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ABSTRACT: Microbial infections represent a significant health risk, often leading to severe complications and, in some cases, even
fatalities. As a result, there is an urgent need to explore innovative drug delivery systems and alternative therapeutic techniques. The
photothermal therapy has emerged as a promising antibacterial approach and is the focus of this study. Herein, we report the
successful synthesis of two distinct supramolecular composite hydrogels by incorporating graphene oxide (GO) and single-walled
carbon nanotubes (SWNTs) into guanosine quadruplex (G4) based hydrogels containing covalently bound β-cyclodextrin (β-CD).
The G4 matrix was synthesized through a two-step process, establishing a robust network between G4 and β-CDs, followed by the
encapsulation of either GO or SWNTs. Comprehensive characterization of these composite hydrogels were conducted using
analytical techniques, including circular dichroism, Raman spectroscopy, rheological investigations, X-ray diffraction, and scanning
electron microscopy. A notable discovery from the conducted research is the differential photothermal responses exhibited by the
hydrogels when exposed to near-infrared laser irradiation. Specifically, SWNT-based hydrogels demonstrated superior photothermal
performance, achieving a remarkable temperature increase of up to 52 °C, in contrast to GO-based hydrogels, which reached a
maximum of 34 °C. These composite hydrogels showed good cytotoxicity evaluation results and displayed synergistic antibacterial
activity against Staphylococcus aureus, positioning them as promising candidates for antibacterial photothermic platforms, particularly
in the context of wound treatment. This study offers a valuable contribution to the development of advanced and combined
therapeutic strategies for combating microbial infections and highlights the potential of carbon nanomaterial-enhanced
supramolecular hydrogels in photothermal therapy applications.

1. INTRODUCTION
Bacterial infections pose a significant threat to human health,
presenting a substantial global challenge that endangers public
well-being and places a substantial economic burden on
society.1−3 During the twentieth century and the early years of
the twenty-first century, antibiotics were the primary choice for
treating infectious diseases, serving as the foundation of
modern medicine’s approach to combatting bacterial in-
fections.4,5 However, the irresponsible utilization and admin-
istration of antibiotics have caused the antibiotic tolerance and
resistance6,7 and highlighted the importance of researching
alternative therapeutic techniques. Such efforts are focused not
only on combating more efficiently bacterial infections but also

on reducing the chance of developing antimicrobial resistance.8

Among the available alternatives, the rapid evolution of
nanotechnology has presented novel opportunities for the
utilization of physical antimicrobial techniques, offering a wider
range of prospects for their implementation.8,9 A specific focus
within available novel approaches incorporating nanomaterials
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is represented by photothermal properties, where a hyper-
thermic response is induced through irradiation with light of a
specific wavelength.10 The developed technique named
photothermal therapy is considered an optimal antibacterial
therapy due to its capacity to minimize tissue damage,
accelerate treatment duration, enhance permeability, and
reduce the occurrence of side effects.11−13 Upon exposure to
light, specifically designed nanomaterial-based systems produce
localized heat in their immediate surroundings, causing
damage to both the bacteria and the formed biofilms through
perturbation of bacteria’s cell membranes, protein denatura-
tion, and degradation of nucleic acids.10,14−18

Graphene oxide (GO) and carbon nanotubes, commercially
available nanomaterials, have found extensive applications due
to their distinctive physicochemical characteristics.16,19−23 GO
is a two-dimensional carbon-based nanomaterial that exhibits
remarkable photothermal characteristics due to its extensive
surface area and excellent light absorption. The hydrophilic
nature of GO allows it to demonstrate significant dispersion in
aqueous solutions, as well as possess minimal cytotoxicity and
good biocompatibility.24−28 The antibacterial impact of GO is
manifested by its aggregation onto the bacterial surface,
inducing detrimental effects on bacterial membranes, primarily
attributed to the sharp edges present on the GO nano-
sheets.29−31 Single-walled carbon nanotubes (SWNTs) on the
other hand are cylindrical nanostructures composed of carbon
atoms. Their distinct physical and chemical properties have
garnered considerable interest in diverse domains, particularly
in medicine and biotechnology.32,33 Research on the
antibacterial properties of SWNTs revealed their potential to
impede the proliferation of specific bacterial strains due to
their acute edges which improves their capacity to penetrate
bacterial cell barriers and cause extensive damage.34

One common strategy to enhance the efficacy of GO and
SWNTs and to broaden their applications in, for example,
wound dressing, is their encapsulation into hydrogels.28,35,36

Hydrogels represent the optimal choice for wound healing
dressings due to their similitude to the extracellular matrix,
remarkable recoverability, and exceptional biocompatibil-
ity.37,38 In particular, the supramolecular hydrogels, the
three-dimensional structures that contain a considerable

amount of water or biological fluids, and are typically
constructed involving relatively weak cross-linking forces,
such as hydrogen bonding, metal coordination, host−guest
interaction, π−π interactions, etc.37,39−41 These dynamic
systems can be ideal for biomedical applications due to their
high biocompatibility, porous structure, and tunable elastic
property.42,43 Supramolecular hydrogels used as agents in
wound healing therapy present a series of benefits such as
creating a moist environment, accelerating wound closure,
reducing pain, minimizing scarring, and promoting tissue
regeneration.44 The combination of supramolecular hydrogels
and carbon nanomaterials not only provides a means to finely
tune the mechanical properties of the hydrogel but also
introduces a stimuli responsiveness to the final material. Light
irradiation, employed as a stimulus for temperature increase,
has the potential to impact the dynamic nature of the hydrogel
and holds the possibility of enhancing the rate of drug release
or producing a controlled and on-demand therapeutic effect.

Recently, we reported the successful preparation of an
injectable supramolecular hydrogel based on β-cyclodextrin (β-
CD), cross-linked by guanosine quartets (G4), with selective
antimicrobial properties.45 The proposed synthetic pathway
enables precise and controllable covalent integration of β-CD
entities within the supramolecular matrix, affording the ability
to fine-tune its physical characteristics. The antimicrobial
properties of the reported hydrogels against Staphylococcus
aureus (S. aureus) owed to the specific action of substituted β-
CD over the integrity of Gram-positive bacteria mem-
branes.46,47 Furthermore, we have previously highlighted the
promising potential of G4-based hydrogels in effectively
dispersing and stabilizing variable quantities of SWNTs,
resulting in a significant enhancement of the hydrogels’
mechanical properties.48

Herein, we report on successful incorporation of controlled
amounts of GO and SWNTs into the G4 hydrogels containing
β-CD, resulting in two distinct sets of composite hydrogels
with a variable content of nanomaterials. The hydrogel matrix
was prepared in a two-step procedure by reacting 1 equiv of
benzene-1,4-diboronic acid and β-CD in the presence of KOH,
followed by the reaction with the equivalent amount of
guanosine. The presence of potassium ions in the reaction

Scheme 1. Schematic Representation of Composite Hydrogels Based on Graphene-Oxide (G4-GO_1-5) and SWNTs (G4-
CNT_1-5)
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medium led to guanosine self-assembly into G4, creating an
extended network between G4 and β-CDs with the formation
of the hydrogel (Scheme 1). Various quantities of GO were
directly incorporated into the hydrogel, whereas SWNTs, prior
to their integration into the hydrogel, were initially dispersed
within a nongelled hydrogel matrix prepared with LiOH. The
prepared GO and SWNT composite hydrogels have been
characterized using circular dichroism (CD), Raman spectros-
copy, rheological measurements, X-ray diffraction, and
scanning electron microscopy (SEM), including the assess-
ment of their photothermal and antibacterial properties.

These composite hydrogels demonstrated synergistic anti-
bacterial activity against S. aureus upon laser irradiation at 1064
nm and hold promise as a novel antibacterial photothermic
platform for treating bacterial infections in wounds. Moreover,
the presence of noncomplexed β-CD supramolecular networks
not only facilitated the integration of carbon nanomaterials
into the hydrogel matrix but also holds the potential to act as a
carrier for water-insoluble drugs and serve as an inspiration for
designing future more intricate antimicrobial systems.

2. RESULTS AND DISCUSSION
2.1. Preparation and Characterization of Hydrogels.

Two distinct series of novel composite supramolecular
hydrogels have been successfully synthesized (Scheme 1).
The proposed systems were based on a rational design closely
related to the structural particularities of the components and
especially the general structure of the hydrogel. In the initial
phase, a β-CD supramolecular hydrogel was prepared and
utilized for the insertion of carbon nanomaterials. This
hydrogel was prepared following recently reported protocol45

involving reactions between 1,4-benzene diboronic acid, β-CD,
and guanosine in appropriate stoichiometric ratios. Sub-
sequently, the necessary amount of a stock solution containing
SWNTs or GO was added to yield a final series of composite
materials. The presence in solution of the K+ ions ensures the
formation of the extensive network of G4 thus “reticulating”
the whole system into strong hydrogels.40,49−51

A set of five hydrogels (G4-CNT_1−5) with varying
concentrations of SWNTs (0.1 0.3, 0.5, 0.7, and 1 mg) were
prepared by combining different volumes of SWNT stock
solution of LiOH-based nongelled hydrogel matrix. Corre-
spondingly, five hydrogels (G4-GO_1−5) containing distinct
amounts of GO (0.1 0.3, 0.5, 0.7, and 1 mg) were prepared by
adding GO water stock solution. Both sets of hydrogels
displayed uniformly dispersed carbon nanomaterials stable
over a long period of time (Scheme 1).

For formulations that utilize GO, the underlying mechanism
for the successful inclusion of the nanomaterial into the
hydrogel matrix relies on its structural particularities. GO,
characterized as an amphiphilic layer, exhibits a monolayer
configuration with a sp2 carbon atom arrangement, enriched
with numerous oxygen-bearing functional groups. The hydro-
gen-bonding dynamics between the carboxyl entities on GO’s
surface and the hydroxyl units on β-CD facilitate the creation
of strong hydrogels that possess distinct characteristics.52,53

When considering SWNTs, which represent a rolled up
graphite sheet into a tubular structure, β-CD molecules absorb
themselves alongside the nanotubes54 by the van der Waals
force as was previously demonstrated in the case of β-CD and
γ-CD.55,56 This interaction, together with the hydrophobic
nature of the G4 network, leads to both the stabilization and

dispersion of SWNTs in the hydrogel, eliminating the
disadvantage of SWNTs aggregating in an aqueous medium.48

To gain a deeper insight into the dispersion process within
the hydrogel matrix, Raman spectroscopy analyses were
conducted for all of the synthesized samples (Figures 1 and
S1).

In the Raman spectra of the G4-GO_1−5 hydrogels (Figure
S1), two distinct spectral peaks were detected at wavenumbers
1358 and 1598 cm−1, corresponding to the D and G bands.
The emergence of the D band is attributed to the presence of
structural defects within the functional groups, resulting in
vibrational activity among the sp3 carbon atoms. Conversely,
the G band signifies the first-order scattering of E2g phonons in
sp2 carbon atoms, indicative of the presence of graphitic
domains.57,58 Likewise, in the Raman spectra of hydrogels
based on SWNTs (G4-CNT_1−5, Figure 1), G (1317 cm−1),
D (1600 cm−1), and D′ (2620 cm−1) bands were
evidenced.48,59 Moreover, the bands corresponding to the
SWNT radial breathing mode (220−285 and 150−210 cm−1)
were observed in the Raman spectra for concentrations higher
than 0.5 mg. Upon analyzing the spectra of both series of
hybrid hydrogels, it becomes apparent that the signal
intensities are markedly influenced by the concentration of
encapsulated nanomaterial.

To investigate the interaction of the carbon surface with the
hydrogel components, a comparison between the pristine
carbon nanomaterials and those incorporated into the hydrogel
matrix was conducted through the measurement of the
corresponding Raman spectra. In the case of G4-GO-5
hydrogel, an upshift of approximately 20 cm−1 for the G
band, compared to pristine GO, was observed (Figure S2a).
Additionally, the intensity ratio of the D and G peaks (ID/IG)
increased from 0.70 to 0.82 suggesting an increase in defects
and indicating the interaction of GO with components of the
hydrogel matrix also observed in previously reported studies
between cyclodextrins and GO surface.60

The variations in the tangential displacement mode region of
the Raman spectra in the case of the G4-CNT-5 hydrogel in
comparison to pristine SWNTs are highlighted in Figure S2b.
The graphite-like G mode in the G4-CNT-5 sample exhibits an
upward shift of approximately 8 cm−1 after the dispersion of
nanotubes in the hydrogel matrix. This observed upshift in the
G4-CNT-5 hydrogel may stem from strains induced by the
adsorption of hydrogel constituents on the surface of the
nanotubes, particularly cyclodextrins and G4s. Comparable G-
band peaks shift values have been previously reported in

Figure 1. Raman spectra of the G4-CNT_1−5 hydrogels.
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pristine SWNTs when compared to SWNT/γ-cyclodextrin
composites,56 SWNT/substituted β-CD,61,62 or SWNT/ β-CD
polymer63 systems, and were explained by either hydrophobic
interactions with the polymer63 or multiple van der Waals
attraction forces between CD and the carbon nanomaterial.

To further assess the incorporation of carbon nanomaterials
and their impact on the physical properties of the resulted
composite materials, rheological investigations were conducted
on the hydrogel samples with the maximum amount of
nanomaterials. All the examined samples exhibited solid-like
behavior, as evidenced by the elastic modulus (G′) being
higher than the viscous modulus (G″) (Figure 2).

The obtained data revealed the fact that viscoelastic
parameters exhibited a noticeable increase in the following
order: G4-CD < G4-GO-5 < G4-CNT-5. Notably, the G4-
CNT-5 sample manifested the strongest network, reflected in
its highest G′ and G″ values (G′ = 2630 Pa and G′′ = 325 Pa at
an oscillation frequency of 10 rad/s and a shear stress of 1 Pa).
For the G4-CNT-5 sample, G′ and G″ are 1 and 2 orders of
magnitude larger than those for G4-GO-5 and G4-CD,
respectively. The loss tangent (tan δ), representing the ratio
of viscous and elastic moduli (G′′/G′), provides insights into
the viscoelasticity of the samples under investigation. A lower
tan δ value corresponds to a higher elastic modulus.
Consequently, the G4-CNT-5 sample demonstrates the lowest
tan δ value at 10 rad/s and 1 Pa (0.12) in comparison to G4-
GO-5 (0.23) and G4-CD (0.30). This outcome reflects an
enhanced elasticity due to the incorporation of carbon
nanotubes. Both G′ and G″ values remained constant up to
a limiting shear stress, beyond which the hydrogel structure
underwent changes. The G4-CNT-5 sample showed the widest
viscoelastic linear range, wherein G′ and G″ were unaffected by
the applied shear stress. This stability persisted up to around
30 Pa, while the sample with GO maintained stability below
approximately 7 Pa. It is noteworthy that the incorporation of
GO did not alter the viscoelastic linear range compared to G4-
CD.

The structure recovery test involved a continuous measure-
ment of rheological parameters, alternating the strain from 1%
(300 s) to 300% (300 s), followed by monitoring the recovery
for 600 s. As depicted in Figure 2b, the elastic moduli remained
constant under 1% strain, maintaining the same order observed
in amplitude sweep measurements (G4-CD < G4-GO-5 < G4-
CNT-5). Upon the application of high strain for 300 s, G′
instantaneously decreased. However, following the removal of
this high strain pulse, the internal network of hydrogels
containing carbon nanotubes and GO completely recovered
(100%) within 600 s, in contrast to G4-CD samples, which
achieved up to 93.46% recovery from their initial structure.

The incorporation of carbon nanotubes and GO significantly
contributed to the enhancement of the recovery degree.

The difference regarding the resulting internal structure of
the two composite series, determined by the different
interactions of the β-CD network with GO, respectively,
SWNTs, was also investigated via CD spectroscopy. The
samples were extracted directly from the settled reaction
mixture, and their measurements were conducted at 25 °C
within a wavelength range of 220−340 nm (Figures S3 and
S4). For all G4-GO_1−5 formulations, two distinct bands
were identified: a negative peak at approximately 260 nm and a
positive peak around 300 nm. The negative band is
characteristic to guanosine analogue assemblies, which form
distinct G4 structural units.64,65 Notably, with an increasing
concentration of GO within the hydrogel matrix, there was a
clear enhancement in the band intensity at 260 nm. This
observation suggests that the GO plays a pivotal role in
stabilizing both the G4 assemblies and, consequently, the
overall hydrogel structures. The positive band at 300 nm was
attributed to β-CD stacking guided by G4 units, leading to the
formation of cyclodextrin-guanosine fibrils or wires.45 Interest-
ingly, this band decreases considerably in intensity (completely
disappearing in G4-GO-4 and G4-GO-5, Figure S3) with the
increase in the GO concentration. We hypothesize that the
extensive surface area of GO promotes two key phenomena:
first, it aids in stabilizing the G4 structures, as evidenced by the
increase in the negative 260 nm band and second, it facilitates
the interaction between individual β-CD molecules and the
GO surface through extensive hydrogen bonding, a process
that ultimately disrupts the stacking of β-CD molecules.

In the context of formulations involving SWNTs, two
distinct negative bands were observed: one at 260 nm,
indicating the presence of assembled G4 units, and another
around 300 nm, which signifies the self-assembly of β-CD
molecules (Figure S4). Interestingly, the intensities of these
bands exhibited a direct correlation with the concentration of
the encapsulated SWNTs. This suggests that the binding of β-
CD molecules along the cylindrical carbon nanotubes
facilitates a β-CD molecular self-assembly, even at high
concentrations of SWNTs.

The presence of G4 units within the composite’s structure,
as observed during CD analysis, was further confirmed through
powder X-ray diffraction (PXRD) investigations (Figures S5
and S6). The PXRD patterns of G4-GO_1−5 xerogels
revealed distinct features: a broad and faint diffraction peak
centered at 2θ = 18.8°, indicating a layer distance (d) of 4.7 Å
that is characteristic of channel-type assemblies formed by the
alignment and stacking of β-CD molecules.45 Additionally,
another peak at 26.5° was observed, representing the π−π

Figure 2. Rheological behavior of G4-CD*,45 G4-GO-5, and G4-CNT-5 samples at 25 °C; (a) viscoelastic moduli, G′ and G″, as a function of
applied shear stress (τ) at 10 rad/s and (b) variation of G′ with strain alternation from 1 to 300% at a constant frequency of 10 rad/s.
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distance between G-quartet stacks and corresponding to an
intramolecular d-spacing of 3.4 Å.40,65 In the context of SWNT
xerogels, it is noteworthy that two prominent reflections (at
18.8 and 26.8°) can be identified and associated with
intermolecular d-spacing values of 3.3 and 4.7 Å, respectively.

To further investigate the impact of nanomaterials on the
properties of the composites, we conducted an evaluation of
formulations G4-CNT_1−5 and G4-GO_1−5, focusing on
their water retention characteristics (Figures S7 and S8).
Regarding the CNT hydrogels, the observations revealed their
respective maximum water retention volumes as follows: G4-
CNT-1 (7 mL), G4-CNT-2 (8 mL), G4-CNT-3 (8 mL), G4-
CNT-4 (10 mL), and G4-CNT-5 (11 mL). In the case of the
GO formulations, the determined maximum water retention
volumes were as follows: G4-GO-1 (5 mL), G4-GO-2 (6 mL),
G4-GO-3 (6 mL), G4-GO-4 (7 mL), and G4-GO-5 (7 mL).
Upon analyzing these results, it becomes evident that the water
retention capacity is influenced by both the type of
encapsulated nanomaterial and its corresponding concentra-
tion. Notably, SWNT-based formulations exhibit superior
water retention characteristics compared to GO-based
formulations. This observation can be attributed to the distinct
assembly mechanisms exhibited by the nanomaterials in
conjunction with the other components of the hydrogel (G4
and β-CD stacking).

We next conducted the SEM analysis on lyophilized samples
of both G4-GO_1−5 and G4-CNT_1−5 hydrogels to
investigate their morphology (Figures 3, S9 and S10) and

compared them with the initial G4-CD.45 The examined SEM
images revealed that the cross-sectional morphology and
porosity of the hydrogel network were notably affected by the
type and amount of nanomaterial present in the sample.

The G4-CNT_1−5 xerogels exhibited well-organized
structures with pores of varying dimensions [Figures 3
(right) and S9], resembling the structure of the reported G4-
CD but with a slight tendency toward deformation of pores
observed in G4-CNT-5 (Figure 3, right), which contains the
highest amount of SWNTs. In the case of G4-GO_1−5, the
deformation of the pore shapes and sizes was noticeable
already for G4-GO-2 (Figure S10), leading to disordered
arrangements without visible pores in the case of G4-GO-5
(Figure 3, left).

An additional experiment was performed on the xerogels to
assess their stability over time. Fourier transform infrared
(FTIR) spectra for G4-GO-5 (Figure S11, left) and G4-CNT-5
xerogels (Figure S11, right) were measured immediately
postlyophilization (t = 0) and again after a 15-day period.
Analyzing the characteristic peaks corresponding to β-CD
molecules, boronic ester moieties, or guanosine, no shifts in the
absorption bands were observed between t = 0 and t = 15 days,
signifying the stability of the xerogels over this time interval.
2.2. Related Photothermal Properties. Both

SWNTs66,67 and GO68,69 emerge as promising candidates for
photothermal therapeutic agents, as they generate substantial
amounts of heat when excited with near-infrared (IR) light
(700−1100 nm). Notably, near-IR (NIR) light is transparent
to biological systems, including skin, making these materials
well-suited for photothermal applications. To explore the
photothermal characteristics of composite hydrogels, we
monitored the temperature increase induced by irradiation
with a 1064 nm laser. Thermal imaging using an IR camera was
employed to capture the temperature changes in composite
samples enriched with the maximum content of carbon
nanomaterials, as depicted in Figure 4.

Furthermore, cyclic heating tests specifically for these
samples were conducted, demonstrating the remarkable
photothermal stability of the hydrogels, as illustrated in Figure
5.

Figure 3. Representative SEM images of freeze-dried G4-GO-5 (left)
and G4-CNT-5 (right) hydrogels.

Figure 4. Thermal images recorded by an IR camera (FLIR C2) during 1064 nm laser irradiation (power density of 2 W/cm2) of a PMMA cuvette
containing 500 μL of G4-CD, G4-GO-5, and G4-CNT-5 hydrogels.
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The photothermal properties of all G4-GO_1−5, G4-
CNT_1−5 samples, and free hydrogels as the control were
evaluated in the presence of NIR laser irradiation at 1064 nm
(Figures 6 and S12). Notably, we observed that both the type

of nanomaterial used (whether GO or SWNTs) and the
concentration at which it was encapsulated significantly
influenced the intensity of the temperature increase.
Specifically, hydrogels based on SWNTs, when encapsulated
at their maximum concentration, exhibited superior photo-
thermal properties, reaching a temperature of 52 °C. In
contrast, hydrogels based on GO, even at their maximum
concentration, reached a lower temperature of 34 °C under the
same conditions.

The less pronounced temperature rise observed in the case
of the GO hydrogel can be attributed to the suboptimal
absorption of NIR light by GO in its highly oxidized state.70,71

This observation is also supported by the results of Markovic et
al.,72 who conducted a comparison between nonoxidized
graphene and SWNTs under identical conditions of NIR
irradiation. Graphene exhibited greater heat generation than
SWNTs under the same experimental conditions.

Analyzing temperature variations of the composite samples
induced by laser irradiation at 1064 nm (Figure S13), we
further investigated the antimicrobial activity against S. aureus
cultures of the selected G4-GO-5 and G4-CNT-5 hydrogels
under similar NIR irradiation conditions.
2.3. In Vitro Antibacterial Activity. In our previous

investigation, we evaluated the antimicrobial efficacy of the G4-
CD hydrogel against eight distinct reference strains. These
included bacterial strains, such as S. aureus, Escherichia coli,
Enterococcus faecalis, Klebsiella pneumoniae, and Salmonella
typhimurium, as well as yeast strains represented by Candida
albicans and Candida glabrata. Additionally, the fungal strain,
Aspergillus brasiliensis, was included in the evaluation. The
obtained results revealed that the hydrogel exhibited only
selective antimicrobial activity against S. aureus, with no
significant impact on the other tested strains. In the current
study, the antibacterial activity of the selected composite
hydrogels against S. aureus was assessed by counting viable
bacterial cells in contact with the samples with and without
NIR irradiation. Remarkably, all samples exhibited significant
antibacterial properties within just 10 min of exposure.
Specifically, the G4-CNT-5 samples were particularly effective,
reducing S. aureus cell counts by over 65% without NIR
irradiation and achieving an even higher reduction of up to
86% with NIR irradiation (Figures 7 and 8). Similarly, the G4-

GO-5 samples exhibited substantial antibacterial activity,
reducing bacterial populations by up to 76% without NIR
irradiation and achieving an 88% reduction after NIR exposure.
Notably, NIR irradiation enhanced the antimicrobial activity of
both sample types. In the case of G4-CNT-5, the sample
became more efficient after NIR irradiation, exhibiting a 13%
improvement. On the contrary, for G4-GO-5, the enhance-
ment was more modest but still notable, with a 2% increase in
efficiency after NIR irradiation.

The enhanced antibacterial effectiveness observed in the
hydrogel containing GO can be attributed to various
mechanisms, including the induction of oxidative stress, either
with or without the production of reactive oxygen species.73

Additionally, due to the high surface area, it could be attributed
to the wrapping of the bacterial cell membrane, which
obstructs membrane transport. Another possibility is that the
sharp edges of the GO nanosheets act as nanoknives, thereby
cutting through the cell membrane’s edges. This action induces
cellular envelope stress and ultimately leading to bacterial
inactivation through the leakage of intracellular content.74−80

On the contrary, the primary toxicity mechanism of SWNTs
lies in their direct contact and subsequent damage to cells.

Figure 5. Photostability of the G4-CD, G4-GO-5, and G4-CNT-5
hydrogels over 5 laser heating (2.0 W/cm2) and natural cooling
cycles.

Figure 6. Temperature variation curves using different power
densities (1.0, 1.5, and 2.0 W/cm2) for the G4-GO-5, G4-CNT-5,
and G4-CD samples (hydrogel without carbon nanomaterials)
irradiated for 10 min.

Figure 7. Antibacterial activity of the G4-CNT-5 and G4-GO-5
hydrogels against S. aureus before and after NIR irradiation (n = 3,
error bars indicate standard deviation).
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Consequently, the diameter of CNTs becomes a critical factor
influencing the deactivation of microbial cells.81−84 Moreover,
β-CD molecules possess the capability to disrupt bacterial
membranes, which leads to the efflux of K+ ions from the
bacterial membrane45,46 thus enhancing the antimicrobial
activity of both hydrogels under investigation.

The enhanced antibacterial properties exhibited by the
examined composite hydrogels under NIR irradiation are
attributed mostly to the thermal effect. This effect induced the
disruption of physical bonds within the supramolecular
hydrogel matrix, consequently facilitating the release of both
hydrogel components and nanomaterials. This increased
release exposes the hydrogel components to a greater surface
area, enhancing their contact with the target bacteria and
contributing to an overall antimicrobial effect.

The systems presented above offer a promising strategy for
addressing S. aureus infections, providing a possible solution to
combat antibacterial resistance that arises from traditional
antibiotic-based treatments. In contrast to conventional
approaches relying on antimicrobial agents, which can
contribute to antibiotic resistance over time, particularly with
multidrug-resistant organisms, photothermal hydrogels lever-
age light-responsive materials to generate localized heat,
resulting in heightened antibacterial activity. Upon a review
of recent literature, we have observed the emergence of
systems demonstrating efficacy against S. aureus, in some cases
comparable to those proposed by us, utilizing GO85−88 and
carbon nanotubes.36,58,89

2.4. In Vitro Biocompatibility. The investigation of
cytotoxicity involved subjecting G4-CD, G4-GO-5, and G4-
CNT-5 hydrogels to human gingival fibroblasts (HGF cells)
using the MTS cell proliferation assay (Figure 9). Cell viability,
expressed as a percentage relative to untreated cells supported
by the culture medium, was calculated. The composite
hydrogels were evaluated at the maximum concentration of
carbon nanomaterial (0.5 mg/mL) to assess their highest
impact on cell viability. The results, derived from three
independent MTS tests with a minimum of six replicates for
each hydrogel type, revealed mild cytotoxicity (above 60%)90

for the hydrogel samples after 24 h. Notably, G4-CNT-5
exhibited slightly higher cell viability (78%), while G4-GO-5
displayed lower viability (62%) compared to the original G4-
CD hydrogel (67%).

The cytotoxicity data acquired through this study provide a
foundation for asserting a positive cytotoxic profile for the
examined composite materials and indicate that these
composite materials exhibit minimal adverse effects on cellular
health.

3. CONCLUSIONS
We have successfully synthesized two distinct series of
composite hydrogels by integrating them into G4-based
hydrogels, enriched with β-CD, of two different carbon
nanomaterials: GO and SWNTs. Our investigation focused
on elucidating the composite hydrogel network, with particular
attention given to the interactions between β-CD and GO as
well as SWNTs. To evaluate the photothermal properties of
these composite materials, the samples were subjected to NIR
laser irradiation at 1064 nm. Our observations revealed that
both the choice of nanomaterial (GO or SWNTs), and its
concentration within the hydrogel matrix significantly
influenced the intensity of the temperature increase. Hydrogels
incorporating SWNTs, at their maximum concentration,
exhibited superior photothermal properties, achieving a
remarkable temperature increase of up to 52 °C. In contrast,

Figure 8. Growth inhibition of the bacterial colonies on PCA plates without and with NIR compared with control samples.

Figure 9. Results of biocompatibility of G4-CD, G4-GO-5, and G4-
CNT-5 hydrogels with the MTS assay. Data are presented as means ±
S. D. (standard deviation), n = 3; *p < 0.05 (G4-GO-5 vs G4-CNT-
5).
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hydrogels containing GO, even at their maximum concen-
tration, reached a comparatively lower temperature of 34 °C
under identical conditions. Furthermore, when these compo-
site hydrogels were fully loaded with carbon nanomaterials,
they exhibited synergistically enhanced antibacterial activity
against S. aureus. This outcome highlights the potential of
these systems as a notable antimicrobial platform, which
benefits from the synergistic interplay between the gel matrix,
carbon nanomaterials, and the photothermal effects. Addition-
ally, the presence of covalently bound cyclodextrin in these
designed systems opens up exciting possibilities for loading
water-insoluble antibiotics, making these systems a versatile
platform for future therapeutic applications.

4. MATERIALS AND METHODS
4.1. Materials. The chemicals utilized in this study,

including guanosine, LiOH·H2O, KOH, and SWNTs (0.7−
1.1 nm diameter), were purchased from Sigma (Schnelldorf,
Germany). β-CD, benzene-1,4-diboronic acid, and GO (10
mg/mL, dispersed in water) were procured from TCI (Tokyo,
Japan). All purchased reagents were utilized without additional
purification. Ultrapure water was used throughout the
experimental procedures and for preparing stock solutions.
4.2. Synthesis of SWNT Composite Hydrogels (G4-

CNT_1−5). Composite hydrogels G4-CNT_1−5 were pre-
pared utilizing an adapted synthetic protocol.48 First, in a glass
vial, a SWNT stock solution was prepared by mixing 88.1 mM
1,4-benzene diboronic acid (116.8 mg), 12.6 mM β-CD (1012
μL of stock solution containing 0.565 g of β-CD in 5 mL of
water), 176.4 mM LiOH (800 μL of stock solution containing
0.148 g of LiOH·H2O in 2 mL of water), and 6188 μL of
water. The resultant mixture underwent a 2 min sonication
process, followed by heating on an oil bath at 110 °C until it
transformed into a clear, transparent solution. Next, an amount
of 88.3 mM of guanosine (0.2 g) was added and the mixture
heated on an oil bath at 110 °C until the entire guanosine is
dissolved. After cooling down to room temperature, 4 mg of
SWNTs were added to the transparent reaction mixture, and
the suspension sonicated for 1 h to afford 8 mL of stable black
suspension of SWNT (0.5 mg/mL).

Separately, the β-CD hydrogel matrix was prepared by
mixing in a glass vial 44 mM 1,4-benzene diboronic acid (29.2
mg), 6.3 mM β-CD (253 μL of stock solution containing 0.565
g of β-CD in 5 mL of water), 88 mM KOH (200 μL of stock
solution containing 0.488 g of KOH in 5 mL of water), and
water. The resultant mixture underwent a 2 min sonication
process, followed by heating on an oil bath at 110 °C until it
transformed into a clear transparent solution. Next, an amount
of 44.1 mM of guanosine (50 mg) was added and the mixture
heated on an oil bath at 110 °C until the entire guanosine is
dissolved.

Five composite hydrogels (G4-CNT_1−5) were synthesized
by combining various amounts of the above prepared SWNT
stock solution (200, 600, 1000, 1400, 2000 μL, containing 0.1,
0.3, 0.5, 0.7, and 1 mg of CNTs, respectively) and β-CD
hydrogel (Table S1).
4.3. Synthesis of GO Composite Hydrogels (G4-

GO_1−5). The β-CD hydrogel matrix was prepared following
the same procedure as described in 2.2. Five GO composite
hydrogels (G4-GO_1−5) were synthesized by adding different
volumes (10, 30, 50, 70, and 100 μL, containing 0.1, 0.3, 0.5,
0.7, and 1 mg) of commercial GO solution (10 mg/mL) with
the β-CD hydrogel matrix (Table S1).

4.4. Characterization of Hydrogels. A water retention
experiment was conducted for all of the obtained hydrogel
samples. Each sample underwent successive additions of 1 mL
of water with stirring to the initial sample volume (4 mL) until
maximum water retention was achieved. Subsequently, after
the relaxation time (24 h), the self-sustainability of each
sample was assessed by inverting the sample vial.

Rheological measurements were conducted at a temperature
of 25 °C using an MCR302 Anton-Paar rheometer, employing
plane−plane geometry with a 25 mm diameter and an
antievaporation device. The viscoelastic properties of the two
samples, featuring the highest concentrations of carbon
nanotubes and GO, were determined through amplitude
sweep and oscillatory step tests. Amplitude sweep tests were
performed at a frequency of 10 rad/s within a stress range of
10−2 to 102 Pa to establish the linear viscoelastic domain for
each sample. Oscillatory step tests, conducted at 10 rad/s,
alternated between 300 s at a low strain (1%) and 300 s at a
high strain (300%), with the subsequent monitoring of
structure recovery over a duration of 600 s.

CD measurements were carried out using a Chirascan plus
instrument (Applied Photophysics Ltd., Leatherhead, Surrey,
UK). CD spectra were recorded within the range of 340−220
nm, with data pitch 0.5 at 200 nm·min−1 acquisition speed.
Measurements were performed in 1 mm lamellas. Typically,
100 μL of the reaction mixture sample (prepared at 25 °C) was
directly applied onto a lamella covered with another glass slide,
ensuring the formation of a uniform film.

Raman spectra for composite hydrogels were recorded using
an inVila Raman confocal microscope (Renishaw, New Mills,
UK) outfitted with a He−Ne laser (at 442 nm for GO and 633
nm for SWNTs) and a RenCam CCD detector linked to a
Leica 2500 M microscope. All measurements were conducted
in a backscattering configuration employing a 50× objective at
room temperature and atmospheric pressure.

The morphology of the hydrogels was examined by SEM.
The analyses were carried out using an FEI NanoSEM430
(Hillsboro, USA). Prior to measurements, hydrogel samples
were freeze-dried, carefully positioned onto 25 aluminum
plates with double-sided adhesive, and examined at an
acceleration voltage of 20 kV.

X-ray diffraction analysis was conducted using a Rigaku
Miniflex 600 diffractometer (Rigaku, Tokyo, Japan), using Cu
Kα emission within the angular range of 2−50° (2θ). The
scanning step was set at 0.01°, and data was recorded at a rate
of 2°/min.

The FTIR spectra of G4-GO-5 and G4-CNT-5 xerogels
were recorded by the ATR technique using INVENIO-R FTIR
spectrometer (Bruker, Ettingen, Germany), with 90 scans at a
resolution of 4 and in the spectral range 4000−400 cm−1.
FTIR spectra were processed using OPUS 8.7.41 and
OriginPro 8 software.
4.5. Photothermal Effect of Composite Hydrogels.

Volumes of 500 μL of investigated hydrogel composites were
placed in 1.5 mL PMMA cuvettes and irradiated using a 1064
nm NIR laser for a duration of 10 min, with a laser density set
at 2 W/cm2. For samples G4-CNT-5 and G4-GO-5, two
additional irradiation powers were applied, specifically 1 and
1.5 W/cm2, respectively.
4.6. Evaluation of Antibacterial Activity in Vitro. The

antimicrobial activity screening of the hydrogel samples before
and after irradiation was performed by using viable cell-
counting method.91 The bacterial strain S. aureus ATCC25923
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(S. aureus) was refreshed on an nutrient agar at 37 °C. A
microbial suspension was prepared with this culture in sterile
distilled water to obtain turbidity optically comparable to that
of 0.5 McFarland standards. 100 μL of bacterial suspensions
(0.5 McFerland) were added on 500 μL hydrogels, and
irradiated with an NIR laser (1064 nm; laser density 2 W/cm2)
for 10 min. Nutrient broth medium (1 mL) was added, and the
hydrogels were incubated for 24 h. A control experiment was
also conducted. Five microliters of the control samples and of
the irradiated samples were removed and spread on plate count
agar (PCA) plates. The number of colonies was counted after
24 h of incubation at 37 °C. All tests were carried out in
triplicate to verify the results. After incubation, the plates were
analyzed with SCAN1200, version 8.6.10.0 (Interscience,
France) and the number of colonies was expressed as the
mean ± standard deviation performed with GraphPad Prism
software version 9.5.1 for Windows (GraphPad Software, La
Jolla California USA, www.graphpad.com). The ratio of
inhibited growth of bacteria (IRG) was calculated, which is
defined as

IRG(%) ((Na Nb))/Na 100%= ×

where: Na and Nb are the average values of colonies of the
control group and the experimental groups, respectively.
4.7. Biocompatibility (MTS Assay). The biocompatibility

of G4-CD, G4-GO-5, and G4-CNT-5 hydrogels was evaluated
by the MTS assay using the CellTiter 96 AQueous One
Solution Cell Proliferation Assay from Promega, according to
the manufacturer’s instructions and based on the direct contact
procedure from the international standard ISO 10993−
5:2009(E). Human gingival fibroblasts (HGF cells) were
grown in Alpha MEM Eagle completed with a 10% fetal bovine
serum (FBS) and 1% mixture of antibiotic-antimycotic in a
humidified atmosphere with 5% CO2 at 37 °C. The cells were
maintained in culture dishes until they reached subconfluency.
In order to prepare the test samples for this assay, they were
immersed in a complete culture medium in a 24-well plate.
After 24 h of incubation in a humidified atmosphere with 5%
CO2 at 37 °C, the medium was discarded and the HGF cells
were seeded over the samples, at a density of 5 × 104 cells/mL
in 0.5 mL cell culture medium/well. The control group was
represented by untreated cells. The plates were placed in the
cell culture incubator and, after 24 h, a MTS reagent was
added. After the formazan formation, the solutions were
transferred into a 96-well plate and then, on a FLUOstar
Omega microplate reader from BMG LABTECH, the optical
density was measured at 490 nm. The experiments were done
in triplicate and treated cell viability was expressed as a
percentage of untreated cells’ viability. Graphical data were
expressed as means ± standard deviation (S. D.). The
statistical analysis was made in GraphPad Prism 8 with One-
way ANOVA using Dunn’s multiple comparison test. The
differences were considered statistically different when p <
0.05.
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