohol [43]. Such precursors are linked by
B-O-4 aryl ethers, B-p (resinols), B-5 (phenylcoumarans), p-1 (spi-
rodienones), and 5-5 and 4-O-5 linkages.

4. Biofilm inhibition by L-Cu

Lignin has some antimicrobial activities owing to the presence of the
methoxy and phenolic hydroxyl groups. However, lignins prepared from
different biomass sources and preparation methods have different 3D
structures and different antimicrobial activities [44]. In this work, alkali
lignin was used without any treatment or purification as purified lignin
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Fig. 4. (a) CFU of Planktonic viable cells after 18 h incubation with L-Cu against P. aeruginosa, MDR E. coli, and MRSA, (b-d) concentration-dependent planktonic cell

reduction percentage of P. aeruginosa, MDR E. coli, and MRSA.

has a reduced effect on antimicrobial activity [45]. Unmodified lignin is
also more effective against gram-positive Bacillus species than against
gram-negative Klebsiella species [46]. There is some conflicting infor-
mation as lignins obtained from different sources and preparation
methods do not inhibit the growth of E. coli [47]. Therefore, this work
focused on a nanocomposite of unmodified lignin and Cu,O NPs with
potential antimicrobial and antibiofilm properties. There are two types
of industrial lignin, Kraft lignin and ammonium lignosulfonates [48].
Kraft lignin is selected in this study because it accounts for about 85 % of
the total lignin production in the world. Kraft lignin is used as received
as purified Kraft lignin obtained via solvent extraction exhibited a
negative effect on the antimicrobial activity as mentioned earlier.

The antibiofilm property of L-Cu was examined against five common
pathogens and the crystal violet (CV) assay was used to measure the
biofilm eradication activity of L-Cu. The absorbance of a biofilm after
being treated with L-Cu was measured (Fig. 3a-e) and the percentage
biofilm reduction was calculated. Fig. 3(f) reveals the superior biofilm
mass reduction potential of L-Cu varied from 83 to 100 % against E. coli,
MDRE. coli, P. aeruginosa, S. aureus, and MRSA and after 18 h incubation
with the preformed biofilms. Among them, the percentage of biofilm
biomass reduction was predominant (95-100 %) for S. aureus and
MRSA. In all cases, over 80 % inhibition was observed in the presence of
L-Cu at 460:40 ug in 500 uL (L-Cu, 1 mg/mL). These results evinced that
L-Cu exhibited excellent antibiofilm activities against all the tested
pathogens. Overall, L-Cu displays the following order of antibiofilm
activity against MRSA > S. aureus > E. coli > MDR E. coli > P. aeruginosa.
Differences in the level of antimicrobial activity were somewhat antic-
ipated as this property is governed by the bacterial gram characteristics,
zeta potential, the ability to build exopolysaccharides, and membrane
permeability. Any difference in such factors would cause variation in the

antimicrobial activity against different bacteria.

The inhibitory effect of L-Cu on planktonic viable cells was observed
by spread on an agar plate after 18 h incubation with L-Cu and a cor-
responding photograph was captured (Fig. S1). With the comparison of
control (DDW), L-Cu inhibited completely the growth of P. aeruginosa,
MRSA, and MDR E. coli at L-Cu at 460:40 pg in 500 pL (L-Cu). In the case
of DDW-treated planktonic cells for MRSA, about 2.5 less log reduction
was observed when compared with P. aeruginosa and MDR E. coli
(Fig. 4a). A corresponding percentage of bacterial inhibition of plank-
tonic cells was also performed in Fig. S2(a). L-Cu at 460:40 pg in 500 pL
has superior activity in clearance for all three planktonic cells’ survival.
The MIC is defined as the minimal concentration at which there is no
obvious bacterial growth. For the determination of MICs, the experiment
was performed for concentration-dependent planktonic cell inhibition
activity L-Cu and DDW (as a control) treated. A corresponding per-
centage of bacterial reduction observed by using ABsgs is shown in
Fig. S2 (b). The percentage of planktonic viable cell reduction for
selected pathogens and results are described in Fig. 4(b-d). The plank-
tonic cell mass of drug-resistant pathogens MRSA and MDR E. coli were
decreased by about 98 % and 99 % upon contact with L-Cu nanoparticles
with a concentration of 230:20 ug and 460:40 ug (L-Cu). The MIC value
for MDR E. coli planktonic clearance is recorded higher than (double
times) the MIC value for MRSA and sensitive P. aeruginosa, indicating the
superior planktonic bacterial clearance for MRSA and P. aeruginosa at
minimal concentrations. In the case of P. aeruginosa, the biofilm mass
reduction was attained at only ~83 % when incubated with a concen-
tration of 230:20 pg. The largest planktonic viable cell reduction dif-
ference was observed against MRSA, demonstrating that L-Cu exhibited
both the highest biofilm eradication activity as well as planktonic bac-
terial killing against MRSA (Fig. 3f and 4d). The overall MIC (minimum
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Table 1
MIC values for biofilm eradication and planktonic removal.

Bacteria’s L-Cu concentration for biofilm MIC of L-Cu for planktonic
inhibition (1 mg/mL) killing (mg/mL)

P. aeruginosa (0.920 L + 0.080 Cu) 0.3 (0.260 L + 0.04 Cu)

MDR E. coli (0.920 L + 0.080 Cu) 0.56 (0.48 L + 0.08 Cu)

S. aureus (0.920 L + 0.080 Cu) 0.56 (0.48 L + 0.08 Cu)

MRSA (0.920 L + 0.080 Cu) 0.3 (0.260 L + 0.040 Cu)

inhibition concentration) for biofilm eradication and planktonic killing
by L-Cu is presented in Table 1. The MIC values were comparable to
those of cationic lignin-based hyperbranched polymers; 128 ppm or
0.128 mg/mL [49]. The L-Cu composite displayed a broad-spectrum
antimicrobial activity against Gram-negative MDR E. coli and MRSA
strains without any significant shift in the MIC values. This is an
important finding as the nanocomposite could be further investigated as
a new class of antibiotics for treating bacterial infections. It is logical to
anticipate low MICs by fusing NPs with the aforementioned cationic
lignin-based hyperbranched polymers.

5. A postulated mechanism

Lignin composed of aromatic rings with hydroxy and methoxy
functional groups has been known as a binding substance for enzymes,
particularly cellulases by hydrophobic [50] and electrostatic [51] in-
teractions. The binding event is also reinforced by the hydrogen bonding
of the cellular biomolecules with several functional groups of lignin. In
the plant cell wall, lignin is associated with carbohydrate polymers. The
bacterial membrane comprises a lipid bilayer and associated proteins
and the major lipid species are phospholipids and glucolipids. A postu-
lated mechanism of antimicrobial activities of L-Cu is illustrated in
Fig. 5.

Based on the positive charge of lignin at neutral pH as discussed
earlier, lignin exhibits electrostatic interactions with negatively charged
bacteria. The hydrophobic nature of lignin plays an important role in its
binding to the phospholipid domain in the bacterial membrane. The
polyphenolic structure of lignin together with O-containing functional
groups (methoxyl and epoxy groups) is potentially responsible for these

Ultrasonics Sonochemistry 92 (2023) 106241

activities [52]. Lignin with high phenolic hydroxyl contents can damage
bacterial cell walls [53], resulting in the leakage of the bacterial cytosol.
The degree of damage is proportional to increasing concentration and
lignin has s a significant influence on deconstructing the cell wall of
several bacteria such as Bacillus subtilis, E. coli, Salmonella, Listeria,
S. aureus, and Klebsiella [54]. Another antimicrobial effect of lignin is the
creation of a low pH environment on the cell membrane to destroy the
proton dynamics of the cell membrane [54]. Similarly, CupO NPs with a
positive charge are also bound to bacteria with an opposite charge. The
binding event interferes with cell wall synthesis and membrane func-
tion. Copper oxide nanoparticles with potential application as antimi-
crobial agents have been demonstrated by several groups [55-57].
Among some plausible antimicrobial mechanisms, the generation of
enhanced ROS (reactive oxygen species) plays an important role in
bacterial eradication (Fig S3). Therefore, this study focused on the
synthesis of a nanocomposite of lignin-Cus0O NPs with anticipated
enhanced antimicrobial and antibiofilm properties. Unmodified lignin
(MW = 5,070) and three fractionated lignins (MW = 7,260, 3,480, and
1,810) can inhibit the growth of Gram-negative bacteria, and Gram-
positive bacteria by destroying the bacterial cell wall. The fraction-
ation by anhydrous acetone results in higher MW lignin (7,260),
whereas two lower MW lignin fragments are attained by subsequent
fractionation with 50 % acetone and 37.5 % hexanes [54]. However, the
lignin fraction with the lowest molecular weight and highest phenolic
hydroxyl content shows the best performance [58]. This study
confirmed that unmodified lignin (MW = 10 kDa) formed a nano-
composite with CupO NPs displayed strong antimicrobial and anti-
biofilm activities against both 5 g-positive and negative bacteria. MDR
E. coli has become a major public health concern in many countries and
PA causes devastating acute and chronic infections in subjects with
compromised immune systems. Nevertheless, lignin-Cu composites
prepared from lignin with various molecular weights might affect the
film formation and their corresponding antimicrobial activities, a sub-
ject of future endeavors.

The experiment was then conducted to probe the morphological
change in bacterial cells by ESEM. The bacterial cell death before and
after treatment with L-Cu is displayed in Fig. 6a-f. The micrographs
unraveled clear morphological shapes for all tested pathogens without

Lignin with high phenolic hydroxyl contents can

damage bacterial cell walls

Postulated antimicrobial mechanisms
of the lignin-Cu composite

Lignin and Cu,O NPs bound to bacteria
and interferes with cell wall synthesis
and membrane function

ROS: DNA damage, protein damage,
membrane damage, inhibition of electron
transport chain

Fig. 5. A postulated mechanism for antimicrobial properties of the lignin-Cu composite.
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10 pm

Fig. 6. ESEM micrographs of DDW and L-Cu treated viable cells, (a) DDW treated P. aeruginosa cells, (b) L-Cu treated P. aeruginosa cells, (c) DDW treated MRSA cells,
(d) L-Cu treated MRSA cells, (e) DDW treated MDR E. coli cells, and (f) L-Cu treated MDR E. coli cells.

any noticeable membrane damage. In contrast, the cell damage of PA,
MRSA, and MDR E. coli is shown in Fig. 6b, d, and f. After the treatment
with L-Cu, the bacterial cells lost the integrated structural morphology,
while no bacterial cell was viewed after treatment with the material. The
kraft lignin was used in this study over another common lignin, known
as organosolv lignin because the former exhibits higher antimicrobial
activities due to its lower carbohydrate content and the presence of

sulfur-containing derivatives [59]. The organosolv lignin is highly pure
and sulfuric-free with minimal modification as lignin is simply dissolved
in an organic solvent, e.g., acetic acid, ketone, and ester [60]. Of further
interest is the synthesis of lignin composites with other polymers, e.g.,
poly(butylene succinate) [61], alginate [62], and poly(vinyl alcohol)
(PVA) [63] to promote antimicrobial activities. Lignin, lignin de-
rivatives, and their nanocomposites will emerge as a new class of




M. Maruthapandi et al.

antimicrobial or anti-biofouling materials. The disruption of PA, MRSA,
and MDR E. coli by L-Cu is an important finding as with an outer cell
membrane, they are harder to eradicate than Gram-positive counter-
parts. However, an exact mechanism regarding the antimicrobial and
antifilm activities of lignin and its composites remains a focus of ongoing
studies.

6. Conclusion

Altogether, the lignin-capped Cu0 prepared by facile sonochemistry
displayed antibiofilm properties against five common pathogens. resis-
tant biofilm. L-Cu exhibited over 90 % biofilm S. aureus, MRSA, E. coli,
MDR E. coli, and P. aeruginosa and reached a complete biofilm mass
reduction in 24 h. The excellent performance of L-Cu can be due to the
combination and binding ability of nanocatalysts against sensitive and
drug-resistant pathogens. Overall, the simple, eco-friendly, inexpensive
L-Cu has great potential to provide an effective platform for antibacte-
rial, antibiofilm applications, which may be further used for clinical
translation. The antimicrobial and antiradical activities of lignin are also
of great interest for food packaging, food additives, medical textile, and
other medical fields. It is important to develop new agents able to pre-
vent microbial adhesion and proliferation on material surfaces with
subsequent negative effects. The antimicrobial/antibiofilm potential of
naturally derived underutilized lignin remains a subject of future en-
deavors. Strong antimicrobial properties allied with their excellent
biocompatibility and low cytotoxicity, make lignin and its nano-
composites with metallic nanoparticles and/or polymers good for
diverse applications. However, both unmodified and modified lignin
still present lower antibacterial activity than standard antibiotics. Thus,
the advancement of lignin, lignin derivatives, and their composites as
effective antimicrobial agents with minimal cytotoxicity remains a
subject of future undertakings.
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