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ABSTRACT
The study focuses on the preparation of electrostatically assembled layer-by-layer waterborne nanocoatings comprising negatively
charged Nafion and positively charged imidazole modified-graphene quantum dots (GQD-Ims). We demonstrate here that
Nafion/GQD-Im nanocoatings can combat the growth of representative Gram-positive and Gram-negative bacteria, and their
excellent antibacterial performance is preserved after prolonged thermal treatment, indicating that the coatings can withstand
dry heat sterilization without any decline in their properties. At the same time, the coatings show remarkable chemical and
structural stability, while offering protection against UV-radiation as manifested by dye decomposition experiments. This novel
type of nanocoatings demonstrates a unique combination of highly desirable characteristics, making them ideal candidates for
applications related to active packaging for cosmetics and drugs, food processing, and disinfection of medical devices.

1 Introduction

The introduction of antibiotics has revolutionized healthcare
over the last century by dramatically mitigating the risk of
pathogen infections across a diverse range of medical treatments
[1]. However, their widespread and uncontrolled use has led to
the emergence of antimicrobial resistance as a global threat for
the public health with severe financial cost for the society [2,
3]. The vast majority of multidrug-resistant infections can be
directly linked to nosocomial settings, with transmission pre-
dominantly occurring through contaminated high-touch surfaces
and medical devices [4, 5]. Alongside research initiatives for
the synthesis of a new generation of antibiotics [6] and efforts
dedicated toward a more sensible antibiotic drug management,
emphasis is placed on the development of antimicrobial coatings
as an early intervention strategy in preventing transmission of the

pathogenic strains [7]. Heat-sterilizable antimicrobial coatings
are particularly crucial in this context, as they retain antimicro-
bial efficacy following exposure to high temperatures ensuring
long-term efficacy, safety, and reusability [8, 9].

In principle, antimicrobial coatings incorporate various com-
pounds such as bacteriolytic enzymes, peptides, antibodies, drug
molecules, and antiadhesive polymers along with photocatalytic
and metallic nanoparticles [10–12]. Those biologically active
agents to a greater or lesser extent are synthesized via laboratory-
intensive procedures at a considerable cost, oftentimes raising
concerns regarding their adverse environmental footprint and
their high cytotoxicity [13]. In recent years, graphene (Gr)-
based nanomaterials including pristine Gr graphene oxide (GO),
reduced graphene oxide (rGO), and graphene quantum dots
(GQDs) have garnered recognition as biocompatible antimicro-
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bial agents [14, 15] that can be produced at a large scale via
green chemical procedures at a cost-effective manner [16–18].
The chemical modes of the inherent antimicrobial action of this
class of materials rely on the induction of membrane stress, the
production of reactive oxygen species (ROS), and arresting gene
expression [19, 20]. Synergistic antibacterial activity between Gr-
based and other types of nanomaterials or polymeric compounds
has also been demonstrated in multicomponent systems [21],
for example, GO/Ag [22] and GQD/ZnO [23] nanocomposites
exhibit improved bactericidal effect compared to the individual
components.

In this study, we present electrostatically assembled bilayers com-
prising positively charged imidazole modified-graphene quan-
tum dots (GQD-Ims) and negatively charged Nafion, a Teflon-
based copolymer carrying ionic terminal groups. First, this system
design capitalizes on the strong electrostatic interactions between
Nafion and GQD-Im (Figure S1) to generate mechanically robust
layer-by-layer (LbL) assemblies. Second, both Nafion and GQD-
Im show high levels of thermal stability and are able to impart
similar characteristics to their LbL assemblies. Third, Nafion is
known for its capacity to create a bacterial exclusion zone on its
surface [24] while GQDs demonstrate significant antimicrobial
efficacy [15]. The nanocoatings presented here, not only, are able
to suppress the population of representative Gram-positive and
Gram-negative bacteria by more than 99%, and this performance
is not compromised following extensive thermal treatment, but
they also demonstrate superior UV barrier properties despite
their transparent and colorless nature. In that sense, this study
presents for the first time the development of structurally robust,
waterborne coatings able to withstand dry heat sterilization,
while offering remarkable shielding against pathogenic strains
and UV radiation. To the best of our knowledge, no other type
of polymer-based coating has been reported to simultaneously
possess all those attractive characteristics.

2 Materials andMethods

2.1 Materials

A 10 wt% Nafion dispersion in water (hydrodynamic diameter
13.5 nm as shown in Figure S2) and a 20 wt% Nafion dispersion in
a blend of low aliphatic alcohols (3-propanol, ethanol, and others)
and water were acquired from Merck. The latter dispersion was
used for spin-coating the crystal resonators, while the former was
employed in all other experiments outlined in this study. For the
dye decomposition experiments, hydrogen peroxide 30% (w/v)
and neutral red dye were obtained from Thermo Fisher and Alfa
Aesar, respectively. A 1 mg/mL dispersion of GQD-Im in water,
with particles measuring 6 ± 3 nm as provided by the supplier,
was obtained fromACSMaterial LLC. Both Nafion and GQDs-Im
were used as received.

2.2 Preparation of the Nafion/GQD-Imidazole
Nanocomposite

Equal amounts of 0.01 wt% Nafion and 0.01 wt% GQD-Im (pH
= 2) were mixed into a beaker, the mixture was subjected to
ultrasonication for 15 min and was subsequently freeze dried.

2.3 Quartz Crystal Microbalance With
Dissipation Monitoring

The quartz crystal microbalance experiments with real-time
dissipation monitoring (QCM-D) were carried out using a Q-
sense E1 unit. Au-decorated crystal resonators with a diameter
of 150 nm and fundamental resonance around 5 MHz were spin-
coated with one drop of 0.5 wt% Nafion (in ethanol) before being
loaded to a QCM-D flow cell, and the flow rate was adjusted to
0.2 mL/min. Aqueous dispersions of Nafion and GQD-Im were
diluted in deionized water to achieve 0.25 wt% and 0.01 wt%
solutions, respectively, and these solutions were used for the LbL
assembly. The GQD-Im solution was subjected to ultrasonication
before its introduction to the system.

The fundamental resonant frequency was determined by the
crystal’s initial equilibrium state in air, and the baseline of the
hydrated surface was established by adding water at a constant
flow rate.

On the basis of the Sauerbrey equation:

Δ𝑚 = − (𝐶∕𝑁)Δ𝑓 (1)

when a uniform layer with a mass of Δm is deposited, it
causes a decrease in the crystal’s resonant frequency by Δf. N
represents the overtone number (all the data reported in this
study correspond to N = 3), whereas C signifies the integrated
sensitivity of the crystal, which is influenced by the inherent
characteristics and thickness of the crystal [25]. The dissipation
factor, denoted as D, is calculated by

𝐷 = 𝐸d∕ (2𝜋𝐸s) (2)

where Ed represents the energy that is lost during a single
oscillation cycle while Es is the energy that the system has stored
[26].

2.4 Thermal Annealing

Coated QCM disks were placed within a Carbolite Gero ELF
laboratory chamber at 200◦C for 2 h.

2.5 Zeta Potential (ζ Potential)

Zeta potential (ζ potential) measurements were carried out on a
Malvern Panalytical Zetasizer Nano ZS with a 532 nm He─Ne
laser at 25◦C. Disposable folded capillary cells were used for the
measurements. Before measurement, samples were subjected to
ultrasonication for 5 min. Each measurement was repeated three
times and their average value is reported.

2.6 Dynamic Light Scattering (DLS)

DLS measurements were performed using a Malvern Panalytical
Zetasizer Nano ZS with a 532 nm He─Ne laser at 25◦C. The
samples were filtered through 0.2 µm Nylon membrane filters
directly into the measuring cuvettes before measurement. The
experiments were conducted in triplicate.
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2.7 Fourier Transform Infra-Red (FTIR)
Spectroscopy

The Shimadzu IR Tracer–100 spectrophotometer, operating at
room temperature, was used to record the FT-IR spectra of freeze
dried samples. The spectrum for each sample was obtained by
averaging 64 successive scans, spanning a range from 4000 to 500
cm−1, with a resolution of 2 cm−1.

2.8 Raman Spectroscopy

Raman spectrum of GQD-Im was obtained using a Horiba Jobin
Yvon HR800 Raman spectrometer within the range 800–2000
cm−1. Samples were prepared by drop casting a 0.1 wt% GQD-Im
solution on a glass slide, which was then left to dry overnight. A
532 nm air-cooled CLDS point mode diode laser was used, and
the filter was adjusted to 10% to minimize the risk for structural
damage.

2.9 Ultraviolet–Visible (UV–Vis) Spectroscopy

UV–Vis spectra were acquired at room temperature using a Shi-
madzuUV-3600 spectrophotometer, employingHellmaAnalytics
quartz cuvettes with a 1.0 cm path length.

2.10 Thermogravimetric Analysis (TGA)

TGA measures were performed using a TG 209 F1 Libra from
Netzsch. The temperature was increased from room temperature
to 1000◦C at a heating rate of 15◦C/min whilst under a constant
nitrogen flow. The experiments were conducted in triplicate to
ensure reproducibility.

2.11 Contact Angle Measurements

Droplets of distilled water (5 µL) were deposited on the coated
quartz crystals, and the contact angle was measured by means
of an OptoSigma optical tensiometer at room temperature.
The images were recorded 20 s following the deposition of the
droplets, and the experiment was repeated five times for each
sample.

2.12 Scanning ElectronMicroscopy (SEM)

SEM imagingwas performedusing a ThermoFisherQuattro SEM
at an accelerating voltage of 3 kV. The sample analyzed was a
coated QCM-D crystal, with the image presented in Figure S3.

2.13 Transmission ElectronMicroscopy (TEM)

TEM imaging was carried out by means of JEOL JEM 1400 (Wel-
wyn Garden City, UK) at an acceleration voltage of 80 kV, using
samples that were dissolved in water and solution dispensed
onto a carbon-filmed copper mesh grid and allowed to air dry
overnight. The lattice spacings of the graphitic structure were
measured using ImageJ software.

2.14 Atomic Force Microscopy (AFM)

A Bruker Dimensions Icon atomic force microscope with a
Nanoscope 6 controlled was used to acquire atomic force micro-
graphs. The imaging was conducted in peak force tapping mode,
employing silicone nitride cantilevers with a nominal spring con-
stant of 0.4 N/m in air (SCANASYST-AIR, Bruker) and 0.7 N/m
in fluid (SCANASYST-FLUID, Bruker). For each sample, images
were recorded from a minimum of three separate locations with
scan sizes of 10 µm. Average roughness (Ra) measurements were
also collected at three distinct locations for each sample with
scan sizes of 10 µm. Before measurement, a first-order flattening
procedure was applied to process the images.

2.15 UV-Induced Dye Degradation Experiments

The external walls of the borosilicate scintillation glass vials
(20 mL, 25 mm in diameter) from Thermo Fisher were dip-
coated using solutions of Nafion (0.1 wt%) and GQD-Im (0.01
wt%), generating five Nafion/GQD-Im bilayers on their surface.
To evaluate the efficacy of those coatings in blockingUV radiation
(λ = 254 nm), 10 mL of a solution containing 65 µM neutral red
dye and 6.7 mM H2O2 was introduced into the coated glass vial.
Subsequently, the vials were exposed to UV radiation for 72 h, and
the absorption at λ = 525 nm was monitored at predetermined
time intervals. For comparison, uncoated vials were subjected to
otherwise identical assessment. The experiments were conducted
in triplicate and average values are reported in this study.

2.16 Resistance to Friction Assessment

AnAnton Paar modular compact rheometer 302e outfitted with a
50 mm parallel plate geometry was used to evaluate the behavior
of the coated crystals under frictional forces. Polydimethylsilox-
ane (PDMS) was used to mimic human skin as suggested in
previous studies [27, 28]. PDMS disks with 40 mm diameter and
4 mm thickness sourced from Silex Ltd were securely affixed
to the upper plate geometry, and the coated QCM crystals were
attached to the bottom plate using double-sided adhesive tape.
Rotational shear experiments were carried out at zero gap,
applying a constant shear rate for 60 s after which each crystal
was submerged in 3mLofwater for 10min. TheUV–Vis spectrum
of this water was then analyzed to detect potential traces of
detached GQD-Im. The test was repeated at incrementally higher
shear rates (�̇�)(i.e., �̇� = 1 × 105, 2 × 105, 3 × 105, and 4 ×
105 s −1) until GQD-Im was spectrometrically detected in the
aqueous suspension or until the upper limits of shear rate were
achieved. The experiments were conducted in triplicate to ensure
reproducibility.

2.17 Antimicrobial Testing

2.17.1 Preparation of Bacterial Cultures

In 250 mL Erlenmeyer flasks with 25 mL nutrient broth, bac-
terial cultures were cultivated and incubated for 24 h at 37◦C
in a SciQuip Incu-Shake MIDI orbital shaker (SciQuip Ltd,
Newtown, Wem, Shropshire, UK) set to 200 rpm. The cultures
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FIGURE 1 (a) Raman spectrum and TEM image (insert) of GQD-Im, (b) zeta potential of 0.005 wt% GQD-Im in water at various pH values.
GQD-Im, imidazole modified-graphene quantum dot; TEM, transmission electron microscopy.

were centrifuged for 10 min at 4000 rpm, the supernatant was
removed, and 20 mL of 1/4 strength Ringer’s solution was added.
The tubes were vortexed followed by centrifugation for 10 min
at 4000 rpm, and the supernatant disposed of 2 mL of 1/4
strength Ringer’s solution was introduced into the tubes, which
were then subjected to a final round of vortexing. Cultures,
once resuspended, were diluted in nutrient broth to achieve an
absorbance reading that matched a 0.5 McFarlane standard using
a BiochromWPA S800 visible spectrophotometer (Biochrom Ltd,
Cambridge, UK). This diluted culture was then used as the
inoculum for the disk tests.

2.17.2 Bacterial Inoculation in the Absence and
Presence of Nanocoatings

The testingmethod was attained from the literature and was used
to assess the antimicrobial efficacy of the coatings [29]. Each
sample disk (uncoated, Nafion coated, Naf/GQD-Im coated, and
annealed Naf/GQD-Im coated) was allocated to one of the twelve
wells using a random number generator. Each of these wells was
lined with sterile aluminum foil to facilitate the removal of disks
and prevent bacterial run-off. An extra well was filled with 1 mL
of sterile, distilled, deionized water to mitigate the dehydration of
the samples. Each disk was inoculated with 200 µL of bacterial
culture as prepared in Section 2.17.1 and then incubated for
20 h at a temperature of 37◦C. After the incubation period,
each disk, along with the foil, was moved into 9.8 mL of 1/4
Ringer’s solution and then sonicated for a duration of 10min. The
resulting solution underwent successive dilutions with 100 µL of
the sample solution being diluted into 900 µL of quarter-strength
Ringer’s solution. A 100 µL aliquot of each sample was spread
onto individual nutrient agar plates, with each dilution being
plated in triplicate. The plates were then incubated for 20 h at
37◦C, after which the colonies were counted. For each type of
coating, five crystals were assessed and the average values were
determined.

3 Results and Discussion

The Raman spectrum of GQD-Im (Figure 1a) displays the D
band at 1369 cm−1 and the G band at 1587 cm−1, stemming

from the stretching vibrations of carbon atoms in the sp3 and
sp2 hybridization states, respectively. Their intensity ration ID/IG
equals 0.78, implying that the GQD-Im possesses a well-ordered
graphitic framework with minimal structural defects [30]. This
high degree of graphitization is further corroborated by the TEM
image (insert in Figure 1a), which shows a GQD-Im particle
approximately 8 nm in size and exhibits lattice spacings close to
0.22 nm corresponding to the graphitic structure, consistent with
values reported in the literature [31, 32].

At the same time, the aqueous dispersions of GQD-Im exhibit
excitation-wavelength (λex) dependent fluorescent emission, that
is, characteristic for this class of materials (Figure S4a) [33,
34]. The strongest emission signal is observed at λex = 380 nm,
but the emissive peaks shift at higher wavelengths and their
intensity gradually diminishes upon further λex increase. The
UV–Vis spectrum of aqueous dispersion of GQD-Im (Figure S4b)
is dominated by a sharp peak at 200 nm corresponding to π–
π* transitions of aromatic C─C [35, 36], while Nafion exhibits
minimal absorbance in this region, as discussed previously
[37, 38].

The zeta potential (ζ) of aqueous dispersions of GQD-Im shown
in Figure 1b shows positive values between pH = 1 (ζ =
31.1 mV) and pH = 10 (ζ = 2.7 mV), while negative values
are observed at pH = 11 (ζ = −7.9 mV) and pH = 12 (ζ =
−22.8 mV). Those trends can be explained in terms of gradual
deprotonation of the surface groups (hydroxyl, carboxyl, amine
group of the imidazole ring) at higher pH values, as reported in
similar systems [39, 40]. For all subsequent experiments reported
herein the pH of GQD-Im was set to 2 (ζ = 33.5 mV) in order
to maximize electrostatic interactions with Nafion that shows
pH = 2.7 (ζ = −54.8 mV).

The FTIR spectrum of GQD-Im (black line in Figure 2) displays
peaks at 1680, 1380, 1160, 1030, 787, and 613 cm−1 representing
C═O stretching, C─N stretching (imidazole ring amine), C─N
stretching, C─O stretching, C─H bending, and C─H stretching
[41–43], respectively. The Nafion FTIR spectrum (blue line in
Figure 2) shows peaks placed at 1202, 1143, 1056, 975, 629,
and 512 cm−1 corresponding to asymmetric stretching of C─F,
symmetric stretching of C─F, stretching of S═O, stretching of
C─O─C, stretching of C─S, and bending of O─S─O, respectively

4 of 10 Nano Select, 2025
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FIGURE 2 FTIR spectra of GQD-Im (black line), Nafion (blue
line), and Nafion/GQD-Im nanocomposite (green line). FTIR, Fourier
transform infra-red; GQD-Im, imidazole modified-graphene quantum
dot.

[44, 45]. Interestingly, the Nafion/GQD-ImFTIR spectrum (green
line in Figure 2) shows that the peaks assigned to C─F asym-
metric stretching, C─F symmetric stretching, and S─O stretching
are centered to 1210, 1147, and 1058 cm−1 indicating 8 and 4 cm−1

displacement compared to pristine Nafion, respectively. This
observation points to the reorganization of the Nafion backbone
arising from strong electrostatic interactions between the sulfonic
acid and imidazole groups [46]. It has been demonstrated that
pyrrole-like nitrogen atoms from imidazole group can donate
protons to the oxygen of negatively charged sulfonate groups
of Nafion, whilst pyridine-like nitrogen atoms accept protons
from sulfonic acid groups, thereby promoting the formation of
hydrogen bonds [47]. The displacement of S═Obond in particular
has been also reported in imidazole functionalized silica/Nafion
composite membranes wherein interactions between Nafion’s
sulfonic acid groups and imidazole moieties resulted in the
formation of ionic clusters [48].

The TGA thermogram of Nafion shown in Figure 3 reflects
the action of three major thermal events associated with the
water evaporation at temperatures below 100◦C, the sulfonic
group decomposition starting at 300◦C and the degradation
of the tetrafluoroethylene backbone at temperatures above
380◦C [49]. Moreover, the TGA profile of GQD-Im suggests
a rather limited removal of absorbed water at temperatures
below 100◦C, the decomposition of imidazole and oxygen con-
taining groups within the temperature range 100–250◦C, while
the carbon backbone breakdown commences at 260◦C [50].
The Nafion/GQD-Im demonstrates a thermal profile in analogy
to that observed for pristine Nafion and retains more than
90% of its weight at 300◦C and the decomposition of sulfonic
groups commences at 20◦C higher compared to pristine and
this enhanced thermal stability can be attributed to the sul-
fonic acid/imidazole interactions. More broadly, by virtue of
its amphiphilic nature Nafion shows strong interactions with
carbon nanotubes [51], GO [52], GQDs [53], and carbon dots
(C-dots) [54].

FIGURE 3 TGA thermograms of GQD-Im, Nafion, and
Nafion/GQD-Im nanocomposite under nitrogen flow. GQD-Im,
imidazole modified-graphene quantum dot; TGA, thermogravimetric
analysis.

FIGURE 4 Time course of the build-up (Naf/GQD-Im)5 during
QCM-D experiments. The letters “W”, “G”, and “N” signify the injection
of water, GQD-Im, and Nafion, respectively. QCM-D, quartz crystal
microbalance experiments with real-time dissipation monitoring; GQD-
Im, imidazole modified-graphene quantum dot.

QCM-D experiments were designed in order to monitor in
real time the build-up of nanocoatings via LbL assembly, a
versatile technique with precise nanoscale control that relies on
the sequential deposition of oppositely charged structural units
[55]. The QCM-D sensorgram shown in Figure 4 illustrates the
assembly of five Nafion/GQD-Im bilayers, denoted hereafter as
(Naf/GQD-Im)5 on a Nafion pretreated crystal resonator. The
injection of water to the precoated crystal results in a pronounced
decrease in oscillating frequency (Δf) along with a corresponding
rise in the dissipation factor (D), consistent with significant
swelling of the ionic channels of Nafion [56]. The subsequent
injection of GDD-Im on the hydrated Nafion membrane results
in a further decrease in Δf and the QCM-D sensorgram reveals
a steady build-up of five successive Nafion/GQD-Im bilayers
as a direct consequence of the strong electrostatic interactions
between Nafion and GQD-Im. For reference, it is noted that the
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FIGURE 5 Reduction percentages of E. coli and S. aureus cultures
exposed to Nafion, (Naf/GQD-Im)5, and annealed-(Naf/GQD-Im)5 QCM-
D nanocoatings. QCM-D, quartz crystal microbalance experiments with
real-time dissipationmonitoring; GQD-Im, imidazolemodified-graphene
quantum dot.

introduction of protonated imidazole rings to Nafion membranes
results in further enlargement of the ionic channels [47].

The thus prepared (Naf/GQD-Im)5 coatings were immersed in
water, ethanol, and acetone for 10 min under ultrasonication and
subsequent UV–Vis and fluorescence spectroscopy analysis of the
solvents showed no detectable traces of GQD-Im, indicating the
stability of the coatings in these environments. Moreover, the
crystals were thermally treated at 200◦C for 2 h, thus giving rise
to annealed-(Naf/GQD-Im)5 that were also found to be stable
against water, ethanol, and acetone when tested under similar
conditions. During soft tribological studies, (Naf/GQD-Im)5 and
annealed-(Naf/GQD-Im)5 coatings were subjected to shear rates
up to �̇� = 4 × 105 s−1 and were subsequently immersed in water.
On the basis of the UV and fluorescence spectra of the eluent
water, no traces of GQD-Im were detected, indicating that the
coatings resist detachment even under substantial friction forces.

As shown in Figure 5, the (Naf/GQD-Im)5 coatings inhibit
E. coli and Staphylococcus aureus growth by 99.1% and 99.7%,
respectively, while under otherwise identical conditions Nafion
coatings were found to inhibit the growth of E. coli and S. aureus
by 57.7% and 57.1%, respectively. The excellent antimicrobial
performance displayed by (Naf/GQD-Im)5 coatings points to the
synergistic action exerted by Nafion, imidazole groups, and GQD.

First, Nafion-coated stainless steel shows reduced adhesion of E.
coli and Bacillus subtilis by 70%–75% compared to the uncoated
surface [29, 57]. Teflon-reinforced Nafion membrane showed
significant activity against S. aureus and E. coli and this behavior
was further improved in the presence of Ag─Cu coating [58].
The nonequilibrium phenomena that take place in the bacterial
exclusion zone of Nafion have been monitored by means of
confocal laser scanning microscope suggesting only sporadic
cell attachment during the first 24 h of incubation, followed by
significant contamination after a further 24 h incubation [24].
A recent report indicated that Nafion-based membranes even
with a positive surface zeta potential can reduce the growth of
Gram-negative and Gram-positive bacteria by more than 99%, an

observation that cannot be explained solely in terms of exclusion
zone effects [59].

Second, imidazolium derivatives are the active compounds in
several antimicrobial formulations that show remarkable effi-
ciency against Gram-positive bacteria. Their cationic nature
induces electrostatic interactions with the negatively charged
bacterial cell wall leading to membrane disruption and subse-
quent cell death [60, 61]. Moreover, imidazole-based antibiotics
were shown to arrest the function of the nitric oxide dioxygenase
of microbial flavohemoglobin [62]. Polyimidazolium salt-based
coatings demonstrated enhanced antibacterial activity against
methicillin-resistant S. aureus (MRSA) while imidazole function-
alized hyperbranched polyester coatings were effective against
MRSA and B. subtilis [63, 64]. Incorporation of imidazole mod-
ified carboxylated GO into polyurethane coatings resulted in
nanocomposties with excellent antimicrobial activity in addition
to antifouling, anticorrosion, and self-healing functions [65].

Third, unmodified GQDs have demonstrated the ability to
prevent bacterial growth; however, the minimum inhibitory
concentrations required were as high as 256 µg/mL for E. coli
and 512 µg/mL for S. aureus [66]. Functionalized GQDs have
proven to be more effective antimicrobial agents and their
overall mechanism can be ascribed to cell membrane stress upon
contact, electron transport disruption between bacterial cells
and production of ROS [19, 67]. N-doped GQDs in particular
have demonstrated enhanced antimicrobial efficacy, and this is
attributed to their superior ROS generation compared to N-free
counterparts [68]. In a previous study, the GQD-Im displayed
over 90% disinfection rates against three Gram-positive bacteria
(S. aureus, methicillin-resistant S. aureus, and S. epidermidis)
within 3 h. However, the antimicrobial activity against the Gram-
negative bacterium E. coli was reported to be only 24.2% within
the same timeframe [39]. A nanocomposite comprising histidine
functionalized GQDs (thus containing imidazole side chains)
and titanium dioxide (TiO2) nanorods was prepared for dental
applications, and it was found that the nanocomposite was able to
reduce Streptococcusmutans, a Gram-positive bacterium by 97.8%
[69].

Significantly, the antibacterial performance of (Naf/GQD-Im)
was not compromised upon prolonged thermal treatment (2 h at
200◦C), given that annealed-(Naf/GQD-Im)5 coatings inhibit the
growth ofE. coli by 99.3% and S. aureus by 99.1%. Such remarkable
thermal resistance has been previously reported by our group for
LbL assemblies comprising alternate layers of Nafion and amine
functionalizedGO (Naf/GO-NH2)5 [70]. As shown in Figure 6, the
water contact angle ofNafion decreases from 100.7◦ to 106.5◦ upon
thermal annealing, an effect that has been attributed to the partial
withdrawal of the sulfonic pendant groups from surface areas,
thus enhancing the hydrophobic character of the membrane [71].
Likewise, the water contact angle of (Naf/GQD-Im)5 increases
from 70.5◦ to 108.2◦ upon thermal annealing (Figure 6) due
to surface rearrangements primarily related to Nafion. Similar
effects have been observed in relation to thermal annealing of
(Naf/GO-NH2)5 [70].

As shown inFigure 7a, the surfacemorphology of (Naf/GQD-Im)5
as monitored via AFM imaging is dominated by the presence of
aggregates that give rise to surface roughness Ra = 3.7 ± 0.5 nm,
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FIGURE 6 Contact angle of water droplets deposited on: (a) Nafion, (b) annealed-Nafion, (c) (Naf/GQD-Im)5, and (d) annealed-(Naf/GQD-Im)5.
GQD-Im, imidazole modified-graphene quantum dot.

FIGURE 7 3DAFM images of: (a) (Naf/GQD-Im)5 and (b) annealed-(Naf/GQD-Im)5 coatings. AFM, atomic forcemicroscopy; GQD-Im, imidazole
modified-graphene quantum dot.

and this value is reduced to Ra = 3.3 ± 0.2 nm for the annealed-
(Naf/GQD-Im)5 (Figure 7b), though this change might not reach
statistical significance. For reference, it is noted that average
roughness between 28 and 37 nmwas reported in LbL chitosan/C-
dots assemblies [72].

The development of UV-resistant coatings is crucial for a series of
challenging applications including packaging for food, cosmetics
and drugs, optical devices, contact lenses, eyeglasses, window
protection films, smart textiles, aerospace, etc. Ideally, the coat-
ings should be able to blockUV rays in order to provide protection
against photooxidation and photodegradation effects, while fully
retaining their colorless nature and their transparency within
the visible area of the spectrum to allow direct observation of
the surface under them. To that end, Gr-based nanomaterials
are explored as UV-blocking agents in food packaging with the
potential to enhance the organoleptic qualities and the shelf-
life of food products, without compromising transparency. For
example, GO/cellulose acetate composite membranes show 57%
UV-blocking capacity and 79% visible light transparency [73],
while GO/polyacrylonitrile composite showed the UV-A andUV-
B blocking capacity close to 57% and 71%, respectively, with a
visible light transmittance close to 77% [74].

It is interesting to note that the (Naf/GQD-Im)5 coatings pre-
sented in this study appear colorless and transparent from visible
radiation as evidenced in Figure S5. The degradation profiles of
neutral red dye (in the presence of hydrogen peroxide) enclosed
in noncoated and (Naf/GQD-Im)5 coated glass vials under UV
exposure are compared in Figure 8. The results suggest that
the coating offers shielding against UV radiation, giving rise to
38% of dye decomposition after 72 h of UV exposure, compared
to 57% for the uncoated vial. Previous studies demonstrated
that GQDs/polyvinyl alcohol (PVA) [75], GQDs/PVA/chitosan
films [76], and GQD/PVA films on polyethylene terephthalate
(PET) bottles [77] all show excellent UV-blocking capacity

FIGURE 8 Degradation percentage of neutral red dye (in the pres-
ence of hydrogen peroxide) within (Naf/GQD-Im)5 coated and noncoated
glass vials after UV exposure (254 nm) at intervals of 0, 24, 48, and 72 h.
GQD-Im, imidazole modified-graphene quantum dot.

(higher than 80%), without compromising their transparency
from visible light. At the same time, the introduction of GQDs
to starch/gelatine films decreases transmittance in both the
visible range (660 nm) and UV region (280 nm) and endowed
greater antibacterial activity against Gram-positive compared to
Gram-negative strains [78].

4 Conclusion

In conclusion, we present for the first time the development of
GQDs-based coatings that can reduce the population of E. coli
and S. aureus by more than 99%, and this excellent antimicrobial
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behavior is preserved following thermal treatment at 200◦C for
2 h. At the same time, the nanocoatings offer significant pro-
tection against UV radiation, while showing remarkable stability
in the presence of solvents. The combination of those promis-
ing performance characteristics coupled with their waterborne,
nontoxic, colorless, and transparent nature makes this new type
of coatings suitable for a range of applications such as surgical
and medical equipment, smart packaging for products prone to
degradation, and food processing surfaces. Further studies in
real-world environments will provide insights regarding the per-
formance of the coatings under adverse environmental conditions
(high humidity, high salinity) and will elucidate their behavior
with respect to biofilm formation.
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Supporting Information is available from the Wiley Online
Library or from the author.
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