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Abstract

Graphene quantum dots (GQDs), are biocompatible materials, with mechanical strength and
stability. Chitosan, has antibacterial and anti-inflammatory properties, and biocompatibility.
Wound healing is a challenging process especially in chronic diseases and infection. In this
study, films consisting of chitosan and graphene quantum dots were developed for application

in infected wounds. The chitosan-graphene films were prepared in the acidic solution followed
by slow solvent evaporation and drying. The chitosan-graphene films were characterized by the
scanning electron microscopy, x-ray diffraction, atomic force microscopy, Raman spectroscopy
and thermogravimetric analysis. The films” was evaluated by the wound healing assays, hemolytic
potential, and nitrite production, cytokine production and swelling potential. The obtained films
were flexible and well-structured, promoting cell migration, greater antibacterial activity, lower
hemolytic activity, and maintaining wound moisture. Our data suggested that the use of graphene
quantum dot-containing chitosan films would be an efficient and promising way in combating
wounds.
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1. Introduction

Graphene (G) and its derivatives, including graphene quantum dots (GQDs), are carbon-
based nanomaterials with mechanical resistance and stability [1], antimicrobial activity
(Kumar et al., 2019), and regenerative activity [2,3]. Graphene quantum dots (GQDs)

are quasi-zero-dimensional nanomaterials with low cytotoxicity, great biocompatibility, and
excellent water solubility [4].

Chitosan is a biocompatible polysaccharide, derived from exoskeleton of crustaceans,
formed mainly by the partial deacetylation of chitin. It is positively charged, due to the
presence of quaternary ammonium groups. In addition, chitosan contains several functional
groups (C3-OH, C6-0H, C2-NH>), acetyl amino, and glycoside bonds [5]. Although the
functional groups are presented in their structure, the main reactions usually occur with
C6-0OH and C2-NHo,. This is mainly because of the steric hindrance and fixed axis (not
rotating easily) of the acetyl amino and C3-OH that inhibit the reactions [6,7]; J. [8]; W [9].
Chitosan has several interesting characteristics, including: i) immune stimulation (Seferian
& Martinez, 2001), ii) antibacterial [10] and antifungal activities [11]; iii) anti-inflammatory
activity [12]; iv) hemostatic property [13]; v) biocompatibility [1]; and vi) adhesive property
[14,15]. The versatility and adaptability make chitosan an excellent biomaterial for the
development of new drugs and devices for human health.

Wound healing is a complex process that involves a cascade of distinct events including
hemostasis, inflammation, growth, reepithelialization, and remodeling [16,17]. Several
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factors may influence negatively the wound healing process, including: i) failure in immune
system; ii) malnutrition, iii) mechanical stress, iv) medical conditions such as: diabetes,
vascular disease and obesity, and v) microbial infection [18-20].

Chronic and infected wounds including diabetic foot ulcers, venous leg ulcers and
nonhealing surgical wounds are the most challenging types [17,20]. The infected wounds,
especially with biofilm, are difficult to treat. In this case, the symbiosis of multi-

species presented in the biofilm forms an extracellular polymeric substance (EPS), which
protects this microbial community against antimicrobial agents [21,22]. Nonetheless,

it is well-known that commensal microorganisms interact with the skin cells during
wound healing modulating the innate immune response [20,23,24]. On the other hand,
pathogenic microorganisms, especially presented in infected chronic wounds, delayed
the epithelialization and altered the cellular signaling, for instance, promoting the down-
regulation of keratinocyte growth factor 1 expression [20].

The development of a hydrocolloid dressing formed of graphene quantum dots and chitosan
is quite desirable due the synergistic effect. According to Mei et al. [25] chitosan has

an innate antimicrobial ability and GQDs may undergo photochemical transformation,
producing radical oxygen. The combined effect potentialize the therapeutic effect. In this
sense, Hosseini et al. [26] developed nanofibers of chitosan/graphene oxide-magnetite,
demonstrating that the presence of graphene oxide-magnetite reduced the burst effect and
increased the therapeutic effect of the nanofiber. Finally, Chen et al. [27] developed GQDs
modified with chitosan, demonstrating excellent encapsulation and great applicability.

In this study, we prepared and characterized chitosan-GQD-based film, and evaluated its
performance as a wound dressing.

2. Materials and methods

2.1. Reagents and solvents

The reagents and solvents used in this study were purchased from Sigma-Aldrich (St. Lois,
MO, USA) with exception of the GQDs, which were previously prepared by our laboratory.

2.2. Preparation and characterization of graphene quantum dots (GQDs)

The synthesis and characterization of GQDs were previously described by Menezes and
co-workers [28]. In this study, the electrochemical green route was used to produce

the GQDs. Briefly, the graphite rod and platinum, respectively anode and cathode, were
dispersed in the citric acid/sodium citrate buffer (Sigma-Aldrich, USA). The decomposition
of graphite by electrolysis was performed using a constant current of 190 mA for 24 h
(ICEL PS-1500; Manaus, Brazil). The dispersion was filtered and dried at 60 °C. Then,

50 mL of absolute ethanol was added. The upper phase (purified graphene) was harvested
and dried again at 60 °C. The UV absorbance of the GQDs were detected at 395 nm

by UV-Vis (Agilent; Santa Clara, California, USA). The GQDs’ size, morphology, and
surface texture were determined by the atomic force microscopy (AFM) (Bruker, Santa
Barbara, California, USA) (scan resolution of 256 x 256 lines and frequency of 0.5 Hz).
The GQDs’ fluorescence spectra were determined by the spectrophotometer (Ocean Optics
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HR2000, Dunedin, Florida, USA). The composition has been evaluated by powder X-ray
diffraction using CuKa radiation source (Bruker AXS D8, Karlsruhe, Germany) and Raman
spectroscopy (Horiba-Jobin-Yvon triple model T64000, Palaiseau, lle de France, France).

2.3. Preparation of chitosan — GQD films

For the preparation of the chitosan films, the chitosan of the medium molecular weight
(viscosity 200.000 Cps) was used. A 2% (m/v) chitosan solution was prepared using 2%
(v/v) glacial acetic acid under magnetic stirring at 25 °C for 24-36 h for the complete
dissolution. For the preparation of the chitosan-GQD films, 5% (w/w%) GQDs was added to
the chitosan solution. Then, the solution was poured in Petri dishes (13 cm in diameter) and
placed in an oven at 40 + 0.1 °C for 48 h to promote solvent evaporation. After drying, 200
mL of NaOH solution (1.0 M) was added over the film and maintained for a period of 2 min.
Finally, the films were washed with approximately 400 mL of distilled water to completely
remove NaOH and dried for 24-48 h at 40 £ 0.1 °C.

2.4. Characterization of chitosan — GQD films

2.4.1. Scanning electron microscopy (SEM)—Scanning Electron Microscopy
(SEM) analysis was performed on Hitachi S-4700 Field Emission Microscope. Samples
were prepared by sticking the films on a double-stick carbon tape on an aluminum SEM
sample holder. The samples were coated with a layer of 7.5 nm Gold—Palladium (AuPd)
alloy conductive coating. Operating conditions of Normal mode, 10 kV accelerating voltage,
10microA beam current, and a working distance of close to 12 mm was maintained
throughout.

2.4.2. Powder X-ray diffraction (PXRD)—In order to evaluate the characteristics of
Chitosan-GQD film, the PXRD measurements were performed using a Bruker AXS D8
Advance diffractometer, equipped with the LynxEye linear detector and with a CuKa
radiation source, operating at 40 mA/40 kV. PXRD measurements were carried on the 20 =
08-90° range with 0.02 step size and a counting time of 0.2s/step.

2.4.3. Atomic Force Microscopy—Chitosan-GQD films were analyzed on an atomic
force microscope (model MM8, Bruker). For the analysis was used a probe with a nominal
spring constant of 0.4 N/m and a tip radius of 2 nm in quantitative nanomechanics mode the
resolution acquired was 256 x 256 samples per line with a scan frequency of 0.5 Hz, and
acquisition of force curves at 1 kHz. (Topographic images, young modulus, and adhesion
maps were obtained in 10 different film regions.

2.4.4. Raman Spectroscopy—The Raman spectra were obtained using a Triple Raman
spectrometer (model T64000, Horiba), operating in the single-model with the slits adjusted
to give a resolution lower than 2 cm™1. The instrument was equipped with a liquid-N2-
cooled charge-coupled device (CCD) detector. For excitation, a green 532.0 nm line from

a solid-state laser (LAS-532-100-HREV) operating at 14 mW was employed. The light

was focused on the sample using an Olympus microscopy with a long-work distance (50x,
18 mm) objective lens. The spectra were acquired at different points on the surface of the
samples after 3 acquisitions of 30 s each at each range of the grade spectral dispersion.
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2.4.5. Thermogravimetric analysis—In the thermogravimetric tests, a thermobalance
model TGA-60 (Shimadzu®) was used. The TG/DTG curves were obtained in the
temperature range from 30 °C to 600 °C at a heating rate of 10 °C min~1, under a dynamic
nitrogen atmosphere (100 mL-min-1). To carry out the tests, a sample mass of 5.00 + 0.5

mg was used in support of platinum samples. Before the tests, blank curves were obtained to
evaluate the baseline of the system. Equipment calibration was performed at a heating rate of
10 °C min~1, with the calcium oxalate standard.

2.5. Invitro assays

2.5.1. Wound-healing assay—The NIH/3T3 fibroblast cells (1.2 x 10°) were cultured
in 35 mm petri dishes and incubated for 24 h before the experiment. Briefly, a scratch was
made on the Petri dish with a 200 uL pipette tip. The cells were washed and the detached
cells were removed by the medium. Then, the cells were treated with the chitosan films or
chitosan-GQDs film for 8 h. Images were taken using a Nikon Eclipse Ti microscope at

4x magnification and analyzed by the NIS Elements BR software. Wound closure (%) was
calculated using the equation:

_ ([ scratch width at Oh] — [ scratch width at 8h])
Wound closure (%) = [ scratch width at Oh] x100%

2.5.2. Hemolytic assay—The hemolytic activity of the films was tested against all
types (A, B, and O) of human red blood cells (HRBC), according to Oliveiraetal. (J. T. A
[29]. In this direction, three types of HRBCs were chosen to understand the hemolytic effect
of the films on different blood types. The HRBCs from A, B and O were provided by the
Ceara Hematology and Hemotherapy Center (Brazil).

The blood was collected in the presence of heparin (5 IU/mL) from anonymous healthy
donors. The HRB cells were collected by centrifugation at 300g for 5 min at 4 °C
(Eppendorf Centrifuge 5418/5418R), and dispersed in the 0.15 M sterile NaCl solution.
After washing three times with 0.15 M NaCl, HRBCs were diluted to a working
concentration of 2.5% by 0.15 M NaCl. Then, an aliquot of 100 uL was incubated with

the film (Chitosan-GQDs film) at 5 mg/mL or its vehicle 5% DMSO, individually, and

then incubated for 30 min at 37 °C, followed by centrifugation (300 g for 5 min at 4

°C). Afterwards, the supernatants were meticulously collected and transferred to 96-well
microtiter plates. Hemolysis (%) was calculated by measuring the presence of hemoglobin in
the supernatant at 414 nm on an automated absorbance microplate reader. Negative (0%) and
positive (100%) hemolysis were determined by treating HRBCs with 5% DMSO and 0.1%
(v/v) Triton X-100, respectively. The hemolysis was calculated as described by Ref. [29].

2.5.3. Bone marrow-derived macrophages—Bone marrow-derived macrophages
(BMDMs) were obtained from femurs and tibias of 6-to-8-week-old C57BL/6 mice rinsed
with RPMI 1640 (Sigma).

2.5.4. Cells culture—The cells from bone marrow progenitor were seeded in 20 mL
RPMI 1640 containing 20% inactivated FBS, 20% of L929 as cell culture supernatant
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(v/v) expressing mouse macrophage colony-stimulating factor (M-CSF) and 100 U/mL of
penicillin-streptomycin in 140 x 15 mm polystyrene tissue culture dishes at 37 °C in a 5%
CO, atmosphere. After three days of stimulation, 10 mL of the freshly prepared medium
was added. At day seven, the BMDMs were collected for the experiments. The BMDMs
were stimulated with lipopolysaccharide (LPS, 100 ng/mL, Sigma-Aldrich) and interferon-
(IFN)-y (20 ng/mL, R&D Systems) or with IL-4 (20 ng/mL, R&D Systems) and IL-13 (20
ng/mL, R&D Systems) to induce polarization towards M1 or M2 phenotypes, respectively.
The unstimulated cells acted as a negative control (MO).

2.5.5. Nitrite production—After differentiation, the cells were seeded at a density

of 5 x 10° cells/well in 24-well plates and allowed to adhere for 24 h in a controlled
atmosphere. Then, the films (Chitosan film and Chitosan — GQD film) were added to the
wells together with the stimuli necessary for the polarization of macrophages (LPS and
INF-y for M1 polarization or IL-4 and IL-13 for M2 polarization or RPMI medium for MO0).
The amount of nitrite, a metabolite of nitric oxide, was assessed in the supernatant from the
macrophages using the Griess method. The absorbance was measured at 540 nm in a plate
reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA).

2.5.6. Cytokine levels—The level of TNF-a present in the supernatants from BMDM
cell culture was quantify by enzyme-linked immunosorbent assay (ELISA) using antibodies
obtained from R&D Systems in according to manufacturer’s instructions. The optical
density of the individual sample was measured at 450 nm (SpectraMax M5, Molecular
Devices, Sunnyvale, CA).

2.5.7. Swelling assay—The water absorption test was performed based on the
evaluation of the swelling ratio (RI), where there is an increase in volume due to

water absorption. Dried films (chitosan film and chitosan-GQDs film) were weighed and
immersed in sterile water (20 mL). After 1 h the films were removed from water, the excess
of water removed by filter paper and the final mass was determined on an analytical balance
(Shimadzu model ATX224).

2.5.8. Statistical analyses—In all experiments, values are expressed as means + SEM.
Differences between groups were tested for significance by one-way ANOVA followed by
Tukey multiple comparison tests using GraphPad Prism 5 software. A p value of <0.05 was
considered significant.

3. Results

3.1. Formulation of chitosan-graphene quantum dots films

After preparation, a flexible, uniform and well-structured chitosan film with GQDs was
obtained (Fig. 1), with a thickness of 166.4 + 5.2 nm and roughness of 19.7 + 2.3 nm.

3.2. Scanning electron microscopy (SEM)

The SEM analysis is displayed in Fig. 2. The data indicated that the presence of GQDs
influenced the structural organization of the chitosan film.
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3.3. Powder X-ray diffraction

The X-ray diffraction analysis demonstrated that the main components of the formulation
were detected as demonstrated in Fig. 3.

3.4. Atomic Force Microscopy

The AFM results presented in Fig. 4 show a 10 um scan over the chitosan-GQD film. The
mean square roughness of the film was 19.7 + 5.2 nm. The striated regions shown in Fig.

4A are associated with the film’s stretching process. Young’s modulus (YM) values are in
the order of MPa (Fig. 4C). The lighter regions with higher YM values shown in Fig. 4C
probably correspond to areas with higher concentrations of GQDs. The adhesion map shown
in Fig. 4D also reveals the heterogeneous behavior of the film surface, with two distinct
phases in the film, 1 and 2, respectively, related to the chitosan matrix and the insertion of
quantum dots into it.

3.5. Raman Spectroscopy

The Raman spectra demonstrated the presence of graphene in the chitosan film produced.
(Fig. 5). Despite of the high concentration of chitosan in the film, the Raman was not able to
detect the characteristic bands of chitosan. This is explained by the fact that during the film
preparation, chitosan is probably converted into an amorphous composite, which modifies
the original spectra.

3.6. Thermogravimetric analysis (TGA)

The TGA analysis (Fig. 6A) showed a loss of water starting in the range of 60-100 °C with
a massive loss of water in the range of 150-200 °C and the formation of oxide (chitosan
oxide) in the range of 250-300 °C. In the film containing GQDs a pronounced loss of water
was observed in the range of 100-250 °C and a massive formation of oxide (graphene oxide
plus chitosan oxide) started at 300 °C.

3.7. Invitro assays

3.7.1. Wound healing assay—The results of the wound healing assay are shown in
Fig. 7. After 8 h of treatments, both the chitosan film and chitosan-GQD film facilitated the
wound healing process. The effects were the dose-dependent. Particularly, at high dose, the
chitosan-GQD film treated cells demonstrated more than 20% higher wound closure than the
untreated cells.

3.7.2. Hemolytic assay—The hemolytic assay demonstrated (Fig. 8) that the film didn’t
significantly cause the hemolysis among all types of blood.

3.7.3. M1 and M2 macrophage stimuli response—We tested the effect of the
chitosan-GQD film on macrophage polarization. When we evaluated the effect of films
on nitric oxide production, it was observed that Chitosan-GQD film did not influence in
both M1 and M2 macrophages, demonstrating a neutral profile (Fig. 9A) i.e., the results
obtained in this assay demonstrated that the incubation of cells with both Chitosan and
Chitosan—GQD films did not lead to a reduction in the production of nitric oxide (NO) in
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macrophages polarized for the M1 profile. But biofilms also didn’t induce NO production in
macrophages polarized for the M2 or MO profile, what showed that they do not have an anti-
or pro-inflammatory effect.

However, when we evaluated the TNF-a cytokine production, a significant increase in the
TNF-a level was observed in the M1 macrophages (Fig. 9B).

3.7.4. Swelling assay—The adsorption of water was evaluated (Fig. 10) and the values
are expressed in Table 1.

The results demonstrated that the chitosan-GQD film was more likely to absorb water than
the chitosan film.

4. Discussion

The use of polymer films for wound dressing applications are based not only on their
ability to form the physical barrier and remove the exudate, but also to perfectly fill the
irregularly shaped wounds avoiding deep bleeding. Indeed, films are able to provide a
moisture environment that promotes the wound healing process as they prevent the entry of
bacteria [30]. The Chitosan-GQD film showed a thickness of 166.4 nm and roughness of
19.7 nm by the AFM analysis. The roughness is probably due to the presence of graphene
quantum dots in the film. The film thickness is quite important because the thinner the film
is, the better the oxygenation would be. According to Kundu et al. [31], the photocatalytic
activity increased with the increase in the film thickness from 50 to 500 nm.

The results of the DRX and Raman analysis corroborated the presence of chitosan and
graphene quantum dots in the formulation. The characteristic bands of “2D” graphite
were observed in the Raman spectra. This may be explained by the fact that during the
film preparation, the graphene quantum dots aggregated with the changed size and shape,
giving the graphite signal (Rocher & Ambacher, 2019). The SEM analysis demonstrated
the influence of GQDs on the nanostructure of the film. Martin et al. (Although Martin

et al., 2019) stated that GQDs were unable to form the bonds and integrate the polymeric
network in hydrogels. However, in our study, the SEM images revealed that GQDs were
able to integrate into the Chitosan film, forming the homogeneous films. Although the
GQDs modified the film structure and formed the hybrid film without phase separation,
their influence on the film mechanical properties and stability was not significant. The TGA
analysis demonstrated the presence of water in the film and the formation of oxide at high
temperatures [32].

Graphene quantum dots have shown the antibacterial activity, probably due to their ability
to disrupt the bacterial cell envelop [33]. Also, microbial respiration is based on electron
transfer from electron donors to electron acceptors, mediated by a complex cascade of
energetic substances [34-38]. The donors and acceptors of electrons are typically soluble
substances; however, some microorganisms can use solid electron donors and/or solid
electron acceptors, such as minerals and metals, in respiration [39]. The GQDs are
recognized as an excellent electron donor [40-42] and allow the microbial respiration,
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especially the beneficial bacteria, such as S. epidermidis, which plays a critical role in skin
immunity [43].

Another important aspect is the production of oxygen. According to Ochoa et al. [44], one
of the most critical points in the treatment of wounds is the right oxygenation of the wound
bed. In this regard, the GQDs have shown the ability to generate the local oxygen [45],
which may serve as a topical oxygen therapy (TOT) to promote the wound healing.

The hemolytic data showed that Chitosa-GQD film had no significant hemolytic activity.
This was corroborated by the work of Lima et al. [46] that demonstrated that the chitosan-
nanoparticles had higher hemagglutination index and lower hemolytic activity in human
erythrocytes than chitosan (conventional). Guo et al. [47] also confirmed that chitosan has
no effect on hemolysis in their study. Regarding the effect of graphene quantum dots on
hemolysis the literature is quite divergent. For instance, Qu et al. [48] demonstrated that
graphene quantum dots had hemolytic effect on red blood cells. Controversially, Kim et al.
[49] stated that graphene quantum dots at a dose of <500 pg/mL didin’t cause any hemolytic
effects. In our study, we believed that the immobilization of GQDs in the chitosan film,
might inhibit the GQDs’ hemolytic effects on red blood cells.

The M1 and M2 response stimuli showed a neutral profile, i.e., did not promote a pro-
inflammatory or an anti-inflammatory response. However, the TNF-a cytokine production
showed a significant increase when M1 macrophages were in contact with the chitosan-
GQD film. Here, the direct contact of biomaterials (chitosan and GQDs) with the cells might
exert the stress on the cells, leading to the production of some inflammatory mediators.
Oliveira et al. (M. I [50]. showed the chitosan film-induced macrophage and dendritic

cell activation and found that chitosan was capable of modulating macrophage polarization
towards an M2 phenotype.

The swelling assay showed that Chitosan-GQDs film was able to absorb more water than

the pure chitosan film, probably due to the GQDs’ swelling behavior [51]. This data showed
that the film was able to keep moisture and humidity in the wounds. According to Jones

et al. (Jones et al., 2006), a balanced humidity is crucial for the healing process, especially
considering that occlusive dressings (as the films developed) increase cell proliferation and
activity by retaining an optimum level of wound exudate. The presence of graphene quantum
dots in the film increased the absorption of water, which means that the wound will keep the
necessary moisture as the exudate, improving the healing process.

The wound healing assay demonstrated that both the chitosan film and chitosan-GQD

film could facilitate the cell migration and wound healing process in a dose-dependent
manner. This data is consistent with the previous report [52] that the hydrogel containing
quaternized chitosan-g-polyaniline (QCSP) and benzaldehyde group functionalized poly
(ethylene glycol)-co-poly (glycerol sebacate) (PEGS-FA) showed the excellent antibacterial
activity, in vivo blood clotting, and promotion of full skin wound healing. Also, Zmejkoski
et al. [53] demonstrated that bacterial cellulose (BC) impregnated with graphene quantum
dots (GQDs) could benefit the wound healing treatment.
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5. Conclusion

Funding

Dressings with biocompatible films are promising for wound care. Due to the abilities to
maintain a favorable environment, form a physical barrier, as well as prevent the entry of
bacteria, collaborating for a balanced environment.

The chitosan graphene quantum dot film produced in the present study has shown the very
relevant properties, supporting its later implementation in wound care. The film showed
promising results in all tests carried out and congruence with the parameters correlated

to positive wound care. The developed chitosan-graphene quantum dot film might be a
promising innovative dressing in the fight against wounds.
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Fig. 1.

A: The dry chitosan-GQD films. B: in the absence of water, no adherence of the films on the
skin is observed. C: after humidifying the skin with water, the adherence of the films on the
skin is observed.
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Fig. 2.
Scanning electron microscopy (SEM) of the chitosan-GQD films produced. A, the chitosan

film at a 100X amplification; B, the chitosan-GQD film at a 100X amplification; and C, the
chitosan-GQD film a 1000X amplification.
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Fig. 3.
Powder X-ray Diffraction: Chitosan film (black); Chitosan (green); graphene (Red);

Chitosan-GQD film (blue). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 4.
Atomic Force Microscopy of maps of chitosan-GQD films. A) Two-dimensional

topographical image and B) its respective three-dimensional representation of the film
surface. C) Young’s modulus map and D) surface adhesion forces map corresponding to
the film’s region shown in A) Regions 1 and 2 indicate the film’s two phases related to the
chitosan matrix and the GQDs.
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Fig. 5.

Raman Spectroscopy of Pure Chitosan (black), Graphene (red) and Chitosan-GQD film
(blue). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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TGA analysis of pure Chitosan film (A) and Chitosan-GQD film (B). The loss of water and
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the formation of oxides were observed, especially at high temperatures (300 °C).
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Fig. 7.
Wound healing assay. The films were applied over the NIH/3T3 cells in two strengths:

0.13 mg/mL (chitosan-1 and chitosan-GQD -1) or 0.79 mg/mL (chitosan-2 and chitosan-
GQD-2). The width of the scratch (region between the dashed lines) is expressed by the
values in red. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 8.
Hemolytic assay in human red blood cells. In all cases Chitosan-GQD film is unable to
produce hemolysis.
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Fig. 9.
Effects of the chitosan-GQD film on macrophages. BMDMs were polarized into M1 or M2,

and then the chitosan-GQDs film [C] and chitosan film [CB] were added and incubated

for 24 h or 48 h. For the M1 differentiation, BMDMs were stimulated with LPS (100
ng/mL) and IFN-y (20 ng/mL) for 24 h. For the M2 differentiation, cells were cultured
with IL-4 (20 ng/mL) and IL-13 (20 ng/mL) for 48 h; unstimulated cells were used as a
negative control (MO). (A) The culture medium was collected, and nitrite were determined
by the colorimetric Griess test. (B) The culture medium was collected to evaluate TNF-a
production by ELISA. The results are presented as the means + SEM for triplicate wells per
group [*p < 0.05 compared to the MO group; + p < 0.05 compared to the untreated group].
ND = not detectable.
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Fig. 10.
Swelling assay showing the ability of the film to absorb water. A shows the dried chitosan-

GQDs film and B shows the chitosan-GQD film at the end of the assay. C shows the dried
chitosan film and D shows the chitosan film at the end of the assay.
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Table 1

Mass of water absorbed in the prepared films.

Film Initial Mass(g) Final Mass
Chitosan film 0.3830 +0.02 0.7033+0.19
Chitosan-GQD film 1.782 £ 0.08 2.619+0.89
Mass of water absorbed ~ 1.399 + 0.56 1.9157 +0.76
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