
Cationic Lignin as an Efficient and Biorenewable Antimicrobial
Material
Karen Acurio Cerda, Mark Kathol, Gunjan Purohit, Ehsan Zamani, Martha D. Morton,
Oleh Khalimonchuk, Rajib Saha, and Shudipto Konika Dishari*

Cite This: ACS Sustainable Chem. Eng. 2023, 11, 10364−10379 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In this work, we utilized an inexpensive and naturally
abundant polymer lignin and functionalized it with quaternary
ammonium groups to yield a cationic antimicrobial, QAL. As opposed
to non-cationic alkali lignin (AL), a relatively low concentration of
cationic QAL (∼25−150 μg/mL) exerted strong bacteriostatic and
bacteriolytic effects against both wild-type and kanamycin (kan)-
resistant E. coli (∼90% dead cells, ∼90−100% growth inhibition with a 1
h treatment). Treatment with 25 μg/mL QAL exposed lipid (Nile red
staining) and roughened the bacterial cell envelope (from ∼4.9 to 12.9
nm). Inner membrane damage was also evident as an increased amount
of leakage of the cytoplasmic enzyme was evidenced by the increase in
treatment time and QAL concentration. Additionally, a Langmuir-like
monolayer coverage of QAL onto bacteria was identified, which agreed
with zeta potential measurements and suggested electrostatic binding as the major mechanism of antimicrobial action of QAL.
Lastly, QAL showed no/minimal cytotoxicity against human embryonic kidney cells (90−100% cell viability) within the
concentration range (0−300 μg/mL) in which QAL killed and completely inhibited the growth of bacteria. The development of
such efficient, biorenewable antimicrobial materials from lignin can pave the way for effectively addressing antibiotic resistance and
enabling biomass valorization simultaneously.
KEYWORDS: lignin, polymer, biomass valorization, bacteria, antimicrobial, antibiotic-resistant, sustainable, biorenewable

■ INTRODUCTION
Antibiotic resistance, a serious public health concern, can be
responsible for the death of ∼10 million people per year by
2050.1 The overuse/misuse of antibiotics is one of the major
reasons for drug-resistant infections.2−4 On the other hand, a
large fraction of hospital-acquired, resistant bacterial infections
originate from touch surfaces, healthcare equipment, implants,
catheters, and so on. Moreover, the wastewater coming from
hospitals and localities frequently contains antibiotic-resistant
bacteria5,6 requiring effective antimicrobial coatings and
disinfecting solutions.

Over the years, a broad range of metal-based,7−9

synthetic,10−23 and bio-based24−31 antimicrobial agents have
been reported to demonstrate bacteriostatic or bacteriolytic
activities. Of these, the non-specific binding-induced anti-
microbial processes stand unique as even the notorious
bacterial strains (ESKAPE pathogens) often find it difficult
to develop resistance against these processes.32,33 The
electrostatic binding with negative charges of lipopolysacchar-
ides of the bacterial cell envelope32,34 and the bacteriostatic/
bacteriolytic action mechanism of this unique class of
antimicrobials are facilitated by their cationic functionalities.
This also enables us to bypass some of the specific targeting

modes (e.g., inhibition of protein synthesis) to which bacteria,
like kanamycin-resistant E. coli, show resistance typically. The
cationic antimicrobials that have risen to prominence so far
are the following (Table S1): antimicrobial peptides
(AMPs),14,35−37 π-conjugated oligo-/polyelectrolytes
(CCOEs/CCPEs),1,13,19,22,32,38,39 and their composites with
organic/inorganic nanoparticles.40−43 Typically, the length and
functionalities of the backbones and side chains of these
cationic antimicrobials determine whether the antimicrobial
molecules will coat or intercalate within the bacterial cell
envelope. The electrostatic binding is followed by physical,
mechanical, and morphological alterations11,20,44−52 of the
bacterial cell envelope as well as alteration of bacterial
omics,11,53−55 arresting further growth of bacteria or causing
cell death. While many of these synthetic antimicrobials hold
promise, the use and disposal of these may cause environ-
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mental concerns.56 Also, the Centers for Disease Control and
Prevention (CDC) estimated the expense of handling
antibiotic resistance as ∼$55 billion/year in the U.S.57

Therefore, if low-cost, high-efficacy, cationic antimicrobials
can be developed from green and eco-friendly materials, we
will not only be able to fight against antibiotic-resistant bacteria
effectively and economically but will also be able to save
human, animal, and aquatic life.

Here, we report an effective cationic antimicrobial derived
from a green, inexpensive precursor, lignin. Lignin is the
second most naturally abundant polymer58 and a major
constituent of plant cell walls.59 Lignin is not only a major
component of agricultural wastes but also a byproduct of pulp
and paper mills59,60 and biorefineries.60,61 Every year, ∼100
million tons of lignin is produced worldwide.62 Nonetheless,
only a small fraction of this lignin is valorized, and the rest is
simply burnt or discarded.59,62 In addition to many attractive
properties,63−68 the antimicrobial properties of neutral lignin

and lignin-based nanoparticles have been explored recently
(Table S1).29,31,69−71 Primarily, the antimicrobial property of
lignin is attributed to its methyl and phenolic hydroxyl (-OH)
groups.29 However, the neutral lignin is insoluble in water at
neutral pH and thus requires an alkaline environment72 or
organic solvents (DMSO)70 to study its antimicrobial
properties. Moreover, a very high concentration of these
neutral lignin-based antimicrobials was required to achieve
100% growth inhibition of bacteria (minimum inhibitory
concentration (MIC) of ∼0.5−12 mg/mL,70,71 %CFU
reduction of ∼30% with 10 mg/mL).29 Other works used
lignin as a carrier of antimicrobial metal (Ag) nano-
particles29,73,74 or as a support to grow metal salt nanocryst-
als.43 However, in such cases, metals were presented as the
main active agents, and the individual contribution of neutral/
cationic lignin as an antimicrobial in these composites remains
to be elucidated.29,74 Acid-treated75 or cationized lig-
nins30,76−78 have shown promise (Table S1), but their

Figure 1. (a) Synthetic scheme with reaction mechanism of AL and GTMAC under basic conditions. (b) FT-IR spectra of AL, GTMAC, and QAL.
(c) Zeta potential of QAL at different pHs. The error bars were calculated based on the standard deviations.
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antimicrobial properties are partially comprehended. With
limited efforts and varying strategies to measure antimicrobial
properties (inhibition zone diameter vs. MIC vs. % colony
forming unit (CFU) reduction) from one report to another,
comparing their efficacies is cumbersome. Most importantly, a
rigorous and systematic effort to unravel the bacteriostatic/
bacteriolytic action mechanism of cationic lignin is largely
missing while it is critical to establish cationic lignin as a high-
potential, low-cost, non-toxic, and biorenewable antimicrobial
material.

To address these needs, in this work, we rendered cationic
functionalities to alkali lignin (AL) via ring-opening reaction
and investigated the antimicrobial efficacy of this cationic
lignin (QAL) and AL against wild-type and kan-resistant E.
coli. The quaternization of lignin to yield QAL was done in
water ensuring a green synthesis of antimicrobial agents. We
observed a strong bacteriostatic as well as bactericidal effect by
using a relatively lower concentration of QAL (∼90% dead
cells and ∼90−100% growth inhibition using 25−150 μg/mL
of QAL for 1 h treatment). On the other hand, the non-
cationic AL led to ∼20% growth inhibition, only emphasizing
the importance of the cationization of lignin to achieve high
antimicrobial efficacy. We measured the treatment-induced
multimodal alterations of the bacterial cell envelope in detail
using the ONPG test (membrane permeability), Nile Red test
(exposure/loss of lipid from cell envelope), atomic force
microscopy (cell roughness), and scanning electron micros-
copy (loss of cell integrity and intercell aggregation) imaging.
We also studied how electrostatic interactions drove the
adsorption of QAL onto the bacterial outer cell envelope. This
comprehensive investigation of the antimicrobial action
mechanism reveals the route to the effectiveness of QAL.
Finally, we showed that QAL was not cytotoxic against human
embryonic kidney cells up to a concentration at which QAL
showed maximum antimicrobial activities. Together, our
efforts potentially hinted toward high efficacy, affordable
antimicrobial solutions for preventing pathogenic bacterial
(including ESKAPE) infections, designing antimicrobial coat-
ings for healthcare equipment/food processing lines, disinfect-
ing water, and so on with the least cytotoxicity.

■ MATERIALS AND METHODS
Materials. For QAL synthesis, alkali lignin (AL) (source: Norway

spruce, product number 370959, Millipore Sigma, St. Louis, MO),
glycidyl trimethyl ammonium chloride (GTMAC) (Millipore Sigma,
St. Louis, MO), sodium hydroxide (TCI, Portland, OR), and dialysis
membrane (Spectra/Por 6 Dialysis Tubing, 1kD, 45 mm, 33 ft)
(Repligen, Waltham, MA) were used as received.

To evaluate antimicrobial performance, the wild-type E. coli
(DH10B) strain was obtained from New England Biolab (Ipswich,
MA), and the kanamycin-resistant (kan-resistant) E. coli strain
(SSBIO009) was transformed as described in the Supporting
Information (Table S2) and prior literature.79 For bacteria culture
and antimicrobial assays, Luria Bertani (LB) broth (Miller)
(AMERSCO, Solon, OH), bacteriological grade agar (Lab Scientific,
Highlands, NJ), kanamycin sulfate (Teknova Inc., Hollister, CA), and
10× phosphate buffer (PBS, Fisher Scientific, Hampton, NH) were
purchased and used. In addition, Nile Red (Santa Cruz Biotechnology
Inc., Dallas, TX), ortho-nitrophenyl-β-D-galactopyranoside (ONPG)
(Sigma-Aldrich, St. Louis, MO), and glutaraldehyde (Sigma-Aldrich,
St. Louis, MO) were acquired. To measure the O.D. of bacterial
suspensions and absorbance in the ONPG test, 96-well plates
(Greiner Bio-One μClear Bottom 96-Well Polystyrene Microplates)
were used.

For the cytotoxicity study, the human embryonic cell line
(HEK293) was obtained from Synthego (Redwood City, CA). The
following media and reagents were also purchased: Dulbecco’s
modified Eagle medium (DMEM) (Cytiva, Marlborough, MA),
fetal bovine serum (FBS) (Fisher Scientific, Waltham, MA), 100×
Penicillin/Streptomycin (Cytiva, Marlborough, MA), and CCK-8 kit
(Dojindo, Rockville, MD).
Lignin-Based Cationic Antimicrobial (QAL) Synthesis and

Characterization. The alkali lignin (AL) was quaternized following
a protocol similar to the prior literature.80 Briefly, 1 g of alkali lignin
was dissolved into 100 mL of deionized water by adjusting the pH to
12.5 using NaOH. The temperature of this aqueous lignin solution
was adjusted to 70 °C. After that, 1.7 mL of GTMAC was gradually
added to the lignin solution with a constant stirring speed of 100 rpm.
The reaction took place for 1 h under an N2 environment. The
product mixture was cooled down in a water bath followed by a pH
adjustment to 7 with 0.25 M H2SO4. The mixture was dialyzed for 48
h using dialysis membranes (MWCO 1 kDa). The remaining product
in the dialysis pouch was taken out and dried in a vacuum oven at 70
°C overnight to yield QAL (∼45%) as a brown powder.

To confirm the quaternization of lignin, 1H nuclear magnetic
resonance (1H NMR) spectra (Figure S1) of alkali lignin, GTMAC,
and QAL were acquired using a Bruker Avance III-HD 400 NMR
spectrometer. Deuterated dimethyl sulfoxide (d-DMSO) and
deuterated deuterium oxide (D2O) were used as solvents for alkali
lignin and QAL, respectively. Fourier transform infrared spectroscopy
(FTIR) analysis of AL and QAL (Figure 1) was conducted using a
Nicolet iS50 FTIR Spectrometer with an ATR accessory. The scans
(32/sample) were done in the wavenumber range of 400−4000 cm−1.
Furthermore, the charged states of the QAL at different pH values
(∼2−10) were evaluated using a ZetaPALS analyzer (Brookhaven
Holtsville, NY) following established protocols.81,82,74 The pH values
of QAL solutions (0.2 mg/mL) were adjusted using 0.1 M H2SO4 and
0.1 M NaOH. Please see the Supporting Information for the
experimental details of 31P NMR (Figure S2) to obtain compositions
of AL83,84 and QAL (Table S3), X-ray photoelectron spectroscopy
(Figures S3 and S4, Table S4), and ion exchange capacity (IEC)
determination (eq S1) of QAL.
Bacterial Culture. The wild-type and kan-resistant E. coli strains

were cultured in liquid LB media (25 g of LB in 1 L of sterilized
water) or on solid agar plates (25 g of solid LB and 15 g of agar
powder dissolved in 1 L of sterilized water). In each case, the media
used for culturing kan-resistant E. coli were supplemented with 30 μg/
mL of kanamycin to ensure only kan-resistant bacteria were yielded.85

For solid agar plate-based studies, the E. coli strains (stock stored in
glycerol) were streaked on solid agar plates. The streaked plates were
incubated at 37 °C overnight. After that, a single colony from this agar
plate was selected, transferred, and incubated in 4 mL of liquid LB
media at 37 °C overnight with 250 rpm of agitation. Before the
antimicrobial treatment of the bacteria grown in liquid LB, the
bacteria cells were centrifugated, washed twice, and resuspended in 5
mM PBS buffer. The cell concentration in PBS buffer was then
adjusted to 1.6 × 108 cells/mL (corresponding to OD600 of ∼0.2)10

for further antimicrobial treatment.
Live/Dead Assay. The live/dead BacLight bacterial viability kit

(Thermo Fisher Scientific, Waltham, MA) was used for flow
cytometry measurements and confocal laser scanning microscopy
(CLSM) imaging.86 In particular, green fluorescence (SYTO9) is
identified for bacteria cells that are intact, while the cells with
compromised membranes are considered dead and identified as red
(propidium iodide, PI). Briefly, wild-type and kan-resistant E. coli
were grown in LB for 8 h. After that, the OD600 was adjusted to 0.2 in
PBS. The cells were treated with QAL (0−300 μg/mL) for 1 h. The
cells were harvested by centrifugation at 10,000g for 3 min,
resuspended, and washed two times with NaCl (0.85 wt % in DI
water). For flow cytometry measurements, 10 μL of cells
(concentration adjusted to OD600 of ∼0.125) was mixed with 987
μL of 0.85 wt % NaCl. 3 μL of a mixture of SYTO9 and PI (1:1 v/v)
was then added to the cell suspension and incubated in the dark for
15 min. A flow cytometer, BD FACSAria II (Franklin Lakes, NJ) at
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the Nebraska Center for Biotechnology, was used to determine the
amount of dead and live cells.

Furthermore, for CLSM imaging, the NaCl-washed cells (untreated
and treated kan-resistant E. coli strains) were resuspended in 200 μL
of 0.85 wt % NaCl (OD600 ≈ 1). In a separate vial, 6 μL of each dye,
SYTO9 and PI, was mixed in 1 mL of the 0.85 wt % NaCl solution. 10
μL of each bacterial suspension and 10 μL of the dye mixture were
then placed on the top of glass slides.87 The cells were allowed to
stain on these glass slides in the dark for 15 min. After that, the
stained cells on glass slides were covered with coverslips and observed
under a CLSM (Nikon A1R-Ti2). The excitation/emission maxima
were 480/500 nm for SYTO9 and 490/635 nm for PI, respectively.86

Colony-Forming Unit (CFU) Reduction Assay. The antimicro-
bial performance of QAL was also studied using the colony forming
unit (CFU) assay. The bacterial strains were treated with QAL in
both PBS and LB. Briefly, both strains were treated with 0, 25, 50, 75,
100, 150, 200, and 300 μg/mL final concentrations of QAL in 5 mM
PBS/LB with a treatment time of 1 h. After that, each bacterial
suspension was diluted twice (100 times) in 5 mM PBS/LB. 5 μL of
each final dilution, for wild-type and kan-resistant E. coli, was then
placed on top of agar plates and spread in all directions. The plates
were incubated at 37 °C for 15 h.10,23 Finally, the cells were counted,
and the % CFU reduction was calculated with eq 1 for three
repetitions.

= ×%CFU reduction
CFU CFU

CFU
100%E coli E coli

E coli

untreated . treated .

untreated .

(1)

To show how the quaternization (in QAL) elevates the
antimicrobial performance, we also performed the CFU reduction
assays for AL in a similar manner, but by dissolving AL in appropriate
solvents. Since AL can be dissolved in both organic solvent (DMSO)
and water at alkaline pH, we studied CFU reduction of AL upon
dissolving it in both 15% (v/v) DMSO and DI water with elevated pH
(10.3, using NaOH). These samples were named AL-DMSO and AL-
NaOH, respectively.
Zeta Potential Measurement. The charge interactions between

QAL and bacteria were probed by zeta potential measurements. Here,
wild-type and kan-resistant E. coli (OD600 ≈ 0.2) were treated with
different concentrations of QAL (0−300 μg/mL) for 5 min, 30 min, 1
h, and 2 h. The treated cells were centrifugated at 4700 rpm for 15
min, washed twice with DI water, and then resuspended in DI water
for zeta potential measurements.
Adsorption Isotherm. To study the adsorption of QAL

(adsorbate molecules) onto the wild-type and kan-resistant E. coli
cells (adsorbent surface),88 protocols described in the prior literature
were followed.89 Briefly, 900 μL of each bacterial suspension (OD600
≈ 0.2, equivalent to 1.6 × 108 cells/mL) was mixed with 100 μL of
QAL to obtain different final concentrations of treatment solution (C0
≈ 25−200 μg/mL).89,90 The mixtures were incubated for 1 h at 37 °C
and 250 rpm (antimicrobial treatment conditions). After that, the
samples were frozen in an ice bath followed by centrifugation for 15
min at 4700 rpm.89 After centrifugation, the supernatant was collected
(containing unadsorbed QAL). 200 μL of this supernatant from each
type of treatment was placed in separate wells of a 96-well plate, and
their absorbance was measured at 350 nm to determine the residual
concentration of QAL in the supernatant (Csup). The QAL
concentration in the supernatant (Csup) was measured using a
calibration curve (Figure S5) constructed to show the absorbance of
QAL at 350 nm as a function of its concentration. While developing
this calibration curve, the background absorbance (from the 96-well
plate and water without sample) was subtracted from the measured
absorbance in each case.

To study how the adsorbate (QAL) adsorbs onto bacteria, the
collected data (Csup, qads) were fitted with the linearized forms of
Langmuir,91,92 Freundlich,93 and Temkin94−96 isotherms representing
monolayer (Langmuir)/multilayer (Freundlich) adsorption, and the
effects of adsorbate-adsorbent interactions (Temkin), respec-
tively.90,97,98 The details of isotherm equations (eqs S2−S5) and

respective fit parameters are shown in Table S5 of the Supporting
Information.
Nile Red Staining. Nile Red, a lipophilic stain, (Santa Cruz

Biotechnology Inc., Dallas, TX), was used to determine whether the
lipid layers of treated cells were exposed. To do so, an established
protocol was followed.11 Briefly, 900 μL of E. coli (OD600 ≈ 0.2) were
treated with 0−300 μg/mL of QAL for 5 min and 1 h. The cells were
harvested by centrifugation (4700 rpm for 15 min) and washed twice
with 5 mM PBS. 2 μL of 25 mM Nile Red solution in DMSO was
added to each of the 1 mL cell suspensions and incubated for 3 h in
the dark. The stained cells were harvested by centrifugation (4700
rpm, 15 min), washed twice in 5 mM PBS, and resuspended in 200
μL of the same buffer. For the fluorescence measurements, the
samples were placed in a 96-well plate, and the fluorescence was
measured in a microplate reader. On the other hand, for the CLSM
imaging, 10 μL of the kan-resistant E.coli strain, treated for 5 min in
QAL solution with different concentrations, was added on top of glass
slides, covered with coverslips, and observed under CLSM (Nikon
A1R-Ti2). The excitation and emission maxima for Nile Red were
560 and 570−620 nm, respectively.
Inner Membrane Permeability. The inner membrane perme-

ability of E. coli was assessed by the release activity of β-galactosidase.
This enzyme release was probed using ONPG (o-nitrophenyl-β-D-
galactopyranoside). If the inner membrane is disrupted by the action
of QAL, ONPG will be hydrolyzed by β-galactosidase producing o-
nitrophenol (absorbance∼420 nm).99 Shortly, the cell suspensions,
grown in LB for 8 h, were adjusted to OD600 ≈ 0.2 in a solution of 1.5
mM ONPG in 10 mM PBS (pH 7.2).100 In a 96-well plate, 200 μL of
the cell suspension was mixed with QAL (final concentration of 0−
300 μg QAL/mL). The absorbance was measured at 420 nm over 2 h.
Atomic Force Microscopy (AFM) Imaging. To understand the

nature of morphological changes/damages on bacteria caused by
QAL, AFM imaging (MFP-3D-Bio AFM; Oxford Instruments Asylum
Research, Santa Barbara, CA) of untreated and QAL-treated cells was
performed. Briefly, the cell suspension (OD600 ≈ 0.2) was treated with
0−300 μg/mL of QAL for 1 h. After that, the cells were harvested by
centrifugation at 4700 rpm for 15 min and washed twice with DI
water. The final pellet was resuspended in DI water. 20 μL of each
suspension was transferred on the top of ethanol-cleaned glass slides
and allowed to dry in a desiccator with an N2 atmosphere overnight.
Tapping-mode AFM imaging at a scan rate of 0.2 Hz and 256
scanning lines were performed with an AC240TS silicon cantilever
(nominal spring constant of 10.06 N/m, nominal tip radius of 7 nm)
(Olympus Micro cantilevers, Tokyo, Japan). To measure the surface
roughness from AFM height images across 200 nm2 regions of not
less than 10 bacterial cells, Igor Pro 15 software was used.11 The
statistical difference between untreated and treated wild-type and kan-
resistant E. coli cells was determined by performing Student’s t-test.
Scanning Electron Microscopy (SEM) Imaging. To confirm

the morphological alterations of bacteria upon QAL treatment, SEM
imaging was conducted (Helios NanoLab 660). The cell suspensions
of wild-type and kan-resistant E. coli (OD600 ∼ 0.2) were treated with
0−300 μg/mL of QAL for 1 h. After that, the cells were harvested by
centrifugation at 4700 rpm and washed twice with PBS. Bacterial cells
were fixed in glutaraldehyde (2.5 vol % in 5 mM PBS) for 4 h at 4 °C
and dehydrated sequentially with 20, 30, 70, 90, and 100 vol %
ethanol (10 min in each case).101 Before imaging, the bacteria samples
were coated with platinum-palladium for 90 s.
Transmission Electron Microscopy (TEM) Sample Prepara-

tion. The cell suspensions of kan-resistant E. coli (OD600 ≈ 0.2) were
treated with 0, 25, 150, and 300 μg/mL QAL for 1 h. After that, the
cells were harvested by centrifugation at 4700 rpm and washed twice
with PBS. The cells were fixed and post-fixed with 2.5 vol %
glutaraldehyde and 1 vol % osmium tetroxide, respectively. Sequential
dehydration processes were conducted with 30, 50, 75, 95, and 100%
ethanol and lastly with acetone. The samples were embedded in resin
blocks (Spurra’s kit (Electron Microscopy Sciences, Hatfield, PA)).
After that, the resin blocks were cross-sectioned with a thickness of
100 nm using a Leica EM UC7 ultramicrotome. Finally, the thin
sections were stained using uranyl acetate and lead citrate, mounted
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on copper grids (Ted Pella), and observed under TEM (Hitachi
H7500).
Cytotoxicity Assay. Human embryonic kidney cells (HEK293)

were cultured in Dulbecco’s modified Eagle medium (DMEM), a high
glucose medium supplemented further with 10% fetal bovine serum
(FBS) and 1× penicillin/streptomycin antibiotic. 25,000 cells were
seeded in each well of a 96-well plate and allowed to grow overnight
in a humidified CO2 incubator at 37 °C and 5% CO2 levels. Cells
were treated with AL and QAL (25−1000 μg/mL) for 48 h. Here, the
concentrated stock solution of AL was prepared with 15% DMSO in
DI water (v/v) first, which was further diluted with DMEM to the
desired polymer concentration and added to the cell suspension in the
well plates subsequently. On the other hand, the QAL stock solution
was prepared with DI water and diluted to the same extent as was
done for AL. To understand the effect of DMSO−water on cell
viability, we also performed a cytotoxicity assay with 15% DMSO in
water (without polymer). After 48 h of incubation of HEK293 cells in
AL, QAL, or DMSO-water, media were removed, and 100 μL of
diluted CCK-8 reagent (as per manufacturer’s instruction) was added
in each well of the 96-well plate and placed in the CO2 incubator for
another 4 h. 50 μL solution from each well was then added to a fresh
96-well plate along with 50 μL of DI water. Absorbance readings from
the 96-well plate were taken using a multimode reader at 450 nm, and
the %cell viability was calculated using the following equation:

= ×

%cell viability
treatment absorbance background absorbance

control absorbance background absorbance
100

(2)

For all the experiments, DI water-treated cell samples were
considered as control, and the corresponding absorbance was used as
control absorbance. The absorbance of the CCK-8 reagent was used
as background absorbance in the above equation.

■ RESULTS AND DISCUSSIONS
Synthesis and Characterization of QAL. In order to

develop inexpensive and sustainable antimicrobial materials to
fight against antibiotic resistance, we used commercially
available alkali lignin (AL) from a plant source (Norway
spruce, Mn ≈ 8564 g/mol, Mw ≈ 21,795 g/mol, PDI ≈ 2.54).64

We chose this variant of lignin as it is commercially available in
bulk amounts from a reliable source (Millipore-Sigma). We
quantified the composition of this specific source of AL using
31P NMR following an established protocol84 (Figure S2, Table
S3 in the Supporting Information): guaiacyl -OH: 2.02 mmol/
g; syringyl -OH: 0.19 mmol/g; p-hydroxyphenyl -OH: 0. 38
mmol/g; total phenolic -OH: 4.24 mmol/g; aliphatic -OH:
2.33 mmol/g; -COOH: 0.41 mmol/g. This composition was in
agreement with what was reported earlier by others84 for the
same source of AL (Table S3). To design antimicrobial
materials, we rendered cationic functionalities to this AL via
quaternization using glycidyl trimethyl ammonium chloride
(GTMAC). The major steps of synthesizing the cationic lignin
(QAL) (Figure 1a) were (i) solubilization of alkali lignin by
adjusting its pH to 12.5 using NaOH, (ii) cationization of this
solubilized lignin at 70 °C for 1 h in the presence of GTMAC
where GTMAC-to-lignin mass ratio was maintained as 1.9: 1,
(iii) cooling down the reaction products followed by
neutralization of excess NaOH by adjusting the pH back to
7 using 0.25 M H2SO4, and (iv) purification of QAL using
dialysis membranes (MWCO 1 kDa) for 48 h.

This quaternization process happened in water (no organic
solvent) ensuring a green synthesis of the antimicrobial agent.
The reaction conditions (pH, reaction temperature, time,
GTMAC-to-lignin ratio, and lignin concentration in water)

were chosen to selectively react GTMAC with the aromatic
phenolic (-OH) groups of neutral lignin and achieve a water-
soluble version of QAL80 with minimal formation of undesired
side products. In step (i), an alkaline pH was used as a pH >10
is required to solubilize alkali lignin and generate nucleophilic
intermediates (i.e., deprotonation of -OH groups to give (-O−)
anions).82,102−105 It has been reported that as compared to
aliphatic -OH groups, the aromatic -OH groups (forming
phenolate (-O−) anions) of lignin are more prone to initiating
the nucleophilic attack on GTMAC.82,106 In this reaction, the
nucleophilic intermediates of lignin attack and attach to the
highly reactive epoxy groups of GTMAC via an oxirane ring-
opening reaction and produce cationic QAL (Figure 1a, main
reaction). Nonetheless, a few byproducts can also form due to
the hydrolysis of GTMAC and QAL, taking place under highly
alkaline conditions (Figure 1a, side reactions).31,42,82 However,
we used optimal conditions (70 °C and 1 h) for our
quaternization reaction to minimize the formation of undesired
side products. The optimal conditions were chosen based on a
prior work,82 which revealed that a temperature > 70 °C and
reaction time > 1 h can promote the decomposition of
GTMAC and QAL and reduce the yield of QAL. Another
advantage we had was that the side product produced via
hydrolysis of GTMAC was water-soluble and of low molecular
weight. Thus, this cationic side product and unreacted
GTMAC were easy to separate from QAL via dialysis.82 The
hydrolysis of QAL, another possible side reaction in this
cationization process, was shown to be more probable in low-
water systems.106 To minimize this side reaction, we used a
dilute solution of alkali lignin (1 wt % in water).80

We confirmed the quaternization of AL using 1H NMR
(Figure S1), 31P NMR (Figure S2, Table S3), and FTIR
(Figure 1b). 1H NMR of QAL showed proton peaks at 3.2
ppm (-O-CH2-CHOH-N(CH3)3

+) and 3.5 ppm (-O-CH2-
CHOH-N(CH3)3

+ from its cationic side chains. These peaks
were also present in cationic GTMAC, but not in non-cationic
alkali lignin (Figure S1) (as expected), showing successful
quaternation of AL to QAL. In addition, 31P NMR indicated
that the phenolic -OH content decreased from AL (4.24
mmol/g) to QAL (0.57 mmol/g) (Figure S2, Table S3). This
confirmed that the cationization happened upon conversion of
the phenolic -OH groups and corroborated with the
literature.82,106 FT-IR spectra (Figure 1b) also confirmed the
successful attachment of quaternary amine groups to AL to
give QAL. The IR peak at 1480 cm−1 (box a, Figure 1b) was
assigned to symmetric -CH3 stretching of cationic quaternary
ammonium compounds and was only seen for cationic
GTMAC and QAL but not for unmodified lignin (AL).
Also, the peak at 928 cm−1 (box b in Figure 1b) was assigned
to C−O stretching vibration of ether (in QAL) and epoxy
ether (in GTMAC). This peak was not present in unmodified
AL as expected. The elemental analysis using XPS (Figures S3
and S4) showed an increase in %N (2.38%) in the QAL sample
from 0% in AL (Table S4), indicating successful quaternization
of lignin.19 The ion exchange capacity (IEC, mmol of
quaternary ammonium groups/g of dry polymer) of QAL
was also measured as 1.2 (see the Supporting Information for
experimental details of IEC measurements).64,107 We chose
this specific IEC as it gave a water-soluble variant of QAL, a
pre-requisite for antimicrobial studies in aqueous systems.

The zeta potential of pH-unmodified QAL (pH ∼ 5.7) was
found to be +19.84 ± 0.99 mV (Figure 1c), which was
consistent with a prior report (+21.7 ± 1.6 mV).81 Also, QAL
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retained a similar positive potential over the wide ranges of pH
(2−10) (Figure 1c), which corroborated the pH-insensitive
nature of quaternary ammonium groups.108 The positively
charged nature of QAL, confirmed by zeta potential measure-
ments, allowed QAL to interact with the net negatively charged
cell envelope of bacteria (zeta potential ≈ −30 mV for both
wild-type and kan-resistant E. coli with OD600 ≈ 0.2) (shown
later in Figure 3a,b).
Antibacterial Activity of QAL. To evaluate the effect of

cationic groups on the antimicrobial performance of lignin, we
explored the antimicrobial efficacy (% CFU reduction) of both
AL and QAL (Figure 2a). In these experiments, bacterial cells
were treated first with AL or QAL in 5 mM PBS buffer for 1 h.
After that, the cells were separated from the treatment solution
via centrifugation, resuspended in PBS, and then transferred
over the agar plates to grow for another 15 h. After 15 h, the

colonies that formed on the agar plates were counted to
calculate % CFU reduction using eq 1. When the E. coli strains
were treated with QAL in 5 mM PBS, ∼95% CFU reduction
was achieved using ∼50 μg/mL of QAL against both wild-type
and kan-resistant E. coli strains (Figure 2a). This value reached
∼100% when ∼150−300 μg/mL of QAL was used (Figure
2a). This supersedes the % CFU reduction reported in the
literature for other cationic variants of lignin (57% with 10
mg/mL)29 and is on par with the other antimicrobial-based
treatments10,21,28,29,40,42,109 done in PBS (Table S1). As
compared to cationic QAL, the non-cationic AL even with a
reasonably high concentration (25−300 μg/mL) led to only
∼20% CFU reduction (Figure 2a). The low effectiveness of
non-cationic AL also agreed with the prior literature (% CFU
reduction of ∼30%,29 MIC of ∼0.5−100 mg/mL)70,71 and

Figure 2. (a) % CFU reduction of wild-type and kan-resistant E. coli upon treatment with different concentrations of AL and QAL (25−300 μg/
mL) for 1 h in 5 mM PBS buffer. Each data point and error bar represent the mean and standard deviation of 3 replicates, respectively. (b, c) Flow
cytometry live/dead assay results of wild-type (b) and kan-resistant (c) E. coli cells treated with QAL (0−300 μg/mL) for 1 h in PBS buffer. Plots
in panels (b) and (c) show the percentage of live, dead, and damaged cells counted after treatment. Each data point and error bar represent the
mean and standard deviation of 2 replicates, respectively. (d−f) Bright-field and (h−j) fluorescence CLSM images of kan-resistant E. coli: untreated
(0 μg/mL QAL) (d, h) and treated with 25 μg/mL (e, i) and 150 μg/mL (f, j) QAL for 1 h in PBS buffer. All the cells were stained with SYTO9
and PI dyes to differentiate between dead and alive cells. (g) Bright-field and (k) CLSM images of QAL after mixing with SYTO9 (green) and PI
(red) dyes. All the images presented here were obtained by super-positioning both green and red color channels. The scale bars of bright-field and
CLSM images panels (d)−(g) are 50 μm.
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clearly pointed toward the role of cationic groups in QAL in
elevating the antimicrobial efficacy of lignin.

The observations from live/dead assays (Figure 2b,c) were
similar to what we saw in CFU reduction assays (Figure 2a). A
1 h-treatment with >25 μg/mL QAL killed ∼90% of the
bacteria of both strains while causing damage to ∼4% more
cells (Figure 2b,c). The dominance of dead cells demonstrated
the bactericidal effect of QAL on both wild-type (Figure 2b)
and kan-resistant (Figure 2c) E. coli. The features on the
backbone and side chains of QAL together made it a strong
bacteriolytic agent. Especially the cationic quaternary ammo-
nium (QA) groups at the side chains of antimicrobials often
tend to intercalate into and destabilize/disintegrate the lipid
bilayer of the outer cell envelope of E. coli.10,11,21,101,38 QAL
does not only possess these cationic quaternary ammonium
groups but also has a -CH3/-OH group-rich lignin backbone29

and hydrophobic alkyl side chains, which may have modulated
the bacteria-polymer interactions and killing/growth inhibition
of bacteria.

The findings from CLSM images of untreated (Figure 2d,h)
and QAL-treated (Figure 2e,f,i,j) kan-resistant E. coli cells
corroborated those from flow cytometry results (Figure 2c).
For CLSM imaging, the cells were stained with SYTO9 and PI
dyes after treatment with QAL. Both of these are DNA-
intercalating dyes but STYO9 (green dye) can diffuse passively
into living bacteria, while PI (red dye) cannot pass an intact
bacterial membrane and only enters permeabilized dead
bacteria.110 Therefore, if the cells are predominantly green, it
suggests that cells are alive, whereas if the cells are

predominantly red, this likely suggests that the cell membrane
is damaged allowing the permeation of the red dye. On the
other hand, if the cells are orange, a partial damage of the cells
allowing penetration of a few red dyes alongside green dyes can
be inferred. In Figure 2h, the untreated cells were mostly green
(indicating mostly alive cells) with only a few red, i.e., dead
cells. When the bacteria cells were treated with QAL (Figure
2i,j), the cells looked mostly red and orange, suggesting that
the cell membranes were compromised or damaged to
different extents upon treatment with QAL. Just to rule out
that the orange color in the images did not originate from any
interaction between the dyes and QAL, we attempted to stain
QAL (without bacteria) with both SYTO9 and PI. The CLSM
image of this sample did not show any fluorescence (Figure
2k), supporting the non-interactive nature of QAL with both
dyes.

So far, we have demonstrated the antimicrobial activities of
QAL in PBS (5 mM). The antimicrobial studies in PBS/similar
systems are important11,18,23,32,38,62,101,111−115 since many
industrial and environmental effluents may have salts (giving
ionic strength) but not necessarily have energy sources as is
present in LB media, which if used, lets the bacteria grow
during treatment. Considering the significance of both, here,
we performed the CFU reduction assays in both PBS (Figure
2a) and LB (Figure S6a) using QAL. The protocols for CFU
assays were similar in both cases. As opposed to treatment in
PBS, when the bacteria were treated with QAL in LB, % CFU
reduction significantly decreased (Figure S6a). Similar to what
was reported in the literature for cationic lignin-based

Figure 3. Change in zeta potential of (a) wild-type E. coli and (b) kan-resistant E. coli as a function of QAL concentration in treatment solution and
treatment time. The treatment in both cases was done in 5 mM PBS after which the cells were transferred to DI water. (c) Amount of QAL
adsorbed (qads) as a function of QAL concentration in treatment solution (C0). The treatment time was 1 h. (d) Langmuir isotherm linearization
for kan-resistant E. coli, where Csup is the concentration of QAL in the supernatant separated from bacteria after treatment. Langmuir isotherm plot
(d) was made based on eq S2, while the qads (c) was calculated based on eq S3. Each data point and error bar represent the mean and standard
deviation of 3 replicates, respectively.
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treatment in LB media,69 about 30% CFU reduction was
achieved using ∼300 μg/mL QAL in LB, and the value did not
increase any further when the concentration of QAL increased
up to 2000 μg/mL (Figure S6a). The observations from live/
dead assays were also similar, i.e., ∼90% killing by >25 μg/mL
QAL in PBS (Figure 2b,c) while max 35% killing by 300−2000
μg/mL QAL in LB (Figure S6b,c). This can be rationalized by
two phenomena. First of all, the LB allowed the bacteria to
grow continuously while QAL was in action to kill them. At the
same time, LB screened the charges of bacteria more. As a
result, QAL failed to interact with bacteria electrostatically.
The charge screening effect was evident from the zeta potential
of bacteria in PBS (−40 mV) and in LB media (−2 mV) in the
absence of QAL. For many other antimicrobial molecules
relying on electrostatic interactions, similar reduced antimicro-
bial efficacy was reported in LB media compared to that in
low-ionic strength systems.10,116,117 These suggested that while
demonstrating antimicrobial activities, the choice of the
medium needs critical consideration as it can overshadow
the potential of antimicrobial materials.
Zeta Potential and QAL Adsorption onto bacteria. To

demonstrate the dominant electrostatic interactions between
bacteria and QAL, the zeta potential of bacteria was measured
with and without treatment (Figure 3a,b). While in LB-based
treatment, the antimicrobial process was jeopardized by the
simultaneous re-growth of bacteria, in PBS-based treatment, it
was not the case. Rather, a cell death of ∼90% was achieved

(Figure 2b,c), and during this process, the bacteria lost its
negative charges and became neutral (0 mV when treated with
50 μg/mL of QAL) (Figure 3a,b). This indicated that the
antimicrobial process was majorly driven by electrostatic
adsorption of the incoming QAL on the surface of bacteria
and neutralization of their surface charges. The zeta potential
of the bacteria remained the same (i.e., zero) upon increasing
the concentration of QAL, further suggesting that additional
QALs were not sticking to bacteria. This hypothesis was
proven by the adsorption studies where we found that when
the QAL concentration in the treatment solution went above
25 μg/mL, there was no further increase in the amount of QAL
adsorbed onto the surface of bacteria (qads) (Figure 3c). Also,
the adsorption data fitted well with the Langmuir isotherm (eq
S2, Figure 3d) as compared to other isotherms (Freundlich,
Temkin, eqs S4 and S5) based on R2 values (Table S5) and
inferred monolayer adsorption of QAL onto bacteria.

The plateau in adsorption and zeta potential was unlike
many other antimicrobials, which caused a continuous increase
in the bacterial surface charge toward positive values upon
increasing the concentration of those agents.10,16,101,118−121

This likely suggested that only a fraction of the cationic charges
of those reported charge-overcompensating agents were
involved in attaching to bacteria leaving some unused positive
charges of the agents on the bacteria surface. Those excess free
charges might have led to extensive bacterial aggregation
proven via SEM/AFM.10 Our train of thought here is that if

Figure 4. SEM images of wild-type and kan-resistant E. coli, (a, b) untreated and (c, d) treated with 25 μg/mL QAL, (e, f) and 150 μg/mL QAL
and (g, h) 300 μg/mL QAL for 1 h, respectively. (i) Average surface roughness values (with standard deviations) of untreated wild-type and kan-
resistant E. coli cells (black) and treated with 25 μg/mL (red), 150 μg/mL (red), and 300 μg/mL (green) QAL. In the AFM height images (after
first order flattening process), 30 (200 × 200 nm2) regions were randomly selected on at least 10 cells and used for roughness measurement. An
unpaired t test was used for calculating the p values. The symbol ** represents p < 0.05 when compared with untreated cells (p values of two data
sets lower than 0.05 were considered statistically different). The error bars represent the standard deviations.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.3c01414
ACS Sustainable Chem. Eng. 2023, 11, 10364−10379

10371

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01414/suppl_file/sc3c01414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01414/suppl_file/sc3c01414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01414/suppl_file/sc3c01414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01414/suppl_file/sc3c01414_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.3c01414/suppl_file/sc3c01414_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01414?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01414?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01414?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01414?fig=fig4&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.3c01414?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the polymer chains are of high volume or bulky (like lignin), a
lesser number of chains may be sufficient to cover the bacteria,
leaving not many unused dangling charges of the antimicrobial
agents to induce bacterial aggregation. The milder bacterial
aggregation, seen in SEM images (Figure 4), thus supported
the near-neutral surface charge and mono-layer-like low
adsorption of QAL onto bacteria.
Morphological/Compositional Changes and Aggre-

gation of Bacteria. Next, we visualized how the treatment
with QAL altered the morphology and roughness of wild-type
and kan-resistant E. coli using SEM (Figure 4a−h) and AFM
(Figures S7 and S8 and Figure 4i). As expected, in the SEM
images, the healthy E. coli cells (both wild-type and kan-
resistant) retained rod-shape with rounded ends, and the cell
surface looked smooth and intact (Figure 4a,b); however,
treatment with QAL roughened the bacterial cell envelopes

and led to a relatively weak aggregation of bacteria (Figure 4c−
h). The increased surface roughness of bacteria (Figure 4i) was
further confirmed via AFM height images (Figure S7). For
example, the surface roughness was 5.41 ± 1.77 nm for
untreated kan-resistant E. coli cells while the roughness
increased to 12.40 ± 5.54 nm and 14.63 ± 5.51 nm as the
bacteria were treated with 25 and 300 μg/mL of QAL,
respectively (Figure 4i). In the case of wild-type E. coli, the
roughness increased from 4.9 ± 1.76 nm (untreated) to 12.9 ±
6.71 nm (treated with 25 μg/mL of QAL). Bacterial surface
roughening was often attributed to component loss from
lipopolysaccharide layers or other processes.11,122,123 The
extent of membrane damage by QAL was thus revealed by
the Nile Red assay and ONPG test (Figure 5).
Nile Red Assay. To visualize the damage in the cell

envelope of kan-resistant E. coli caused by QAL, bacteria were

Figure 5. Bright-field and fluorescent CLSM images of kan-resistant E. coli cells untreated (a, b) and treated for 1 h with 25 μg/mL (c, d), 150 μg/
mL (e, f), and 300 μg/mL (g, h) QAL. (i) Fluorescence signals from kan-resistant E. coli cells upon treatment with QAL (0−300 μg/mL) and
staining with a Nile Red dye. The treatment time was varied from 5 min to 1 h. (j) ONPG-based study of inner membrane permeabilization of kan-
resistant E. coli cells. The y axis shows the absorbance of o-nitrophenol (produced upon the reaction of ONPG with the enzyme (β-galactosidase)
present in bacterial cytoplasm) at 420 nm. Here, the bacteria cells (OD600 ≈ 0.2) were treated with 0−300 μg/mL QAL for 0−120 min. The error
bars in the Nile Red staining test and ONPG test were estimated from standard deviations of 3 repeated sets of data.
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stained with Nile Red. In the Nile Red assay, the cells were
treated first with QAL in PBS. After that, the cells were
separated and re-suspended in DI water in which the Nile Red
dye was added to stain the cells. Nile Red is a lipophilic dye124

that selectively stains lipid-based components of the cell
wall.125,126 The outer membrane of an E. coli cell constitutes an
(i) O-antigen, (ii) outer core, and (iii) inner core composed
m o s t l y o f s u g a r - b a s e d h y d r o p h i l i c c o m -
pounds,127,128,111,129−132 while the lipid A and phospholipid133

underneath these layers generate the lipid bilayer. Therefore,
when layers (i)−(iii) are damaged or compromised, exposing
lipid regions underneath, Nile Red gets a chance to stain the
lipids of the cell envelope and show red fluorescence.

In the Nile Red assay, most of the healthy cells showed no
fluorescence (Figure 5a,b). This indicated that the lipid-based
components in the cell membranes were intact and unexposed
to Nile Red. However, treating these cells with just 25 μg/mL
QAL for 5 min led to red fluorescence emission from the cells
(Figure 5d,i). This clearly showed that a quick treatment with a
low concentration of QAL was adequate to expose the lipid
regions of bacteria. The zeta potential of bacteria also
approached 0 mV upon a 5 min treatment with a similarly
low concentration of QAL (Figure 3b). The simultaneous
observations of charge neutralization and surface alteration
suggested that the quick and effective damage was driven by an
almost instantaneous electrostatic binding as QAL came in
contact with bacteria. Comparing the bright-field (showing
both damaged and healthy cells, Figure 5a,c,e,g) and
fluorescence mode (showing damaged cells only in red, Figure
5b,d,f,h) images helped us to infer that the cell walls of almost
all the cells were compromised, making Nile Red dyes
reachable to lipids. Typically, in E. coli cells, the alteration or
damage in the outer cell envelope is often induced by a coating
of the outer cell envelope10,11,134,135 or intercalation of
backbone/side chains of antimicrobial molecules deep down
into the lipid bilayers10,11,14,101 followed by chain-induced

pinning14 of neighboring lipid layers, disrupted or loosened
packing of lipids, lipid loss,11 reduced mechanical properties,11

and membrane destabilization thereby.44,45 It was, however,
not clear in our case whether the lipids were detached from the
cell wall or just got exposed to Nile Red as we did not observe
any extracellular vesicle formation (AFM, Figure S8), often
attributed to electrostatic complexation between cationic
antimicrobials and phospholipids detached from bacteria.11

Inner Membrane Permeabilization. To reveal whether
the damage is simply external (i.e., on the cell envelope) or
both external and internal, we also studied the inner membrane
permeability via the ONPG test (Figure 5j). Briefly, ONPG is
a substrate for β-galactosidase, a cytoplasmic enzyme. This
enzyme would leak through the inner membrane of the cell
wall when the membrane is disrupted. The leaked enzyme
hydrolyzes ONPG into o-nitrophenol, which shows absorbance
at 420 nm.136−138 Therefore, an increase in absorbance of o-
nitrophenol would indicate increased permeability of the inner
membrane of bacteria cells. We treated the kan-resistant E. coli
cells with 0−300 μg/mL QAL and the treatment time was
varied from 0 to 120 min. The QAL treatment induced
membrane permeabilization, which was evident from the
higher absorbance at 420 nm in the case of QAL-treated cells
compared to untreated cells (Figure 5j). With higher QAL
concentration and higher treatment time, an increased amount
of leakage of cytoplasmic β-galactosidase enzyme was
evidenced. A comparison of the Nile Red staining test and
ONPG test suggested that a 5 min treatment was adequate to
cause damage to lipids of the cell envelope (Figure 5i) but was
not enough to initiate inner membrane permeabilization
(Figure 5j). This pointed toward the fact that the damage of
the cell envelope was almost an instantaneous process, but the
inner membrane permeabilization/leakage was a time-depend-
ent process.

While the ONPG and Nile Red assays indicated the damage
to the cell envelope and leakage from the cell cytoplasm, we

Figure 6. TEM images of kan-resistant E. coli, (a, b) untreated and (c, d) treated with 25 μg/mL and (e, f) 150 μg/mL QAL for 1 h. The scale bars
for panels (a), (c), and (e) were 5 μm while they were 2 μm for panels (b), (d), and (f).
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did not see any evidence of alteration of proteins in bacteria
upon QAL treatment. The gel electrophoresis of proteins
extracted from both untreated and QAL-treated kan-resistant
cells did not show any significant difference in protein bands
(Figure S9), suggesting that the proteins did not degrade upon
treatment (seen in some other antimicrobial agents),50 nor did
the bacteria produce any protein with different MW. This
supported the hypothesis that QAL acts by non-specific
binding-induced alterations rather than altering the protein
profile of bacteria. This mechanism is ideal to treat a kan-
resistant E. coli, the protein synthesis pathways of which are
difficult to attack.

The fact that leakage is dependent on the concentration of
the antimicrobial agent was also supported by TEM images
(Figure 6). When kan-resistant E. coli were treated with just 25
μg/mL QAL (Figure 6c,d), bacteria cells were seen as coated
with polymers. As the concentration of QAL increased, more
cells appeared to be leaking as the interior of more cells started
to look empty (Figure 6a,c,e), but the thickness of the polymer
coating did not change significantly (matched with adsorption
study and Langmuir-like monolayer coverage, Figure 3c,d). At
the same time, the zeta potential of the cells did not increase
further when the QAL concentration was increased beyond 25
μg/mL (Figure 3a,b). No significant increase in polymer
coating and zeta potential with increasing concentration of
QAL suggested that at high concentration, rather than sticking
to the bacteria surface, the extra QAL may have acted by a
needle-like poking effect (possibly through its quaternized side
chains) that increased the cells leakage (Figure 5j).
Cytotoxicity Studies. We studied the viability of human

embryonic kidney (HEK293) cells upon treatment with AL
and QAL (Figure 7). Cationic QAL was not/minimally

cytotoxic against HEK293 cells (90−100% cell viability) up
to a concentration range (0−300 μg/mL), in which QAL
achieved 100% CFU reduction. On the other hand, non-
cationic AL caused a significant reduction in cell viability. Since
AL stock solutions to measure cell viability were made with
15% DMSO in water, we wanted to check the effect of DMSO
on cytotoxicity and thus treated the cells with just DMSO−
water (without AL). Interestingly, DMSO-treated HEK293
cells maintained high viability ruling out the effect of DMSO
on cytotoxicity when treated with AL. While looking into the
origin of different levels of cytotoxicity of AL and QAL, we

found in the literature that most of the human cells actively
maintain a slightly positive or charge-neutral state,139 which
may have modulated the interaction of cells with cationic QAL
(repulsive interactions) and non-cationic AL (hydrophobic
interactions). Last but not least, prior systematic studies on
other classes of antimicrobials38 suggested that the lengths of
alkyl side chains (7.4 Å) and alkyl substitutes (1.48 Å) at the
terminal of cationic sites of our QAL had the right balance to
be highly antimicrobial while being non-toxic to human cells.
This justified the high human cell viability against QAL
observed experimentally.

■ SUSTAINABILITY ASPECT OF THIS WORK
Overall, these results pointed toward the high efficacy of
cationic lignin-based antimicrobial agents. By tweaking lignin’s
chemical functionalities and optimizing the treatment mode
and time, QAL can both kill and inhibit the growth of
antibiotic-resistant bacteria efficiently. By converting an
untapped agricultural/process waste, like lignin into value-
added antimicrobials, we can significantly lower the expense of
antimicrobial treatments/coatings in large-scale applications.
Especially the potential of lignin-based antimicrobials in
killing/inhibiting the growth of antibiotic-resistant strains can
be leveraged to fight effectively against antibiotic resistance,
ESKAPE pathogens, hospital-acquired infections, and treat
hospital−/municipal wastewater without significantly impact-
ing the aquatic environment. From a broader perspective,
sustainable, scalable production of low-cost, efficient anti-
microbials from waste lignin can help to sustain pulp and paper
industries, biorefineries, and agricultural farms and support
bioeconomy.

■ CONCLUSIONS
Through an extensive investigation of the antimicrobial nature
of QAL and its impact on wild-type and kan-resistant E. coli, we
demonstrated the high promise of QAL as an important class
of biorenewable-based antimicrobial material. The live/dead
assay revealed that a treatment with >25 μg/mL QAL for 1 h
killed ∼90% of the bacteria cells and caused damage to ∼4%
more cells. Remarkably, the growth of wild-type and antibiotic-
resistant strains was inhibited at a similarly high level (∼90−
100% CFU reduction using ∼25−150 μg/mL QAL). QAL did
not only target, roughen, and damage the bacterial outer
membrane (Nile Red) but also caused leakage from the cell
cytoplasm (ONPG test). A Langmuir monolayer coverage of
QAL onto bacteria was identified. The extensive investigation
suggested that the electrostatic binding and cell envelope
damage was almost instantaneous and complete with a low
QAL concentration (25 μg/mL) in 5 min, while the leakage
from the cell interior was dependent on the treatment time and
concentration of QAL. Finally, QAL did not show any
significant cytotoxicity against human embryonic kidney cells
(HEK293). Altogether this work showed how QAL can play a
critical role as a green, cost-competitive, scalable, and highly
efficient antimicrobial with the capability of fighting against
antibiotic resistance and supporting bioeconomy through a
unique lignin valorization approach.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acssuschemeng.3c01414.

Figure 7. Cytotoxicity studies of AL and QAL against human
embryonic kidney (HEK293) cells. DI water-treated cell samples were
considered as control for % cell viability measurements in all cases.
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F. Antibiotics in the Environment: Causes and Consequences. Med.
Pharm. Rep. 2020, 93, 231−240.
(57) Garibo Ruiz, D.; Nefedova, E.; Shkil, N. N.; Shkil, N. A.;

Vazquez-Gomez, R. L.; Pestryakov, A.; Bogdanchikova, N. Silver
Nanoparticles Targeting the Drug Resistance Problem of Strepto-
coccus Dysgalactiae: Susceptibility to Antibiotics and Efflux Effect.
Int. J. Mol. Sci. 2022, 23, 6024.
(58) Lizundia, E.; Kundu, D. Advances in Natural Biopolymer-Based

Electrolytes and Separators for Battery Applications. Adv. Funct.
Mater. 2021, 31, 2005646.
(59) Aro, T.; Fatehi, P. Production and Application of Lignosulfo-

nates and Sulfonated Lignin. ChemSusChem 2017, 10, 1861−1877.
(60) Xu, R.; Zhang, K.; Liu, P.; Han, H.; Zhao, S.; Kakade, A.; Khan,

A.; Du, D.; Li, X. Lignin Depolymerization and Utilization by
Bacteria. Bioresour. Technol. 2018, 269, 557−566.
(61) Ragauskas, A. J.; Beckham, G. T.; Biddy, M. J.; Chandra, R.;

Chen, F.; Davis, M. F.; Davison, B. H.; Dixon, R. A.; Gilna, P.; Keller,
M.; Langan, P.; Naskar, A. K.; Saddler, J. N.; Tschaplinski, T. J.;
Tuskan, G. A.; Wyman, C. E. Lignin Valorization: Improving Lignin
Processing in the Biorefinery. Science 2014, 344, 1246843.
(62) Bajwa, D. S.; Pourhashem, G.; Ullah, A. H.; Bajwa, S. G. A

Concise Review of Current Lignin Production, Applications, Products
and Their Environment Impact. Ind. Crops Prod. 2019, 139,
No. 111526.
(63) Xie, S.; Ragauskas, A. J.; Yuan, J. S. Lignin Conversion:

Opportunities and Challenges for the Integrated Biorefinery. Ind.
Biotechnol. 2016, 12, 161−167.
(64) Farzin, S.; Johnson, T. J.; Chatterjee, S.; Zamani, E.; Dishari, S.

K. Ionomers From Kraft Lignin for Renewable Energy Applications.
Front. Chem. 2020, 8, 690.
(65) Wu, X.; Jiang, J.; Wang, C.; Liu, J.; Pu, Y.; Ragauskas, A.; Li, S.;

Yang, B. Lignin-Derived Electrochemical Energy Materials and
Systems. Bioprod. Biorefin. 2020, 14, 650−672.
(66) Farzin, S.; Acurio Cerda, K.; Obewhere, O. A.; Dishari, S. K.

Lignin-Based Materials for Energy Conversion and Storage Devices.
In Sustainability Engineering Challenges, Technologies, and Applications;
Tan, E. C. D., Ed.; Taylor & Francis Group: 2023; pp. 1−60.
(67) Wang, S.; Bai, J.; Innocent, M. T.; Wang, Q.; Xiang, H.; Tang,

J.; Zhu, M. Lignin-Based Carbon Fibers: Formation, Modification and
Potential Applications. Green Energy Environ. 2022, 7, 578−605.
(68) Mahajan, J. S.; O’Dea, R. M.; Norris, J. B.; Korley, S. T. J.;

Epps, T. H. Aromatics from Lignocellulosic Biomass: A Platform for
High-Performance Thermosets. ACS Sustainable Chem. Eng. 2020, 8,
15072−15096.
(69) Sipponen, M. H.; Lange, H.; Crestini, C.; Henn, A.; Österberg,
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