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Abstract: Current wound dressings have poor antimicrobial activities and are difficult to degrade.
Therefore, biodegradable and antibacterial dressings are urgently needed. In this article, we used
the hydrothermal method and side-by-side electrospinning technology to prepare a gelatin mat
with incorporated zinc oxide/graphene oxide (ZnO/GO) nanocomposites. The resultant fibers were
characterized by field emission environment scanning electron microscopy (FESEM), energy-dispersive
X-ray spectroscopy (EDX), X-ray diffractometry (XRD) and Fourier transform infrared spectroscopy
(FTIR). Results indicated that the gelatin fibers had good morphology, and ZnO/GO nanocomposites
were uniformly dispersed on the fibers. The loss of Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) viability were observed to more than 90% with the incorporation of ZnO/GO. The degradation
process showed that the composite fibers completely degraded within 7 days and had good controllable
degradation characteristics. This study demonstrated the potential applicability of ZnO/GO-gelatin
mats with excellent antibacterial properties as wound dressing material.
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1. Introduction

Almost all wounds are polluted by bacteria to varying degrees from the air or tissues near the
wounds. How to effectively provide a sterile environment for wounds has always been a problem
worth exploring in the field of wound dressing research [1,2]. Traditional wound dressings are mainly
made of cotton and yarn; the material′s lack of antibacterial activity requires the need for it to be
replaced frequently to keep the wound clean, which may cause secondary injury to the wound [3,4].
In addition, replacing wound dressings frequently not only generates medical waste, causing a lot of
pollution to the environment and human beings but also wastes resources in subsequent treatment
processes [5,6]. Therefore, a wound dressing made of biocompatible materials with good antibacterial
activities and biodegradability has become a research hotspot.

Gelatin, hydrolyzed from collagen, is a kind of biopolymer protein. Good biocompatibility,
biodegradability and low immunogenicity make it widely used as a raw material of medical materials [7,8],
especially gelatin nanofibers based on electrospinning technology that have the features of large
porosity, large specific surface area and strong adsorption. There are many small secondary structures
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on the surface of gelatin nanofibers similar to the structure of extracellular matrix (ECM). These
properties enable gelatin nanofibers to promote the adhesion, migration, differentiation and growth
of cells obviously [7,9] and have unique advantages in the field of medical dressings. In addition,
zinc oxide (ZnO) nanoparticles with a diameter of 1–100 nm are a type of multifunctional fine
inorganic material [10,11], which has the inherent advantages of antibacterial activities against
bacteria [12,13] and are regarded as materials with biosafety and biocompatibility [14,15]; thus, it has
spurred significant interest as an inorganic antibacterial agent. Recently, the encapsulation of ZnO
nanoparticles into gelatin nanofibers is a promising approach to enhance the antimicrobial activity of
nanoparticles due to improved stability and sustained release. Zhang et al. prepared gelatin/ethyl
cellulose/ZnO nanofibers by electrospinning, promoting the dispersion of nanoparticles and improving
the antibacterial activity against S. aureus (43.7–62.5%) [16]. Goyal et al. fabricated gelatin nanofibers
loaded with cephalosporin and ZnO; the antibacterial assay showed that the minimum inhibitory
concentration was 1.9 ± 0.2 µg mL−1 [17]. Although these works have improved the antibacterial
activities of nanofibers, there are still two obstacles in combining ZnO nanoparticles and gelatin
nanofibers: (1) the easy aggregation and settlement of ZnO nanoparticles hamper the incorporation of
ZnO into gelatin nanofibers, (2) the adhesion between ZnO nanoparticles and gelatin is weak, which
makes ZnO easy to fall off.

To solve the above problems, herein, we used graphene oxide (GO) as a substrate, enabling in situ
formation of ZnO nanoparticles on GO uniformly in a hydrothermal environment. The hydrophilicity
of GO can improve the stability of ZnO/GO in absolute ethanol and achieve the stable spray of ZnO/GO
nanocomposites following the solvent. Utilizing side-by-side spray nozzle electrospinning, ZnO/GO
nanocomposites were uniformly dispersed on the gelatin fibers as it formed (Scheme 1). Furthermore,
GO sheets, covered mostly with epoxy, hydroxyl, carbonyl and carboxyl groups, can solve the problem
that nanoparticles easily fall off from the surface of fibers by forming a stable interaction with the
gelatin. Additionally, GO has also been reported for its significant antibacterial properties [18], which
also enhances the antibacterial property of the resultant fibers. It is reasonable to believe that the
ZnO/GO-gelatin fibers hold great potential to serve as a wound dressing.
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2. Results and Discussion

2.1. Characterization of ZnO/GO-Gelatin Fibers

2.1.1. Characterization of ZnO/GO Nanocomposites

In the hydrothermal reaction, zinc ion from zinc acetate bound to the oxygen atoms of
negatively charged oxygen-containing functional groups on GO by electrostatic force and coordination
reaction [19], the crystal nuclei grew up gradually, and finally, the ZnO/GO nanocomposites formed.
Field emission environment scanning electron microscope (FESEM) micrographs (Figure 1a,b) indicate
that regular rod-shaped ZnO nanoparticles were obtained with low GO concentration (5 wt%, 10 wt%).
ZnO nanoparticles in ZnO/GO-10 wt% exhibited a smaller average diameter (47.4 nm, 50 samples
collected) than that in ZnO/GO-5 wt% (77.9 nm). In general, the smaller size is beneficial to the
antibacterial properties [20] and is more conducive for dispersion in ethanol solution. However,
with 15 wt% GO added, the morphology of ZnO nanoparticles turned into hexagonal crystal, whose
diameter was much larger than the ZnO with a low GO concentration (Figure 1c). In the process of
electrospinning, oversized ZnO/GO nanocomposites lead to settlement in ethanol dispersion, which
is difficult to spray following the ethanol; this is consistent with the phenomenon observed in the
experiment. Therefore, ZnO/GO-10 wt% was chosen as the material to fabricate ZnO/GO-gelatin fibers
and carry out the following characterization and experiments.
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Figure 1. FESEM micrographs of (a) ZnO/GO-5 wt%, (b) ZnO/GO-10 wt%, (c) ZnO/GO-15 wt%.

To study the structure of ZnO/GO, energy dispersive X-ray spectroscopy (EDX) analysis was
carried out. As shown in Figure 2, there were three elements in ZnO/GO: C, O and Zn, element C
represents the GO sheets, and the GO surface was covered by ZnO nanoparticles, which weakened
the proportion of C. Element O came from both ZnO and GO, and Zn represents the distribution of
ZnO particles. EDX confirmed that ZnO nanoparticles were evenly dispersed on the surface of GO
sheets. Next, X-ray diffractometry (XRD) was used to analyze the crystal of ZnO/GO nanocomposites
(Figure 3a). We prepared pure ZnO for comparison and characterized GO and ZnO/GO (Figure 3b).
The diffraction peak of GO at 2θ = 10.8◦ shows the (001) crystal planes of GO [21]. In ZnO/GO
spectrum, the peaks appeared at 31.8◦, 34.5◦, 36.3◦, 47,6◦, 56,6◦, 62.9◦, 68.0◦ and 69.1◦ corresponding
to (100), (002), (101), (102), (110), (103), (112) and (201) crystal planes of ZnO respectively (JCPDS
no. 36-1415), and the no GO peak is found may be due to the content of GO was low and GO was
covered by ZnO nanoparticles [22,23]. Figure 3b shows the spectra of ZnO/GO and GO. The three
peaks that GO exhibited at 1737, 1620 and 1050 cm−1 can be assigned to the stretching vibration of
oxygen-containing carboxyl (C=O), skeletal vibration of graphene sheets and alkoxy (C–O) functional
group, respectively [24]. ZnO/GO exhibited not only a stretching vibration peak of Zn–O bond
at 559 cm−1, but also the skeletal vibration of the graphene sheets at 1572 cm−1 and alkoxy (C–O)
functional group at 1008 cm−1 [25]. The changes of these functional groups proved that GO could
combine with ZnO effectively, and GO partially reduced during the hydrothermal process [26], thus
decreasing the number of functional groups.
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Figure 2. X-ray spectroscopy (EDX) analysis of ZnO/GO.
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Figure 3. (a) XRD spectra of GO, pure ZnO and ZnO/GO, (b) Fourier transform infrared spectroscopy
(FTIR) spectra of GO and ZnO/GO.

2.1.2. Characterization of ZnO/GO-Gelatin Fibers

FESEM images in Figure 4a–d show the fibers before and after crosslinking. GELF′ and ZGF′

represent the pure gelatin fibers and ZnO/GO-gelatin fibers before crosslinking. GELF and ZGF
represent the pure gelatin fibers and ZnO/GO-gelatin fibers after crosslinking. The pure gelatin fibers
were smooth and continuous, with an average diameter of 1.39 µm before crosslinking. After ZnO/GO
nanocomposites were sprayed on the surface of the gelatin fibers, the framework of the fibers showed
no significant changes except for the uniform dispersion of ZnO/GO. To achieve the controllable
degradation of fibers, we used formaldehyde to crosslink GELF′ and ZGF′. Crosslinking did not
change the fibers′ framework; only the surface became uneven, and overlapping parts fused together.
Moreover, the degradation process of ZGF in PBS at 37 ◦C is shown in Figure 5. The result indicated
that different from uncross-linked gelatin fibers, which dissolve in aqueous solutions instantly, GEL
and ZGF could be degraded completely in 7 days. Chen et al. used the steam of formaldehyde/ethanol
solution to crosslink the gelatin membranes, which was basically degraded after 5 days [27]. Eldin et al.
added glutaraldehyde into gelatin and chitosan mixture to crosslink the membranes; the weight loss of
the crosslinked membranes was about 42% after 6 days [28]. Controllable degradation time is beneficial
for the application as a wound dressing.
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In order to determine the composition of the elements of ZGF, EDX and FTIR were carried out.
As shown in Figure 6a, ZGF presented four elements mainly: C, N, O and Zn; gelatin contributed
three elements: C, N and O mainly; and ZnO/GO nanocomposites contributed a small amount of C, O
and all Zn elements. A new peak appeared at 420 cm−1 in the case of the fibers containing ZnO/GO
corresponding to the stretching vibration peak of the Zn-O bond (Figure 6b), and an extra peak at
668 cm−1 could be assigned to the metal-oxygen stretching mode [16], which represents that ZnO/GO
have been incorporated in the gelatin fibers successfully. The characteristic peaks of amid I, amid II
and amid III observed at 1637, 1540 and 1244 cm−1, respectively, both in GELF and ZGF were mainly
attributed to –C=O stretching, –NH stretching and –C–N stretching, respectively [27]. In addition, the
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characteristic peak at 1454 cm−1 was mainly attributed to the stretching vibration peak of the imide
group (–CH=N), which was caused by the reaction between the aldehyde group of formaldehyde and
the amino lysine residue of gelatin [29].
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Figure 6. (a) EDX analysis of ZGF, (b) FTIR spectra of GELF and ZGF.

The thermal stability of ZGF was obtained by thermogravimetric analysis (TGA). As shown in
Figure 7, the weight loss of ZnO/GO nanocomposites was 2.7% at 500 ◦C due to the evaporation of
physically adsorbed water. GELF and ZGF had similar TGA curves and both could be divided into
two stages [30,31]. The first stage between 25–200 ◦C, approximately 10% of weight lost, was caused by
the evaporation of physically adsorbed water. The weight lost in the second stage could be assigned to
the decomposition of gelatin, and ZGF showed less weight loss at 500 ◦C with the addition of ZnO/GO.
TGA indicated that ZGF had a good thermal stability under 200 ◦C.
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Figure 7. TGA curves of ZnO/GO, GELF and ZGF.

2.2. Antibacterial Assay

Figure 8 illustrates the antibacterial activities of different samples against E. coli and S. aureus that
were tested by the colony count method. Figure 9 represents photographs showing the antibacterial
activities of ZGF. GELF showed no inhibition of bacterial growth [32], while ZGF indicated good
antibacterial activities against E. coli and S. aureus, with the inhibition rates of 99.7% and 94.5%,
respectively. The difference in the antibacterial activities of ZGF against the two bacteria may be
attributed to the different cell wall structures of Gram-positive bacteria and Gram-negative bacteria [33].
According to the reported studies, the antibacterial mechanisms of the ZGF include not only the direct
contact between ZnO nanoparticles and bacteria but the release of zinc ions and the production of
reactive oxygen species (ROS) [13,34]. In addition, because of high absorption capacity for Zn2+, GO
is also able to become a storage place for Zn2+ released from ZnO nanoparticles and increases the
permeability of the cell membrane by contacting with negatively charged bacteria, which eventually
lead to the deformation of the cell membrane and leakage of intracellular substances [35,36]. In addition,
some researchers have proposed that ZnO, as a semiconductor, can generate electron–hole pairs and
ROS under the irradiation of UV, which also leads to protein peroxidation, lipid peroxidation and DNA
damage [36,37]. The unique two-dimensional sheet layer of GO will enhance the electron transfer rate
and reduce the electron–hole pair recombination, which also makes ZnO/GO nanocomposites exert
better antibacterial activities [38].
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3. Materials and Methods

3.1. Materials

Gelatin (type B, basic-processed, prepared by bones, with a molecular weight of 100,000, viscosity
value of 4.9 MPa·s−1) was obtained from Dongbao Bio-Tech Co., Ltd. (Baotou, China). 2,2,2-trifluoroethanol,
formaldehyde solution (37–40 wt%), zinc acetate dihydrate (Zn(CH3COO)2·2H2O), diethylene glycol
and ethanol absolute were purchased from Titan Scientific Co., Ltd. (Shanghai, China). GO powder
was purchased from Tanfeng Graphene Technology Co., Ltd. (Suzhou, China). Phosphate buffer
solution (PBS, powder, 0.01 M, pH = 7.2–7.4) was purchased from Solarbio Science & Technology Co.,
Ltd. (Beijing, China). Tryptone soy broth (TSB) was purchased from Aoboxing Biotechnology Co.,
Ltd. (Beijing, China). E. coli and S. aureus were supplied by the China General Microbiological Culture
Collection Center (Beijing, China). All reagents were of analytical grade and were utilized as received.

3.2. Preparation of ZnO/GO Nanocomposites

For the preparation of ZnO/GO nanocomposites, 658 mg (0.003 mol) of zinc acetate dihydrate
and GO powder (5 wt%, 10 wt% and 15 wt%, respectively) were put into a beaker containing
30 mL diethylene glycol with continued ultrasonic until dissolved completely. The mixture was then
transferred to a Teflon-lined stainless steel autoclave (50 mL) and heated to 140 ◦C for 5 h. After
reaction, the solutions were naturally cooled to room temperature. Finally, the product was obtained
after ultrasonic, washing, and drying at 100 ◦C for 5 h. Labeling the products as ZnO/GO-5 wt%,
ZnO/GO-10 wt% and ZnO/GO-15 wt% according to the different addition of GO.

3.3. Preparation of ZnO/GO-Gelatin

First, an amount of 30 mg GO was dispersed in 10 mL absolute ethanol by ultrasonic. Then gelatin
(10%, w/v) was added into 2,2,2-trifluoroethanol, and stirred until completely dissolved at 50 ◦C.
The two solutions were transferred to syringes (20 mL), the distance between the needle tip and the
drum collector wrapped in aluminum foil was adjusted to 15 cm, the applied voltage was 17 kV, the
drum collector rotation speed was 120 rpm, and the gelatin fibers and ZnO/GO nanocomposites were
spun with a flow rate of 5 and 2.5 mL·h−1. In addition, pure gelatin fiber, without adding any materials,
was prepared as a control. After electrospinning, fibers were put on the upper layer of the dryer with
1 mL formaldehyde in the lower layer for 12 h. Then, the fibers were taken out and ventilated in the
fume hood for 48 h to remove the residual formaldehyde solution.
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3.4. Characterization

The microstructure and elements distribution were characterized by FESEM (QUANTA FEG
250, FEI, Hillsboro, OR, USA) and EDX (QUANTA FEG 250, FEI, Hillsboro, OR, USA). ZnO diameter
distribution was determined using Nano Measurer 1.2 software by measuring the diameter of 50 random
ZnO nanoparticles. The functional groups in the nanoparticles and fibers were characterized by FTIR
(Excalibur 3100, Varian, Palo Alto, CA, USA), and the scanning range of the samples was 400–4000 cm−1.
The crystal structures of the samples were determined by XRD (D8 focus, Bruker, Karlsruhe, Germany).
The scanning rate was 0.1 s·step−1 and the scanning range was 5–70◦. The thermal stability of the
samples was analyzed by TGA (STA449C, NETZSCH, Selb, Germany) in a nitrogen atmosphere, and
the heating rate was 10 ◦C·min−1.

3.5. Stability of ZGF in PBS

In order to test the stability of the crosslinked fibers, GELF and ZGF were cut into small pieces of
2 × 3 cm2 and put into a bottle containing 15 mL PBS. Then, the bottles were put into a 37 ◦C oven and
recorded every 24 h. The experiment was performed in triplicate.

3.6. Antibacterial Assay

The antimicrobial activities of ZGF against E. coli and S. aureus were determined by the colony
count method. First, the sterile GELF and ZGF were cut into small pieces of 3 × 4 cm2, and then
they were irradiated for 1h under an ultraviolet lamp (UV, 365 nm, 40 W) after being put into tubes
containing 10 mL of sterile PBS. The bacteria PBS suspensions were added into the tubes containing
GELF and ZGF, respectively, and put into a shaker at 37 ◦C. The bacteria PBS suspensions were taken
out after 3 h. The bacterial solution was diluted by gradient and spread on tryptone soybean agar
(TSA) for 14 h at 37 ◦C. The number of colonies formed were counted. In addition, the blank bacterial
solution was used as the negative control, and the bacterial solution of ZnO (30 mg) particles were
used as the positive control. All the experiments were in triplicate.

3.7. Statistical Analysis

The data were expressed as mean ± standard deviation. Statistically significant differences in the
samples were assessed using IBM SPSS Statistics 20.0. (International Business Machines Corporation,
Armonk, NY, USA) p < 0.05 was considered to be statistically significant.

4. Conclusions

In summary, it is the first time that ZnO/GO nanocomposites were incorporated into gelatin fibers
by side-by-side electrospinning technique to serve as a wound dressing. The characterization showed
that the ZnO/GO nanocomposites were uniformly dispersed on the fibers with good morphology. After
crosslinking, the fibers have controllable degradation time and could be completely degraded within
7 days. The antibacterial assay indicated that the antibacterial rate of the composite fiber material
to E. coli and S. aureus was more than 90%. The experimental results suggest that the gelatin fibers
containing ZnO/GO with controllable degradation time and excellent antibacterial performance have a
promising prospect as wound dressing material.

Author Contributions: W.L., Y.X., Y.G. and H.L. Conceived and Designed the Experiments; H.L., G.Y.and Y.C.
Performed the Experiments and Analyzed the Data; Y.G. Contributed Reagents/Materials/Analysis Tools; H.L.,
Y.C. and W.L. Wrote the Paper. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the State Natural Sciences Fund, China (Project No. 21506236,
51372276), Research and Application of Gelatin Green Manufacturing 2.0 Technology by Enzymatic method
(KFJ-STS-ZDTP-016) and Hangzhou Research Institute of Technical Institute of Physics and Chemistry, CAS Fund
(Project No. 2016050201, 2016050202).

Conflicts of Interest: The authors declare no conflict of interest.



Molecules 2020, 25, 1043 10 of 11

References

1. Kong, X.; Fu, J.; Shao, K.; Wang, L.; Lan, X.; Shi, J. Biomimetic hydrogel for rapid and scar-free healing of
skin wounds inspired by the healing process of oral mucosa. Acta Biomater. 2019, 100, 255–269. [CrossRef]
[PubMed]

2. Liang, D.; Lu, Z.; Yang, H.; Gao, J.; Chen, R. Novel Asymmetric Wettable AgNPs/Chitosan Wound Dressing:
In Vitro and In Vivo Evaluation. ACS Appl. Mater. Interfaces 2016, 8, 3958–3968. [CrossRef] [PubMed]

3. Zhao, J.; Qu, Y.; Chen, H.; Xu, R.; Yu, Q.; Yang, P. Self-assembled proteinaceous wound dressings attenuate
secondary trauma and improve wound healing in vivo. J. Mater. Chem. B 2018, 6, 4645–4655. [CrossRef]

4. Farokhi, M.; Mottaghitalab, F.; Fatahi, Y.; Khademhosseini, A.; Kaplan, D.L. Overview of Silk Fibroin Use in
Wound Dressings. Trends Biotechnol. 2018, 36, 907–922. [CrossRef]

5. Memic, A.; Abudula, T.; Mohammed, H.; Joshi Navare, K.; Colombani, T. Latest Progress in Electrospun
Fibers for Wound Healing Applications. ACS Appl. Bio. Mater. 2019, 2, 952–969. [CrossRef]

6. Lin, Z.; Wu, T.; Wang, W.; Li, B.; Wang, M.; Chen, Li. Biofunctions of antimicrobial peptide-conjugated
alginate/hyaluronic acid/collagen wound dressings promote wound healing of a mixed-bacteria-infected
wound. Int. J. Biol. Macromol. 2019, 140, 330–342. [CrossRef]

7. Ou, Q.; Miao, Y.; Yang, F.; Lin, X.; Zhang, L.M.; Wang, Y. Zein/gelatin/nanohydroxyapatite nanofibrous
scaffolds are biocompatible and promote osteogenic differentiation of human periodontal ligament stem
cells. Biomater. Sci. 2019, 7, 1973–1983. [CrossRef]

8. Li, D.; Sun, H.; Jiang, L.; Zhang, K.; Liu, W.; Zhu, Y.; Fangteng, J.; Shi, C.; Zhao, L.; Sun, H.; et al. Enhanced
Biocompatibility of PLGA Fibers with Gelatin/Nano-Hydroxyapatite Bone Biomimetics Incorporation.
ACS Appl. Mater. Interfaces 2014, 6, 9402–9410. [CrossRef]

9. Sazo, R.; Maenaka, K.; Gu, W.; Wood, P.; Bunge, M. Fabrication of growth factor- and extracellular
matrix-loaded, gelatin-based scaffolds and their biocompatibility with Schwann cells and dorsal root ganglia.
Biomaterials 2012, 33, 8529–8539. [CrossRef]

10. Goh, E.S.; Mah, J.W.; Yoon, T.L. Effects of Hubbard term correction on the structural parameters and electronic
properties of wurtzite ZnO. Comp. Mater. Sci. 2017, 138, 111–116. [CrossRef]

11. Harun, K.; Salleh, N.A.; Deghfel, B.; Yaakob, M.K.; Mohamad, A.A. DFT + U calculations for electronic,
structural, and optical properties of ZnO wurtzite structure: A review. Results Phys. 2020, 16, 102829.
[CrossRef]

12. Wahid, F.; Duan, Y.-X.; Hu, X.-H.; Chu, L.-Q.; Jia, S.-R.; Cui, J.-D.; Zhong, C. A facile construction of bacterial
cellulose/ZnO nanocomposite films and their photocatalytic and antibacterial properties. Int. J. Biol. Macromol.
2019, 132, 692–700. [CrossRef] [PubMed]

13. Lakshmi Prasanna, V.; Vijayaraghavan, R. Insight into the Mechanism of Antibacterial Activity of ZnO: Surface
Defects Mediated Reactive Oxygen Species Even in the Dark. Langmuir 2015, 31, 9155–9162. [CrossRef]
[PubMed]

14. Brayner, R.; Si, A.D.; Yéprémian, C.; Djediat, C.; Fiévet, F. ZnO Nanoparticles: Synthesis, Characterization,
and Ecotoxicological Studies. Langmuir 2010, 26, 6522–6528. [CrossRef] [PubMed]

15. Sekar, V.; Vaseeharan, B. Antibiofilm, anticancer and ecotoxicity properties of collagen based ZnO
nanoparticles. Adv. Powder Technol. 2018, 29, 2331–2345.

16. Liu, Y.; Li, Y.; Deng, L.; Zou, L.; Feng, F.; Zhang, H. Hydrophobic Ethylcellulose/Gelatin Fibers Containing
Zinc Oxide Nanoparticles for Antimicrobial Packaging. J. Agric. Food. Chem. 2018, 66, 9498–9506. [CrossRef]

17. Rath, G.; Hussain, T.; Chauhan, G.; Garg, T.; Goyal, A.K. Development and characterization of cefazolin
loaded zinc oxide nanoparticles composite gelatin nanofiber mats for postoperative surgical wounds. Mater.
Sci. Eng. C 2016, 58, 242–253. [CrossRef]

18. Wan, C.; Frydrych, M.; Chen, B. Strong and bioactive gelatin–graphene oxide nanocomposites. Soft Matter
2011, 7, 6159–6166. [CrossRef]

19. Williams, G.; Seger, B.; Kamat, P.V. TiO2-Graphene Nanocomposites. UV-Assisted Photocatalytic Reduction
of Graphene Oxide. ACS Nano 2008, 2, 1487–1491. [CrossRef]

20. Raghupathi, K.R.; Koodali, R.T.; Manna, A.C. Size-Dependent Bacterial Growth Inhibition and Mechanism
of Antibacterial Activity of Zinc Oxide Nanoparticles. Langmuir 2011, 27, 4020–4028. [CrossRef]

21. Lian, P.; Zhu, X.; Liang, S.; Zhong, L.; Wang, H. Large reversible capacity of high quality graphene sheets as
an anode material for lithium-ion batteries. Electrochim. Acta 2010, 55, 3909–3914. [CrossRef]

http://dx.doi.org/10.1016/j.actbio.2019.10.011
http://www.ncbi.nlm.nih.gov/pubmed/31606531
http://dx.doi.org/10.1021/acsami.5b11160
http://www.ncbi.nlm.nih.gov/pubmed/26800283
http://dx.doi.org/10.1039/C8TB01100A
http://dx.doi.org/10.1016/j.tibtech.2018.04.004
http://dx.doi.org/10.1021/acsabm.8b00637
http://dx.doi.org/10.1016/j.ijbiomac.2019.08.087
http://dx.doi.org/10.1039/C8BM01653D
http://dx.doi.org/10.1021/am5017792
http://dx.doi.org/10.1016/j.biomaterials.2012.07.028
http://dx.doi.org/10.1016/j.commatsci.2017.06.032
http://dx.doi.org/10.1016/j.rinp.2019.102829
http://dx.doi.org/10.1016/j.ijbiomac.2019.03.240
http://www.ncbi.nlm.nih.gov/pubmed/30946911
http://dx.doi.org/10.1021/acs.langmuir.5b02266
http://www.ncbi.nlm.nih.gov/pubmed/26222950
http://dx.doi.org/10.1021/la100293s
http://www.ncbi.nlm.nih.gov/pubmed/20196582
http://dx.doi.org/10.1021/acs.jafc.8b03267
http://dx.doi.org/10.1016/j.msec.2015.08.050
http://dx.doi.org/10.1039/c1sm05321c
http://dx.doi.org/10.1021/nn800251f
http://dx.doi.org/10.1021/la104825u
http://dx.doi.org/10.1016/j.electacta.2010.02.025


Molecules 2020, 25, 1043 11 of 11

22. Wu, Z.; Wang, L. Graphene oxide (GO) doping hexagonal flower-like ZnO as potential enhancer of
photocatalytic ability. Mater. Lett. 2019, 234, 287–290. [CrossRef]

23. Paul, R.; Gayen, R.N.; Biswas, S.; Bhat, S.V.; Bhunia, R. Enhanced UV detection by transparent graphene
oxide/ZnO composite thin films. RSC Adv. 2016, 6, 61661–61672. [CrossRef]

24. Church, R.B.; Hu, K.; Magnacca, G.; Cerruti, M. Intercalated Species in Multilayer Graphene Oxide: Insights
Gained from In Situ FTIR Spectroscopy with Probe Molecule Delivery. J. Phys. Chem. C 2016, 120, 23207–23211.
[CrossRef]

25. Boukhoubza, I.; Khenfouch, M.; Achehboune, M.; Mothudi, B.M.; Zorkani, I.; Jorio, A. Graphene oxide/ZnO
nanoparticles/graphene oxide sandwich structure: The origins and mechanisms of photoluminescence.
J. Alloy. Compd. 2019, 797, 1320–1326. [CrossRef]

26. Li, Y.T.; Xu, J.M.; Tang, Z.J.; Xu, T.T.; Li, X.J. Nearly white light photoluminescence from ZnO/rGO
nanocomposite prepared by a one-step hydrothermal method. J. Alloy. Compd. 2017, 715, 122–128. [CrossRef]

27. Chen, Y.; Ma, Y.; Lu, W.; Guo, Y.; Zhu, Y.; Lu, H.; Song, Y. Environmentally Friendly Gelatin/β-Cyclodextrin
Composite Fiber Adsorbents for the Efficient Removal of Dyes from Wastewater. Molecules 2018, 23, 2473.
[CrossRef]

28. Kenawy, E.; Omer, A.M.; Tamer, T.M.; Elmeligy, M.A.; Mohy Eldin, M.S. Fabrication of biodegradable
gelatin/chitosan/cinnamaldehyde crosslinked membranes for antibacterial wound dressing applications.
Int. J. Biol. Macromol. 2019, 139, 440–448. [CrossRef]

29. Gupta, N.; Santhiya, D. In situ mineralization of bioactive glass in gelatin matrix. Mater. Lett. 2017, 188,
127–129. [CrossRef]

30. Lonkar, S.P.; Pillai, V.; Abdala, A. Solvent-free synthesis of ZnO-graphene nanocomposite with superior
photocatalytic activity. Appl. Surf. Sci. 2019, 465, 1107–1113. [CrossRef]

31. Chen, Y.; Lu, W.; Guo, Y.; Zhu, Y.; Song, Y. Electrospun Gelatin Fibers Surface Loaded ZnO Particles as a
Potential Biodegradable Antibacterial Wound Dressing. Nanomaterials 2019, 9, 525. [CrossRef] [PubMed]

32. Shankar, S.; Jaiswal, L.; Selvakannan, P.R.; Ham, K.S.; Rhim, J.W. Gelatin-based dissolvable antibacterial
films reinforced with metallic nanoparticles. RSC Adv. 2016, 6, 67340–67352. [CrossRef]

33. Banthia, S.; Hazra, C.; Sen, R.; Das, S.; Das, K. Electrodeposited functionally graded coating inhibits
Gram-positive and Gram-negative bacteria by a lipid peroxidation mediated membrane damage mechanism.
Mater. Sci. Eng. C 2019, 102, 623–633. [CrossRef] [PubMed]

34. Xie, Y.; He, Y.; Irwin, P.L.; Jin, T.; Shi, X. Antibacterial Activity and Mechanism of Action of Zinc Oxide
Nanoparticles against Campylobacter jejuni. Appl. Environ. Microbiol. 2011, 77, 2325–2331. [CrossRef]

35. Wang, Y.-W.; Cao, A.; Jiang, Y.; Zhang, X.; Liu, J.-H.; Liu, Y.; Wang, H. Superior Antibacterial Activity of Zinc
Oxide/Graphene Oxide Composites Originating from High Zinc Concentration Localized around Bacteria.
ACS Appl. Mater. Interfaces 2014, 6, 2791–2798. [CrossRef]

36. El-Shafai, N.; El-Khouly, M.; El-Kemary, M.; Ramadan, M.; Eldesoukey, I.; Masoud, M. Graphene oxide
decorated with zinc oxide nanoflower, silver and titanium dioxide nanoparticles: Fabrication, characterization,
DNA interaction, and antibacterial activity. RSC Adv. 2019, 9, 3704–3714. [CrossRef]

37. Liu, J.; Wang, Y.; Ma, J.; Peng, Y.; Wang, A. A review on bidirectional analogies between the photocatalysis
and antibacterial properties of ZnO. J. Alloy. Compd. 2019, 783, 898–918. [CrossRef]

38. Thangavel, S.; Krishnamoorthy, K.; Krishnaswamy, V.; Raju, N.; Kim, S.J.; Venugopal, G. Graphdiyne-ZnO
Nanohybrids as an Advanced Photocatalytic Material. J. Phys. Chem. C 2015, 119, 22057–22065. [CrossRef]

Sample Availability: Samples of the compounds ZnO/GO and ZGF are available from the authors.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.matlet.2018.09.128
http://dx.doi.org/10.1039/C6RA05039E
http://dx.doi.org/10.1021/acs.jpcc.6b05953
http://dx.doi.org/10.1016/j.jallcom.2019.04.266
http://dx.doi.org/10.1016/j.jallcom.2017.04.286
http://dx.doi.org/10.3390/molecules23102473
http://dx.doi.org/10.1016/j.ijbiomac.2019.07.191
http://dx.doi.org/10.1016/j.matlet.2016.11.045
http://dx.doi.org/10.1016/j.apsusc.2018.09.264
http://dx.doi.org/10.3390/nano9040525
http://www.ncbi.nlm.nih.gov/pubmed/30987113
http://dx.doi.org/10.1039/C6RA10620J
http://dx.doi.org/10.1016/j.msec.2019.04.087
http://www.ncbi.nlm.nih.gov/pubmed/31147034
http://dx.doi.org/10.1128/AEM.02149-10
http://dx.doi.org/10.1021/am4053317
http://dx.doi.org/10.1039/C8RA09788G
http://dx.doi.org/10.1016/j.jallcom.2018.12.330
http://dx.doi.org/10.1021/acs.jpcc.5b06138
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Characterization of ZnO/GO-Gelatin Fibers 
	Characterization of ZnO/GO Nanocomposites 
	Characterization of ZnO/GO-Gelatin Fibers 

	Antibacterial Assay 

	Materials and Methods 
	Materials 
	Preparation of ZnO/GO Nanocomposites 
	Preparation of ZnO/GO-Gelatin 
	Characterization 
	Stability of ZGF in PBS 
	Antibacterial Assay 
	Statistical Analysis 

	Conclusions 
	References

