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ABSTRACT: The development of high-performance anti-biofoul-
ing surfaces is paramount for controlling bacterial attachment and
biofilm growth in biomedical devices, food packing, and filtration
membranes. Cellulose nanocrystals (CNCs), a carbon-nanotube-
like nanomaterial, have emerged as renewable and sustainable
antimicrobial agents. However, CNCs inactivate bacteria under
contact-mediated mechanisms, limiting its antimicrobial property
mostly to the attached bacteria. This study describes the
combination of CNCs with silver nanoparticles (CNC/Ag) as a
strategy to increase their toxicity and anti-biofouling performance.
CNC/Ag-coated surfaces inactivated over 99% of the attached
Escherichia coli and Bacillus subtilis cells compared to 66.9 and 32.9% reduction shown by the pristine CNC, respectively. CNC/Ag
was also very toxic to planktonic cells, displaying minimal inhibitory of 25 and 100 μg/mL against B. subtilis and E. coli, respectively.
CNC/Ag seems to inactivate bacteria through an “attacking−attacking” mechanism where CNCs and silver nanoparticles play
different roles. CNCs can kill bacteria by piercing the cell membrane. This physical membrane stress-mediated mechanism is
demonstrated as lipid vesicles release their encapsulated dye upon contact with CNCs. Once the cell membrane is punctured, silver
ions can enter the cell passively and compromise the integrity of DNA and other organelles. Inside the cells, Ag+ may damage the cell
membrane by selectively interacting with sulfur and nitrogen groups of enzymes and proteins or by harming DNA via accumulation
of reactive oxygen species. Therefore, CNC/Ag toxicity seems to combine the puncturing effect of the needle-like CNC and the
silver’s ability to impair the cell membrane and DNA functionalities.
KEYWORDS: cellulose nanocrystals, antimicrobial nanomaterials, antimicrobial coatings, biofouling control, silver nanoparticles,
cellulose nanocrystals-silver hybrid material, oxidative and membrane-mediated stress

■ INTRODUCTION

Biofilms are ubiquitous and can form in various environments to
protect microorganisms that adhere to surfaces. Biofouling has
been a subject of great concern as attached cells are difficult to
inactivate and can cause the corrosion of metal surfaces,1 decline
in membrane performance,2−4 food spoilage,5,6 spread of
illnesses,7 and damage to medical implants.8,9 Preventing
bacteria from forming biofilms over surfaces can reduce the
economic costs from decreased equipment efficiency and
human health impacts.
Intervention through antimicrobial coatings has been gaining

research interest to reduce the impacts of biofilms.10,11

Antimicrobial coatings generally mitigate biofouling either by
inactivating the attached microorganisms or by preventing
surface adhesion altogether. Carbon-based nanomaterials such
as carbon nanotubes and oxide nanosheets have been widely
used as antimicrobial coatings that function by deactivating
microbes.12−18 In contrast, polymer brushes such as zwitterionic
polymers have been effectively applied for preventing microbial
adsorption and organic fouling.19−21 However, these materials

have the drawback of labor-intensive and time-consuming
synthesis processes, limiting their application.
The foremost priority for developing antimicrobial surfaces

should be applying sustainable materials produced on an
industrial scale from waste or renewable source materials
without using toxic and persistent chemicals. Cellulose nano-
crystals (CNCs) are green and relatively inexpensive materials
with promising antimicrobial properties. CNCs demonstrate
antimicrobial activity comparable to other carbon-based nano-
materials22 because of their great specific surface area and
needle-like morphology.22−24 Despite their excellent toxicity to
bacteria,22,23,25 CNCs inactivate cells under contact-mediated
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mechanisms, limiting their ability to resist biofouling by killing
planktonic cells in suspension.
Hybridization of CNCs with toxic metallic silver nano-

particles (AgNPs) is an advantageous strategy to improve the
antimicrobial properties of CNCs and broaden their ability to
inactivate bacteria in suspension and also those attached to
surfaces.26,27 This is especially advantageous for inactivating
planktonic bacteria cells in aqueous media, where CNCs present
limited toxicity.22,23 AgNPs are easily synthesized, although their
susceptibility to aggregation has a deleterious effect on their
antimicrobial property. CNCs provide a large area for nucleation
of silver, which favors the anchoring of nanoparticles while
preventing agglomeration.28,29 In addition, the synthesis process
does not demand stabilizing agents, which are often non-
biodegradable polymers or chemicals that are costly or toxic to
humans and the environment. Capping agents can also affect the
size distribution and morphology of the nanoparticles. The
CNC surface contains many native hydroxyl and carboxyl
functional groups, which work as anchoring sites for the
deposition of AgNPs.28 The association between AgNPs and
CNCs can also improve CNC’s toxicity, broadening its
application as anti-biofouling agents. Another advantage of
CNC/Ag is the residual toxicity of CNCs. After depleting the
AgNPs, the remaining non-leachable and antimicrobial CNC
can still impart toxicity to the surface.
In this study, we combine CNCs with AgNPs to fabricate

hybrid materials that can inactivate cells through an “attacking−
attacking” strategy, where both AgNPs and CNCs participate in
the mechanism of toxicity. Attacking−attacking and attacking-
defensive anti-biofouling strategies have been previously
reported in the literature,30−32 although not for CNC-based
materials. CNCs were produced through hydrothermal treat-
ment and subsequent (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO)-mediated oxidation of elephant grass (Pennisetum
purpureum) biomass. AgNPs were anchored on CNCs using an
in situ reaction with sodium borohydride, and the CNC/Ag was
characterized using UV−visible light spectroscopy and trans-
mission electron microscopy (TEM). We used vacuum filtration
to deposit CNCs and CNC/Ag on the surface of polymeric
filters and tested their anti-biofouling property against attached
bacteria cells of Escherichia coli (Gram-negative) and Bacillus
subtilis (Gram-positive). CNC and CNC/Ag coatings directly
contact the bacteria cells, maximizing the anti-biofouling activity
compared to the approaches that embed and entrap CNCs and
CNC/Ag into polymeric matrices.33,34 We also investigated the
toxicity of CNCs and CNC/Ag against planktonic cells of the
same bacteria described above. We performed encapsulated
lipid vesicle assays to assess the ability of CNC/Ag to puncture
bacteria cells. Also, glutathione (GHS) and H2DCFA assays
investigated the involvement of oxidative stress in the
mechanism of toxicity of CNC/Ag, making this the first study
to thoroughly assess the antimicrobial properties and mecha-
nisms of action for CNC/Ag hybrid nanomaterials.

■ EXPERIMENTAL SECTION
Preparation and Characterization of CNCs−Silver (CNC/Ag)

Hybrid Nanomaterials. CNCs in aqueous dispersion were obtained
from elephant grass leaves using a previously reported protocol based
on TEMPO-mediated oxidation and subsequent sonication of
cellulose-rich fibers.35 Afterward, CNC/Ag materials were produced
using a methodology adapted from previous studies.36,37 Briefly, 20 mL
of a 1000 μg/mL CNC dispersion was prepared by resuspending an
aliquot of the stock solution into DI water through bath sonication. In
sequence, we added 2mL of a 10mM aqueous AgNO3 solution into the

CNC dispersion. After stirring for 1 h, 2 mL of a 10 mM aqueous
NaBH4 solution was added into the dispersion, which was stirred for
another hour. The CNC/Ag dispersion was collected in a dialysis
membrane (3.5 KDa molecular weight cut off, Spectra/Por membrane,
Spectrum Laboratories, USA) and dialyzed against deionized (DI)
water for 2 h. After dialysis, the resulting CNC/Ag dispersion was
collected and used in further assays. Based on the initial quantity of the
precursors utilized, CNC and Ag concentrations were estimated at 833
μg/mL and 0.833 μM, respectively. TEM was used to investigate the
morphology of CNC/Ag. 10 μL of a CNC/Ag suspension (∼10 μg/
mL) was deposited in a 400-mesh carbon-coated Formvar nickel grid
(Ted Pella, Redding, CA). The CNC/Ag-containing grid was coated
with 10 μL of 0.5% uranyl acetate solution for 30 s and air-dried. CNC/
Ag was examined with FEI Tecnai G2 Spirit Twin TEM (FEI Corp.,
Hillsboro, OR, USA) equipped with a UltraScan camera and Digital
Micrograph software (Gatan Inc., Pleasanton, CA, USA). The average
diameter of the AgNPs was measured considering 134 particles
analyzed using the software ImageJ.

The chemical characteristics of the CNC and CNC/Ag hybrid
nanomaterial were analyzed using X-ray photoelectron spectroscopy
(XPS) as described in our previous publication.38 Attenuated total
reflection Fourier-transformed infrared spectroscopy (ATR-FTIR)
spectra of freeze-dried CNC and CNC/Ag samples were acquired with
a resolution of 4 cm−1 and 128 scans using a Cary 630 FTIR
spectrometer (Agilent Technologies, Santa Clara, CA, USA).

The concentration of Ag+ ions released by CNC/Ag was measured
by adapting a previously reported protocol.34 First, 15 mL of an
aqueous dispersion of 1500 μg/mL CNC/Ag (in triplicate) was
dialyzed against 100 mL of DI water for up to 24 h. The volume of Ag+

solution (100 mL) was collected immediately at the beginning of the
dialysis process and every 1 h for 6 h and then after 12 and 24 h and
exchanged with clean DI water. The collected solutions were acidified
with 0.2% (w/w) HNO3, and the concentration of released Ag was
measured using atomic absorption spectrometry in an atomizer AA600
graphite furnace (GFAAS, PerkinElmer, Waltham, MA, USA). The
Supporting Information describes the details of CNC and CNC/Ag
characterization via X-ray diffraction (XRD), thermogravimetric
analysis (TGA), zeta potential, and dynamic light scattering (DLS).

Anti-biofouling Activity of CNCs and CNC/Ag-Coated
Surfaces. Aqueous dispersions containing 500 μg/mL of either
CNC/Ag or CNCs in DI water were prepared and filtered through a
0.22 μmpolyvinylidene difluoride (PVDF) filter in a manifold, resulting
in CNCs and CNC/Ag-coated filters. Pristine PVDF filters without a
deposited nanomaterial were used as control samples. E. coli (American
Type Culture Collection ATCC 8739) and B. subtilis (ATCC 6633)
were cultivated in LB at 37 and 30 °C, respectively, in an incubator.
After overnight growth, 1 mL of each bacterial suspension was mixed
with 24 mL of fresh LB broth (1:25) and kept under agitation until the
suspension could reach around 1.0 of optical density at 600 nm,
indicating exponential growth (∼2 h). The resulting suspension was
then centrifuged, and the recovered bacterial cells were washed three
times with sterile 0.9% NaCl solution. The suspended cells were then
10-fold diluted in a sterile saline solution to obtain a 108 CFU/mL
(colony-forming units per mL) bacterial suspension. 3 mL of the
bacterial suspension was placed in each manifold well and incubated for
3 h. Then, the bacterial suspension was gently removed, and the surface
of the filters was rinsed with a sterile saline solution to remove the non-
attached bacteria. The coated filter was then transferred to a 50 mL
centrifuge tube filled with 10 mL of saline solution and subjected to
bath sonication for 15 min in order to detach any adhered bacteria from
the CNC and CNC/Ag-coated surfaces. The concentration of cells in
each suspension was quantified via plate counting.22 All tests for
antimicrobial activity were carried out in triplicate.

Morphological Characterization of the Attached Bacteria
Cells. Scanning electron microscopy (SEM) was performed to assess
the morphological characteristics of the cells attached to the coated
surfaces as carefully described in our previous study.22

Antibacterial Properties of CNCs and CNC/Ag to Planktonic
Bacteria Cells.Minimal inhibitory concentration (MIC) and minimal
bactericidal concentration (MBC) of the nanomaterials were
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determined through the microdilution method, using a protocol based
on CLSI (Clinical & Laboratory Standards Institute) guidelines.18,39

Briefly, E. coli or B. subtilis cells cultivated in lysogeny broth (LB) agar
plates were placed in 10 mL of LB and incubated overnight at their
optimum temperature growth (37 °C for E. coli and 30 °C for B.
subtilis). After growth, an aliquot of each suspension was resuspended in
a fresh saline solution (0.9% NaCl) to reach an OD600 (optical density
at 600 nm) between 0.08 and 0.12. After that, 200 μL of each bacterial
suspension was individually transferred to 30 mL of fresh LB broth,
resulting in an estimated bacterial concentration of 106 CFU/mL. 1 mL
of each bacterial suspension was mixed with 1 mL of each nanomaterial
dispersion (CNC or CNC/Ag) in reaction vials to reach final
concentrations of 0, 10, 25, 50, 75, 100, 150, 200, 250, and 300 μg/
mL. The vials containing the cells and the nanomaterials were vortexed,
and 200 μL of each sample was pipetted into a 96-well plate. Each
concentration of the nanomaterial (CNC or CNC/Ag) was pipetted in
six individual wells. The plates were incubated for 18−24 h at the
optimum temperature for each bacteria strain. Following incubation,
the optical density in each well was quantified using a microplate reader
(SpectraMax M5 Multi-Mode, Molecular Devices, SunnyvaleCA,
USA). The optical density of the wells at the initial time of the
incubation was used as a control. Absorbance values are expressed as
final readings subtracted from the initial measurements. MIC is the
lowest concentration of the nanomaterial able to inhibit bacterial
growth after overnight incubation. Given that the optical absorbance of
a bacterial suspension relates to bacteria growth, unchanged optical
absorbances after 18 h incubation indicate no detectable bacterial
growth.
For MBC determination, 20 μL of the control sample (without

nanomaterials) was added to 20 mL of saline solution. After
homogenization, 100 μL of the resulting suspension was cultivated
on LB plates in triplicate. 20 μL aliquots were withdrawn from the wells
containing the MIC and from the two wells next to the highest
concentration of the nanomaterial (CNC or CNC/Ag) and
subsequently spread on LB agar plates to determine the number of
CFU/mL. The MBC value is the concentration able to reduce at least
99.9% of the number of viable colonies when compared to the starting
inoculum. The MBC/MIC ratio can be used to categorize the

antibacterial activity, with a ratio between 1 and 2 corresponding to
bactericidal activity, and a value higher than 2 that corresponds to a
bacteriostatic effect.18

Evaluating the Time-Dependent Toxicity of CNCs and CNC/
Ag to Planktonic Cells. To assess the antibacterial activity of the
nanomaterial over time, we carried out experiments using a CLSI-based
protocol.18,39,40 CNC/Ag was used at their MIC for each bacterial
strain (25 μg/mL for B. subtilis and 100 μg/mL for E. coli). CNC
dispersions with the same concentration as the CNC/Ag dispersions
were used as comparative controls. An aliquot (varying from 200 to
1000 μL) from an overnight grown bacterial suspension in LB of each
bacteria strain was transferred to a glass vial containing 5 mL of saline
solution, adjusting the OD600 to 0.08−0.12. A 200 μL aliquot of each of
these suspensions was added to 30 mL of LB, resulting in ∼106 CFU/
mL. Reaction vials were prepared by mixing 1 mL of the resulting
bacterial suspension and 1mL of the nanomaterial dispersion, for a final
concentration of 25 μg/mL (CNC and CNC/Ag × B. subtilis) or 100
μg/mL (CNC and CNC/Ag × E. coli). DI water (1 mL) was used for
the control samples. The vials were incubated at room temperature and
60 rpm. A 100 μL aliquot of each vial was withdrawn at different
incubation times (0, 1, 2, 3, 4.5, and 6 h) and serial diluted (1:10, 1:100,
1:1000, 1:10000) in saline solution. Five 20 μL drops from each
dilution were plated on LB agar and incubated overnight at the
respective optimum temperature for each bacteria strain. Bacterial
concentration was then calculated after colony counting. The assays
were performed in triplicate.

In Vitro Oxidation of GHS after Exposure to CNCs and CNC/
Ag. The GSH assay has been consistently used to determine the
nanomaterial ability to induce oxidative stress.41 GHS is a natural
antioxidant that protects the cells against oxidative stress.42,43 Under
the presence of oxidative species, GHS is oxidized to its disulfide form.
The amount of oxidized GHS is directly related to the oxidative
potential of the nanomaterial.41 The non-oxidized GHS reacts with
Ellman’s reagent, producing a yellow compound (3-thio-6-nitro-
benzoate, TNB) for which optical absorbance was quantified in a
spectrophotometer (Hitachi U-2900, Japan). Details of this protocol
can be found in our previous study.22 The amount of TNB present is
directly related to GSH oxidized and can be then calculated using an

Figure 1. Illustration of the complete CNC/Ag synthesis process. (I) Elephant grass leaves are milled and subjected to a two-step hydrothermal
pretreatment with dilute sulfuric acid and sodium hydroxide solutions. This process culminates in the extraction of cellulose-rich fibers. (II) The
cellulose-rich fibers undergo an oxidation process with TEMPO, NaBr, and NaClO. The resulting carboxyl-rich fibers are mechanically defibrillated
through probe ultrasonication for 60 min to obtain the CNCs. (III) Finally, AgNO3 andNaBH4 are sequentially added to the CNC dispersion for an in
situ anchoring AgNPs onto CNCs.
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extinction coefficient of 14150 M−1 cm−1 and a pathlength of 1 cm. A
solution without nanomaterial was used as a negative control, and a
H2O2 solution (10 mM) was used as a positive control. Residual
amounts of GHS in each sample were obtained, and the results were
expressed as loss of GSH (%) compared to the control sample (without
nanomaterials).
Quantification of Intracellular Reactive Oxygen Species

Promoted by Exposure to CNC/Ag. Reactive oxygen species
(ROS) inside the bacteria cells generated after exposure to CNC/Ag
was evaluated using H2DCFDA as a probe, as previous described
elsewhere.22,44 First, 1.9 mL of a 108 CFU/mL E. coli suspended in 0.1%
peptone water was mixed with 100 μg/mL CNC/Ag dispersion. The
vials were incubated for 3 h at 60 rpm and room temperature. A volume
of 40 μL of H2DCFDA (10 mM, dissolved in ethanol) was added to 2
mL of the bacteria-CNC/Ag suspension, for a final H2DCFA
concentration of 0.2 mM. Vials were covered with aluminum foil and
kept away from the light for 15 min. Another volume of 200 μL was
transferred to a 96-well plate for fluorescence measurements.
Intracellular esterases hydrolyze H2DCFDA into H2DCF (2′,7′-
dichlorodihydrofluorescein), a nonfluorescent compound that remains
inside the cells. Under the presence of ROS and intracellular
peroxidases, H2DCF is transformed into a highly fluorescent compound
named DCF (2′,7′-dichlorofluorescein). The fluorescence signal
correlates to the presence of ROS inside the bacteria cells. The
fluorescence signal was quantified in a Cytation 5 microplate reader
(Biotek Instruments, Vermont, USA) using 493 and 520 nm as
excitation and emission wavelengths, respectively. Menadione (100
μM), an oxidant agent known for inducing ROS generation,45 was used
as a positive control. The fluorescence intensity was normalized to the
control samples without nanomaterial.
Preparation of Dye-Containing Lipid Vesicles and Dye-

Leaking Assay.Dye-containing lipid vesicles were used to analyze the
ability of CNCs and CNC/Ag to disrupt lipid bilayers, as performed in
previous studies.46,47 Details of the protocol used to prepare the dye-
containing vesicles is found in our previous study.22

To perform the dye-leaking assay, 822 μL of the prepared vesicle
suspension wasmixed with each nanomaterial, yielding a final CNC and
CNC/Ag concentration of 200 μg/mL in 1.5 mL. The mixtures were
kept under rocking agitation for 3 h at room temperature. Afterward,
the suspensions were vortexed for 10 s, and the resulting mixtures were
centrifuged at 15,000 rcf for 15 min. The absorbance of the supernatant
at 500 nm was measured in a Genesys 30 spectrophotometer
(Thermofisher Scientific, Waltham, MA, USA). For the negative
control, DI water was used instead of the nanomaterial dispersion. Each
treatment was prepared and analyzed in triplicate. To determine the
maximum absorbance intensity (Absmax), a suspension of vesicles was
mixed with 0.1 g/mL sodium lauryl sulfate (SLS), which promotes the
releasing of acridine orange into the solution. The average absorbance
intensity from each treatment was divided by the average maximum
absorbance (Absmax) obtained from SLS-treated solution, and the
results are shown as normalized values.48

■ RESULTS AND DISCUSSION

Characteristics of CNCs and CNC/Ag. TEMPO-oxidized
CNCs were used as a platform to anchor AgNPs. The existence
of sodium carboxylate and hydroxyl functional groups on the
CNC surface favors the ion exchange fromNa+ to Ag+ ions upon
the addition of AgNO3.

49,50 The attached Ag+ ions were reduced
in situ by NaBH4 to form AgNPs immobilized on the CNC
surface.36,49 The complete synthesis process is depicted in
Figure 1.
Figure 2A shows photographs of both pristine CNC and

CNC/Ag dispersions. The pristine CNC dispersion displays a
transparent whitish color. In contrast, the CNC/Ag dispersion is
brownish, a distinctive visual characteristic that indicates the
presence of AgNPs in the system. The absorption band around
420 nm in the UV−vis spectra of the CNC/Ag sample
corresponds to the surface plasmon resonance (SPR) effect

promoted by AgNPs.51 Its appearance suggests the anchoring of
the metallic AgNPs on the CNC surface (Figure 2C). XRD
profiles of both CNCs and CNC/Ag show typical cellulose I
diffraction peaks at around 15.6, 22.6, and 34.4°, corresponding
to the cellulose planes 101, 002, and 040, respectively.52 On the
other hand, the peak at 38.7° in the XRD pattern of CNC/Ag
corresponds to the 111 plane of the AgNPs (Figure S1).53 TGA
was conducted to estimate the relative amount of silver in the
CNC/Ag material (Figure S2). After thermal decomposition,
the remaining mass for the CNC sample was 1.18%, while the
ash content in the CNC/Ag sample was 12.54% of its initial
weight. This result indicates that the amount of Ag anchored in
CNCs was around 11 wt %, which is congruence with previous
studies.54,55

The morphological properties of CNCs and the nucleation of
AgNPs on CNC/Ag were confirmed through TEM (Figures S3
and 2B). TEM images show dark particles attributed to the
spherical AgNPs distributed on the CNC surface (Figure 2B).
The electrostatic interactions between the positively charged
Ag+ ions and the anionic oxygen-containing functional groups
on CNCs lead us to postulate that AgNPs are homogeneously
and tightly anchored on the CNC backbone.28,36,49 As
previously discussed elsewhere,28 the strong interactions
between both constituents facilitate silver nucleation, preventing
the growth of large and polydisperse AgNPs. The AgNPs
decorating the CNC surface show a narrow diameter
distribution and an average diameter of∼10.3± 5.8 nm (Figure
2D). AgNPs immobilized onto TEMPO-oxidized bacterial
cellulose nanofibers have demonstrated an average diameter of
10−20 nm,49 while AgNPs immobilized on porous cellulose
fibers have shown a size of approximately 7.9 ± 2.4 nm.28 In
addition, AgNPs anchored to the surface of acid-hydrolyzed or
TEMPO-oxidized CNC have shown an average size varying
from 25 nm56 to 9.7 ± 3.6 nm,36 respectively, which
corroborates with the particle size described herein.
As shown by the XPS data, the Ag 3d doublet peak near 370

eV confirms the presence of AgNPs in the CNC/Ag nanoma-
terial (Figure S4). The higher resolution spectrum in Figure S4B

Figure 2. (A) Photos of CNC and CNC/Ag dispersions, (B) TEM
micrograph of CNC/Ag particles, (C) UV−vis absorption spectra of
pristine CNC and CNC/Ag dispersions, and (D) histogram showing
the size distribution of AgNPs anchored onto CNCs. AgNPs anchored
to CNCs show an average diameter of 10.3 nm.
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shows that the Ag 3d doublet consists of two conjugated peaks
located at 369.9 eV, attributed to Ag 3d5/2, and 375.9 eV,
assigned to Ag 3d3/2. The energy of 6.0 eV separating the
conjugated peaks is assigned to the presence of zero-valent
silver,57,58 indicating the existence of metallic AgNPs in the
CNC/Ag hybrid nanomaterial. ATR-FTIR analyses confirmed
that the characteristic chemical structure of cellulose was still
present in the CNC/Ag hybrid nanomaterial (Figure S5). The
decrease in the intensity for the absorption bands attributed to
the stretching vibration of carboxyl38 and hydroxyl groups at
1600 and 3330 cm−1, respectively, can be related to the
electrostatic interactions between AgNPs and the oxygen-
containing functional groups on the CNC.59

The release of Ag+ ions from CNC/Ag into water was
evaluated using atomic absorption spectrometry. As shown in
Figure S6, in the first hour of leaching, the concentration of Ag+

ions increased from about 0.1 to 5.3 μg/L per mg of CNC/Ag.
After a steady release of ∼4 μg/L within the first 5 h, the
concentration of Ag+ ions increased to 8.7 μg/L/mg of CNC/Ag
after 24 h. The absolute amount of Ag+ released per 1000 μg of
CNC/Ag after 24 h was approximately 0.9 μg, thus resulting in a
prolonged antibacterial performance of the hybrid nanomateri-
al.34 Ag+ ions at a minimum concentration of 0.1 μg/L render a
high antimicrobial efficacy, as these ions are capable to interact
strongly with electron donor groups (S, O, and N groups) in
biological molecules.60

To evaluate the effect of silver decoration on the colloidal
stability of CNC/Ag, we conducted zeta potential measure-
ments of CNC and CNC/Ag dispersions in DI water (Figure
S7). As indicated by the data in Figure S7, the presence of
AgNPs has not affected the zeta potential of CNCs. The zeta
potential for the CNC remained unchanged before (−54.6 ±
13.9 mV) and after (−54.0 ± 6.81 mV) functionalization with
the AgNPs. Since the zeta potential values for CNCs and its
derivative nanomaterial CNC/Ag are very similar, we would
expect them to present similar colloidal stability at the
conditions investigated in this study.
CNC and CNC/Ag-Coated Surfaces Inactivate At-

tached Bacteria Cells. We evaluated the interaction between
bacterial cells and CNC and CNC/Ag-coated surfaces through a
contact-mediated assay (Figure 3). Suspensions of each E. coli
and B. subtilis interacted with the coated surfaces produced by
the deposition of the nanomaterials onto a PDVF filter.
As shown in Figure 3, CNC-coated surfaces were effective

against both E. coli- and B. subtilis-attached cells. Surfaces coated
with pristine CNCs presented 66.9 and 32.9% inactivation rates
for attached E. coli and B. subtilis cells, respectively. We postulate
that under direct contact with the CNC-coated surface, the
thicker peptidoglycan layer in the cell wall of B. subtilis acts as a
physical barrier, hindering the piercing effect of the CNC.
Indeed, a previous investigation shows that CNCs inactivate
bacteria by puncturing and disturbing the physical integrity of
the cell membrane.22 Therefore, the anti-biofouling activity
observed for CNC-coated surfaces is attributed to a contact-
dependent mechanism triggered by the bacteria attachment to
the CNC-coated surface.
Although CNC-coated surfaces display significant antimicro-

bial properties, their toxicity was enhanced through function-
alization with antimicrobial AgNPs (CNC/Ag) (Figure 3).
CNC/Ag-coated surfaces showed improved anti-biofouling
properties compared to CNCs or uncoated surfaces. The
number of viable adhered E. coli and B. subtilis cells was reduced
by approximately 99% under contact with the CNC/Ag-coated

filters, a significantly increased toxicity compared to the CNC-
based coatings. Similar anti-biofouling properties were observed
for CNC/Ag-coated surfaces against Gram-positive and Gram-
negative bacteria, indicating that the CNC/Ag coatings can
effectively inactivate both model bacteria.
Previous works report on the application of CNC/Ag particles

as antimicrobial agents. For instance, Xu et al. have embedded
CNC/Ag into polymeric thin films at different concentrations.
The thin films containing CNC−Ag could inactivate 99.4% of
attached E. coli cells after 3 h exposure.34 In another study,
polyvinyl alcohol membranes embedded with CNC/AgNPs
have shown strong antibacterial activity against E. coli and S.
aureus. After 24 h of exposure to the modified membranes,
attached E. coli and S. aureus cells have been inactivated at rates
of 96.9 and 88.2%, respectively.37 However, the approach
described herein is more advantageous compared to the studies
described above. Instead of embedding CNCs or CNC/Ag in
the polymeric matrix, the coated surfaces enable direct contact
of CNC/Ag with the bacteria. Embedding approaches lead to
CNC/Ag entrapment within the bulk structure of the polymer,
preventing direct contact between bacteria and the nanomateri-

Figure 3.Bacterial viability of adhered E. coli (A) and B. subtilis (B) cells
after 3 h of exposure to CNC and CNC/Ag-coated surfaces. Plate
counting was carried out to determine the cellular viability. The number
of viable cells is shown as a percentage value normalized to the pristine
PVDF membrane (uncoated surface). Asterisks indicate a statistical
difference from the control sample (α = 0.05). SEM images showing E.
coli and B. subtilis cells after exposure to pristine PDVF filters (C,D,
respectively), CNC-coated filters (E,F), and CNC/Ag-coated filters
(G,H). Scale bars: 1 μm.
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al. As CNC/Ag is embedded in the polymeric matrix, the
composite material cannot profit from the contact-mediated
toxicity of CNCs since it is not available at the surface to contact
the cells directly. In the end, the antimicrobial properties of
CNC/Ag reflect the toxicity of the AgNPs with little or no
involvement of CNCs. Therefore, the strategy of depositing
CNCs and CNC/Ag on the surface of polymeric materials can
maximize their contact with bacteria cells, leading to improved
anti-biofouling properties.12,22,61 Surface coating is attractive for
CNC-based nanomaterials because of their ability to inactivate
bacteria through a contact-dependent route.22

The morphological characteristics of bacteria cells adhered to
the CNC and CNC/Ag-coated surfaces were evaluated by SEM
analysis (Figure 3). Both E. coli and B. subtilis cells attached to
the PVDF filters presented higher levels of cell integrity, as
observed in Figure 3C,D. In contrast, E. coli and B. subtilis cells
adhered to CNC/Ag-coated surfaces showed a flatten and
shrunken morphology, as seen in Figure 3G,H, respectively.
Loss in cell integrity and morphology is due to the interaction
between the bacteria cells and the sharp edges of the CNC.
Previous studies proposed that the needle-like shaped CNC can
cause contact-mediated damages to the bacteria cell through the
interaction with its sharp edges.22,62 Additionally, the presence
of AgNPs on CNC/Ag-coated samples further enhanced the
antimicrobial effects, resulting in a combined “attack−attack”
toxic effect on bacteria. The AgNPs in CNC/Ag dissolve into
Ag+ ions with an affinity for several vital biomolecules and
organelles, such as DNA, peptides, enzymes, and cofactors. By
binding to these bio-structures, the Ag+ ions disrupt the cell
metabolism, culminating in cellular death.22,62,63 Therefore, the
loss of morphological characteristics observed for the cells
exposed to CNC/Ag is likely a combination of physical stress
caused by the sharp CNC and chemical-mediated stress created

by the action of silver ions on the cell membrane proteins and
DNA.
Confocal microscopy has also been performed to evaluate the

biofilm formation over the surfaces of pristine and PVDF filters
coated with CNCs and CNC/Ag. The average biovolumes of E.
coli dead cells on pristine, CNC-coated, and CNC/Ag-coated
filters were 0.00027, 0.00929, and 0.03958 μm3/μm2,
respectively (Figure S8). These results indicate a significant
increase in the density of dead cells (by a factor of 35 and 148,
respectively) for filters coated with CNCs and CNC−Ag
compared to the uncoated filter surface. For B. subtilis, similar
results have been observed. The average biovolume for dead
cells increased from 0.00013 to 0.00507 and 0.01122 μm3/μm2

for CNCs and CNC/Ag-coated filters, respectively (a factor of
39 and 87 compared to pristine PVDF control, respectively).
Despite the larger biovolume of dead cells, we can still observe

a large number of live cells (green color) on the CNC andCNC/
Ag-coated samples, as indicated in Figures S8A,B. Since the
assay has been performed in static conditions, it is likely that the
first layer of dead bacteria cells and their components/debris are
shielding to some extent the toxicity of the CNC/Ag-coated
surfaces and allowing bacterial growth. This effect could be
minimized under non-static conditions, where water flow and
better diffusion of oxygen could maximize the oxidation of the
AgNPs anchored on the CNC/Ag, providing an improved
release of Ag+ ions into the solution andmobility of attached and
non-attached bacteria cells.64 More details on this assay can be
found in the Supporting Information, page S5.

Antibacterial Activity of CNCs and CNC/Ag against
Planktonic Bacteria Cells. To broaden the application of
CNC/Ag as an anti-biofouling agent, we also tested the toxicity
of CNC/Ag against planktonic cells. Figure 4 shows the toxicity
of CNCs and CNC/Ag to E. coli and B. subtilis, Gram-negative
and Gram-positive bacteria, respectively. At CNC concen-

Figure 4. Absorbance (OD600) of E. coli suspensions exposed to (A) pristine CNCs and (B) CNC/Ag. Absorbance of B. subtilis cell suspension
contacted with (C) pristine CNCs and (D) CNC/Ag. The antimicrobial assays were performed in 96-well microplates, and the optical absorbance was
quantified after 18 h of incubation. Bacterial suspensions were exposed to increasing concentrations (0 to 300 μg/mL) of CNCs (A,C) and CNC/Ag
(B,D). Absorbance readings for the bacteria suspensions were subtracted from their negative controls (without bacteria cells). Light absorption on
microwell suspensions can be directly related to bacterial growth. Standard deviations of four replicates are represented by the error bars.

ACS Applied Bio Materials www.acsabm.org Article

https://doi.org/10.1021/acsabm.1c00929
ACS Appl. Bio Mater. 2022, 5, 1025−1037

1030

https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00929/suppl_file/mt1c00929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00929/suppl_file/mt1c00929_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsabm.1c00929/suppl_file/mt1c00929_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00929?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00929?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00929?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.1c00929?fig=fig4&ref=pdf
www.acsabm.org?ref=pdf
https://doi.org/10.1021/acsabm.1c00929?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


trations of 75 μg/mL and above, we detect a reduction in E. coli
growth. Despite that, we could not observe a complete inhibition
of E. coli cells at any tested CNC concentrations. Since CNC
could not inhibit bacterial growth at the tested concentrations,
we could not estimate its MIC against E. coli. In contrast, CNC/
Ag was very toxic to E. coli cells at all tested concentrations. At a
MIC of 100 μg/mL, CNC/Ag inactivated 100% of the E. coli
cells compared to the control. These findings indicate an
improved antimicrobial effect for CNC/Ag compared to
unmodified CNCs (Figure 4A,B).
As shown in Figure 4C, it seems that the presence of CNCs

promoted B. subtilis growth, which is reflected by the rising
absorbance values as the CNC concentration increased. We
presume that CNCs promote sporulation of B. subtilis by
creating a hostile environment for the bacteria cells. As B. subtilis
sporulates, the spores form large aggregates (some visible to the
naked eye, as shown in Figure S9), increasing the optical density
of the bacterial suspension. This phenomenon becomes more
pronounced as the CNC concentration increases. Production of
spore-containing agglomerates is a well-documented behavior
for B. subtilis.65 Despite the CNC’s lack of toxicity, CNC/Ag
efficiently suppressed the B. subtilis growth starting at
concentrations of approximately 25 μg/mL (Figure 4D). E.
coli cells presented a much higher MIC than B. subtilis when
exposed to CNC/Ag. B. subtilis displayed a 25 μg/mLMIC, four
times lower than theMIC value of E. coli cells (100 μg/mL) after
contacting CNC/Ag in suspension. These results indicate a
higher susceptibility of B. subtilis to CNC/Ag under the tested
conditions. Our results agree with a previous study showing
MIC values of 125 μg/mL for E. coli and 15.6 μg/mL for B.
subtilis treated with cellulose nanowhiskers modified with
AgNPs.66 Similar antimicrobial properties have been also
reported for other Ag-based carbon nanomaterials, including
organic framework (MOF)67−69 and graphene oxide modified
with AgNPs.17−19,70

During MBC assessment, no colony growth was observed on
the LB agar plates for E. coli or B. subtilis incubated with CNC/
Ag at concentrations equal or higher than the MIC. This
phenomenon implies that MBC is equivalent to the MIC values
for both bacteria strains (Table 1). The MBC/MIC ratios for E.

coli and B. subtilis were equal to 1, indicating a bactericidal effect
for CNC/Ag in suspension. Similar MBC/MIC ratios have been
found for the interaction of E. coli and B. subtilis with Ag-based
hybrid materials in the literature.66 MBC values were not
obtained for pristine CNCs since we could not determine its
MIC for either E. coli or B. subtilis.
It is worth pointing out that the presence of electrolytes can

affect the colloidal stability of CNC/Ag dispersions and their
toxicity in suspension. For rod-like sulfated CNCs, the reported
critical coagulation concentration (CCC) of NaCl was 153
mM.71 Changes in stability and dispersibility promoted by salt
concentrations above the CCC should affect the antimicrobial
performance of CNCs in suspension, since its mechanism of

action rely partially on the puncturing effect promoted by the
sharp edges of well-dispersed nanocrystals. In this study, we use
TEMPO-oxidized CNCs and the LB broth media contains 43
mM NaCl, as indicated by the manufacturer. TEMPO-oxidized
CNCs possess larger number of anionic carboxyl containing
functional groups and higher surface charge density than
sulfated CNCs.35 In addition, the NaCl concentration in the
LB brothmedium used in the antimicrobial assays is significantly
lower than that required to modify the stability of CNCs in
aqueous solutions.71 Under such salinity, the colloidal stability
of CNCs should remain unchanged.
To confirm the colloidal stability of CNC/Ag, we measured

the hydrodynamic diameter of CNC/Ag dispersed in LB broth
(environment of the antimicrobial assays) and DI water (final
concentration of 300 μg/mL) using DLS over 6 h (Figure S10).
Due to the non-spherical nature of CNCs, we expected that the
Z-average value obtained through DLS would not necessarily
match neither the length nor the width of the CNC/Ag particles.
Rather, this value corresponds to the “apparent size” of an
equivalent sphere with the same diffusion coefficient as the
dispersed CNC/Ag. Despite the limitations, the DLS analysis
can provide useful information regarding the emergence of
agglomerates and aggregates in the solution.72 As shown in
Figure S10, the hydrodynamic size values remained steady
during the analysis, with a slightly increasing tendency for CNC/
Ag dispersed in LB broth compared to CNC/Ag dispersed in
water. The average hydrodynamic diameter obtained for CNC/
Ag dispersed in LB (599.6 ± 262.2 nm) may indicate the
presence of weakly bounded particles, since this value is higher
than the average length value for CNC/Ag suspended in DI
water (143 ± 64.4 nm).
To evaluate the possible presence of severe agglomeration, we

also monitored the colloidal stability of CNC/Ag using the
characteristic SPR frequency (∼400 nm) of AgNPs under
excitation at the UV−vis. For that, we performed UV−vis
spectroscopy analyses of CNC/Ag suspended in LB broth over
different time intervals (Figure S11). The absorbance spectra of
CNC/Ag suspended in LB at 100 μg/mL were taken every hour
up to 6 h and after 24 h. A complete description of the
experimental protocol has been added to the Supporting
Information on Page S4. We observed a decrease in intensity
and broadening of the SPR band at ∼ 400 nm for CNC/Ag
dispersed in LB, suggesting possible formation of weakly bonded
particles.73,74 The reduced intensity of SPR band alone could
also indicate the dissolution of the AgNPs.73 Despite the
decrease in SPR intensity over time, we did not observe
additional absorbance bands in wavelengths above 600 nm that
would have be indicators of heavy agglomeration.73,74 There-
fore, although some particle−particle interaction may be
occurring, severe signs of agglomeration in suspension were
not observed through zeta potential (Figure S7) or DLS
measurements (Figure S10).
In the present study, we have not investigated the toxicity of

isolated AgNPs. However, previous reports have shown an
improved antimicrobial property for hybrid CNC/Ag than
pristine AgNPs.75,76 Results obtained from plate count assays
indicate an enhanced antibacterial activity for polydopamine-
(PD)−CNC−Ag compared to pristine AgNPs.76 For instance,
PD−CNC−Ag presented a MIC of 8 μg/mL against B. subtilis,
whereas pristine AgNPs showed aMIC of 32 μg/mL to the same
bacteria.76 In addition, cellulose nanowhiskers modified with
AgNPs have shown a much lower MIC against E. coli than
commercial AgNPs.75 This improved toxicity for CNC−Ag is

Table 1.MIC andMBC for CNC andCNC/Ag Tested against
E. coli and B. subtilis

MIC (μg/mL) MBC (μg/mL) MBC/MIC

strain CNC CNC/Ag CNC CNC/Ag CNC/Ag

E. coli (ATCC 8739) 100 100 1
B. subtilis (ATCC
6633)

25 25 1
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attributed to the anchoring of AgNPs on the CNC surface,
which prevent losses in antimicrobial properties due to particle
agglomeration.75,76

Antimicrobial Activity of CNCs and CNC/Ag to
Planktonic Cells is Time-Dependent. Experiments were
conducted with E. coli and B. subtilis to investigate the bacterial

Figure 5. Time-dependent inactivation of (A) E. coli and (B) B. subtilis cells under exposure to CNC or CNC/Ag. The number of viable cells was
quantified using the plate counting method and the value is expressed as the logarithm of colony-forming units (CFU). Error bars represent the
standard deviation for three replicates (n = 3). (C) Number of log CFU reduction after exposure of E. coli and B. subtilis cells to CNC/Ag. The values
for each bacteria strain were calculated by subtracting the value for each time point from its initial value (0 h).

Figure 6. (A) Relative absorbance at 500 nm of acridine orange-containing vesicles after interacting with CNCs and CNC/Ag at 200 μg/mL and DI
water (control). Absorbance values were normalized by the results obtained by SLS (0.1 g/mL) treatment. (B)Oxidation of GHS byCNCs andCNC/
Ag after 3 h of contact. GHS solution (0.4 mM) was exposed to each nanomaterial dispersion (100 μg/mL) at room temperature in abiotic conditions.
H2O2 was used as a positive control due to its oxidative properties. Loss of GHS is presented as a relative percentage to a control sample (DI water).
Asterisks indicate a statistical difference from the control (α = 0.05). (C)H2DCFDA oxidative assay quantifying the generation of intracellular ROS by
the bacteria cells exposed to CNC/Ag (100 μg/mL) and menadione (100 μM). Values were normalized based on the control samples (peptone water
0.1%). (D) Illustration demonstrating the mechanism by which CNC and CNC/Ag-coated surfaces inactivate attached bacteria cells. CNC-coated
surfaces inactivate bacteria solely by membrane-stress-mediated mechanisms. CNC/Ag-coated surfaces use a dual mechanism of inactivation based on
the membrane perforation by CNC and silver’s ability to damage the cell membrane and the DNA. Similar illustrations demonstrating the
antimicrobial mechanisms of action for silver can be found elsewhere.78
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growth kinetics under incubation with CNCs and CNC/Ag.
Such assays are essential for assessing the interaction between
the antimicrobial agent and the microbial strains and analyzing
the time dependency of the antibacterial effect.39 Each model
bacteria was incubated with CNC/Ag at its respective MIC.
Pristine CNC and CNC/Ag at their MIC concentrations (100
μg/mL for E. coli and 25 μg/mL for B. subtilis) were incubated
with the bacteria cells for 6 h. Aliquots were collected along six-
time points to determine the number of viable cells through
plate counting (Figure 5).39,40

E. coli exposed to pristine CNCs presented similar growth
trends to the control suspension (without a nanomaterial),
suggesting that CNCs were not toxic to the bacteria under the
tested conditions (Figure 5A). On the other hand, a significant
1.5 log CFU reduction occurred after E. coli cells were incubated
with CNC/Ag, indicating a bactericidal effect against E. coli. We
also observed a similar decrease in the number of viable B.
subtilis cells after their exposure to CNCs and CNC/Ag within
the first 2 h of incubation (Figure 5B). However, after 2 h, the B.
subtilis cells incubated with CNCs grew almost exponentially,
achieving similar numbers to the control after the incubation
period is over. In contrast, the viability of B. subtilis cells
decreases systematically overtime after contacting CNC/Ag. A
1.5 log CFU reduction, which corresponds to ∼90% decrease in
the number of viable cells, was detected for B. subtilis cells
exposed to CNC/Ag, demonstrating the bactericidal effect
promoted by the hybrid material.
Figure 5C shows the log CFU reduction for E. coli and B.

subtilis after exposure to CNC/Ag throughout the time-kill
assay. A compelling 1.5 log CFU decrease is observed for E. coli
after 3 h exposure to CNC/Ag. In addition, the log CFU
reduction increases as the exposure time between the cells and
the hybrid material increases. B. subtilis cells reveal a similar log
CFU reduction trend. However, we note a more drastic log CFU
reduction for B. subtilis than E. coli cells. For example, after 6 h
interaction with CNC/Ag, E. coli cells show a 3.0 log CFU
reduction, unlike B. subtilis, which displays a significantly lower
log CFU reduction of ∼1.0. This result indicates that CNC/Ag
inactivates E. coli quicker than B. subtilis cells at their respective
MICs. Intrinsic differences in the cell wall composition and
structure may explain the differences in antimicrobial properties
between E. coli and B. subtilis. A thicker and more rigid layer of
negatively charged peptidoglycans could hamper the diffusion of
silver ions across the cell wall,77 resulting in lower susceptibility
to the effects of silver for Gram-positive B. subtilis than the
Gram-negative E. coli. Although several studies have tried to
address the antibacterial activity of CNC/Ag-based materi-
als,66,75,76 there is still a lack of fundamental understanding
about the kinetics involving the interaction between bacteria and
the CNC/Ag. At our account, this is the first systematic study
demonstrating MIC, MBC, and time-dependent toxicity for
CNC/Ag using Gram-positive and Gram-negative bacteria
models.
Mechanisms of Action behind the Toxicity of CNC/Ag

to Bacteria Cells. We used dye-containing phospholipidic
vesicles mimicking the cell membrane to evaluate the CNC/Ag’s
ability to inactivate bacteria via physical-mediated membrane
stress mechanisms (Figure 6). The release of encapsulated dye
(e.g., acridine orange) upon contact of the CNC with the lipid
vesicles strongly indicates that the nanomaterials can pierce the
cell membrane and disturb the physical integrity of the
phospholipid bilayer. The piercing holes affect the mechanisms
of nutrient exchange with the environment, cause loss of

intracellular content, and facilitate the penetration of Ag+ ions
within the cell upon exposure to CNC/Ag.
Figure 6A shows a relative increase in absorbance intensities

due to dye leakage promoted by the interaction of CNC and
CNC/Ag with the phospholipidic vesicles. These relative
absorbance intensities were calculated by dividing the
absorbance of each treatment by the maximum absorbance
value obtained after disrupting the vesicles with a surfactant
solution (SLS, 0.1 g/mL). The results of the control samples
(lipid vesicles in DI water) show very low relative absorbance
values after 3 h of the experiment, indicating a negligible dye
efflux through vesicles over this period. Conversely, higher
absorbance intensities for vesicles treated with CNCs and
CNC/Ag indicate significant dye leakage and damage to the
structure of the phospholipidic vesicles (Figure 6A). Similar
relative absorbance values were obtained for both nanomateri-
als: 0.33 ± 0.02 for CNC and 0.33 ± 0.06 for CNC/Ag. These
results suggest that CNCs andCNC/Ag have equivalent abilities
to destabilize the lipid bilayer of cell membranes. This result is
expected since both materials share the same needle-like
morphology (Figures S3 and 2B).
We presume that the crystalline, rigid needle-like structure of

CNCs and CNC/Ag is responsible for the contact-mediated
damage promoted by these nanomaterials. Based on the results
in Figure 6A, AgNPs attached on CNC seem to play no role in
the physical-mediated cell membrane stress mechanism induced
by CNCs. This observation leads us to assume that if the AgNPs
on CNC/Ag interact with the membrane constituents, these
interactions do not lead to significant cell membrane
permeability changes under the tested conditions. Although
CNC/Ag did not compromise membrane permeability, AgNPs
could still impair membrane functionality by binding to
transport proteins, affecting the cell uptake and efflux of
essential ions.78 In addition, these protein−Ag-based inter-
actions can lead to membrane dysfunction, electron transport
disruption, and enzyme activity loss. Metal intake can also
explain the improved toxicity of CNC/Ag compared to pristine
CNCs. While CNCs pierce the membrane, Ag+ ions can enter
the cell and promptly interact and damage the DNA, disrupting
metabolic processes needed for the cell survival,78 as illustrated
in Figure 6D.
The GHS assay evaluated the CNC and CNC/Ag’s ability to

induce oxidation.41 Generation of ROS, either by indirect or
direct oxidation, is a toxicity mechanism commonly triggered by
nanomaterials.63,79 In this sense, a GHS oxidation assay was
performed to investigate the oxidative properties of CNCs and
CNC/Ag. Results have shown negligible increases in GHS
oxidation for CNCs and CNC/Ag (0.16 and 0.32%,
respectively) compared to the control group (Figure 6B). On
the other hand, under the presence of a robust oxidative
compound such as H2O2 (10 mM), GHS oxidation has achieved
52% after 3 h of interaction. These findings are in agreement
with a previous study that demonstrates negligible GHS
oxidation promoted by CNCs.22

We also investigated the presence of ROS inside the cells
through the H2DCFDA (2′,7′-dichlorodihydrofluorescein diac-
etate) assay using E. coli as the model organism. H2DCFDA is
permeable to the cell membrane of bacteria cells. Under the
presence of ROS in the cell cytoplasm, H2DCFDA transforms
into DCF, a highly fluorescent compound that absorbs and emits
light at 493/520 nm, respectively. The magnitude of the
fluorescent signal generated by DCF can be correlated to the
ROS level in the bacteria cells. Results for this assay are shown in
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Figure 6C. A significant increase in the fluorescence signal at 520
nm was observed for E. coli exposed to CNC/Ag (100 μg/mL).
CNC/Ag samples have averaged fluorescence values 22 times
higher than the negative control. For example, the fluorescence
signal for E. coli cells exposed to CNC/Ag exceeded 34 times the
control. These results indicate that CNC/Ag can induce the
accumulation of ROS inside the cells, corroborating with
previous studies reporting oxidative stress mechanisms for Ag-
containing materials.63 A previous study of ours shows that
CNC alone are unable to promote oxidation of H2DCFDA into
DCF.22

Although the GHS assay shows that CNC/Ag is not
promoting direct oxidation via ROS production, the
H2DCFDA assay confirms an accumulation of ROS inside the
cells exposed to the nanomaterial. Therefore, CNC/Ag may not
induce or accelerate ROS production, but it leads to indirect
oxidative stress due to accumulation of ROS within the cells.
ROS accumulation in the cells can cause several damages to
organelles, proteins, and the DNA, as illustrated in Figure 6D. In
addition to indirect oxidation mechanisms, it is worth
mentioning that Ag+ ions could still be binding to specific
functional groups of proteins and enzymes, causing localized
oxidation processes (ROS-independent) in these essential
biomolecules.63,80 Therefore, silver could be participating in
redox reactions by binding selectively to atoms of donor ligands,
such as oxygen, nitrogen, and sulfur. Replacing the correct metal
cofactor by Ag+ ions can interfere with protein folding and
function.78 Abundant presence of Ag+ ions can prevent proteins
from acquiring the correct metal cofactor, which will lead to a
metabolic collapse and cell death (Figure 6D).

■ CONCLUSIONS
This study demonstrates the deposition of AgNPs on the surface
of CNCs for improved anti-biofouling and antimicrobial
properties. The anchoring of AgNPs on CNCs (CNC/Ag)
was performed in situ using sodium borohydride. Anchored
AgNPs showed an average diameter of 10.3 nm and were well-
distributed on the CNC surface. Our findings show that
functionalization with AgNPs significantly improve the anti-
biofouling property of CNCs. For example, the ability of CNC-
coated surfaces to inactivate bacteria cells (both Gram-negative
and Gram-positive) increased from 33 to 65% to almost 100%
after CNC modification with AgNPs. In this sense, CNC/Ag
shows excellent potential as antimicrobial coatings for anti-
biofouling applications in medicine and engineering. CNC/Ag
also showed high toxicity against E. coli and B. subtilis planktonic
cells, confirming that the material can inactivate bacteria in
suspension before surface attachment. Minimum inhibitory
concentrations were 25 and 100 μg/mL against B. subtilis and E.
coli, respectively. Time-kill assays showed that CNC/Ag
inactivate planktonic Gram-negative E. coli cells faster than
Gram-positive B. subtilis, revealing that the antibacterial kinetics
of CNC/Ag is affected by the structure and composition of the
bacteria cell wall. Very low toxicity was observed for pristine
CNCs against planktonic cells of both microorganisms. Dye-
leaking assays revealed that CNCs and CNC/Ag promote
disruption of the lipid bilayer and can inactivate bacteria cells
under physical-mediated mechanisms. The GHS suggested that
neither CNCs nor CNC/Ag was able to induce oxidative stress
through direct production of ROS. However, accumulation of
ROS inside the cell was found for bacteria cells exposed to
CNC/Ag after 3 h exposure. This indicates that CNC/Ag may
not oxidize the cell via direct ROS generation, but they somehow

interfere with the cellular antioxidant mechanisms used to
maintain ROS at low levels within the cytoplasm. In this way, we
propose that the mechanism of action for CNC/Ag combines an
attacking−attacking strategy that includes the physical mem-
brane stress promoted by the narrow CNC and the disruption of
vital metabolic processes caused by the anchored AgNPs.
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