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Wound infection is a common nosocomial infection that in�uences people all over the world and causes a high 
mortality  rate1. Wound infection is due to bacterial pathogens entered into the body through the skin gaps such 
as Pseudomonas aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae and Acinetobacter baumannii2. �e 
preparation of a clean and moist wound environment that can support the physiological wound healing process 
is a managerial strategy for wound  management3. Broad use of antibiotics results in drug resistance and the pro-
duction of superbugs bacteria and can cause side e�ects on the immune  system4. New topical antibacterial agents 
are required to inhibit the further spread and development of complications in �ghting bacterial  infections5. 
Medicinal plants have been used for accelerating infected wounds.

Nutmeg (Myristica fragrans) or MyR is a commercial source used as antithrombotic, antitumor, and anti-
in�ammatory5. It is a rich source of bioactive substances with antibacterial and antioxidant  activities6. It is 
known to have the wound healing  activities7,8. �ere are problems in dispersion of plant derivations and also 
drug delivery. It is essential to coating plant derivations with safe carriers with good water dispersibility such as 
 nanosheets9. In addition, a combination of nanosheets and extracts can have better antimicrobial  properties10.

�e inorganic particles such as ZnO have antibacterial activities, antidiabetic and anticancer  activities11. ZnO 
are economic and safe with optical and excellent thermal and chemical  stability12. It is a candidate for the wound 
healing process due to its biological properties. In addition, a progressive opted strategy is producing hybrid 
nanostructures of ZnO via its coupling with other fascinating semiconducting materials. �is work results in 
the preparation of structures with maximum biological and mechanical  properties13. Graphitic carbon nitride 
(g-C3N4) is a metal-free photocatalyst that has attracted many attentions for the production of heterojunctions 
in the entire scienti�c society due to properties such as chemical and thermal stability, faster charge transport, 
and ability absorbing  light14. It can be utilized as a photothermal agent for photothermal  therapy15.  Zn2+ doping 
could increase the photocatalytic activity of g-C3N4, and promote epithelial formation in the wound healing 
 process4. Another agent which can be used for tissue engineering is carboxymethyl cellulose (CMC). �e dress-
ings based on natural polymers have been used for biomedical  applications16. It has stability and biocompatibility 
 properties17. It may have synergistic e�ects with g-C3N4 and  Zn2+ for mechanical and biological properties in 
the treatment of wound.

It was hypothesized that CMC/ZnO/g-C3N4 can coat MyR and accelerate the wound healing process in 
the presence of visible light and have synergistic e�ects for the treatment of infected wounds. �is study evalu-
ates the e�ects of CMC/ZnO/g-C3N4/MyR on the treatment of infected wounds by assessing physicochemical 
properties, antibacterial activity and the expressions of tumor necrosis factor-α (TNF-α), angiogenesis (CD31) 
and collagen type 1A (COL1A).

g-C3N4 and metal oxides such as ZnO are the active semiconductors under visible light with a wide forbidden 
strip and can only be activated by ultraviolet light. When these particles absorb photons with higher energy 
than their banned strips, couples of electrons and cavities are created in the conduction bar and their capacity 
strips, respectively (Eq. 1).

High-e�ciency separation in this couple will allow oxidation and reduction reactions on the particle surface. 
In these reactions, molecular oxygen commonly works as an electron acceptor and is converted into superoxide 
anion  (O2

−⋅ which is a strong oxidation agent, in fact  e− in CB (conduction bar) helps to produce superoxide 
radicals from oxygen molecules (Eq. 2).

On the other hand, the cavity with surface hydroxyl group  (OH−) with a water molecule (water in the hydrogel 
or wound bed) absorbed on the surface of the reaction produces a hydroxyl radical (OH°), which is a strong 
reducing agent. H + in VB (capacity bar) plays a key role in the production of hydroxyl radicals from H2O mol-
ecules or hydroxyl  ions18,19 (Eq. 3)

Reactive oxygen species (ROS;  HO⋅,  O2
−⋅) are a key component in photocatalytic process. On the other hand, 

the rapid recombination of the produced electron-cavitational, their photocatalytic activity has been accompanied 
by limitations. To improve the performance of such potential semiconductors, useful solutions have been taken 
to pair the two semiconductors together and place them on a suitable  substrate20,21.

�e chemical composition of the extract was analyzed with the help of GC–MS technique. �is technique (Fig. 1) 
identi�ed and quanti�ed 16 di�erent compounds, representing 93% of the total extract (Table 1). Myristicin 
(32.17%), Myristic acid (25.81%), Terpinen-4-ol (11.99)%, and isooctyl phthalate (4.91%) were found as the main 
compounds that are in agreement with previous  studies22,23. Other important compounds include 4-Terpinenyl 
acetate (3.81%), γ-Terpinene (1.84%), Isoeugenol (1.05%), Oleic acid (2.88%), Nomifensine (2.06%) and Car-
vacrol (2.25%). Di�erences in the chemical composition of nutmeg are due to di�erences in culture condition 
and solvent used for  extraction24.
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To demonstrate the feasibility of this project, g-C3N4 was synthesized from melamine powder according to 
Fig. 2A and based on previous  reports25. To obtain more g-C3N4 nanosheets, sonication was performed in water 
and the obtained g-C3N4 had several single layers based on the characteristics of electron-scanning microscopy 
(Fig. 2B). �e g-C3N4 electron microscopy images show free standing nanosheets with a thickness size of 51 nm. 
Also, the distribution of C and N elements can be seen in dot mapping next to SEM. �e g-C3N4 nanosheets 
were easily dispersible in water due to the presence of –NH2 and –NH groups which were con�rmed by Fourier 
transform infrared spectroscopy (FTIR), it is shown in Fig. 6. Such groups –NH2 and -NH can act as an e�ective 
Lewis base for charging metal ions via chelate and have a higher binding a�nity to ZnO (Fig. 3) and thus provide 
potential growth of nanoparticles at g-C3N4  level26. Accordingly, g-C3N4@ZnO a can be synthesized by a facile 
and simple reduction method in place at room temperature. SEM images (Fig. 3A,B) and histograms of the cor-
responding size distribution (Fig. 3C) showed that a medium density of dispersed ZnONP with an average size 
of 23 nm was precipitated on g-C3N4 surface and no accumulated ZnONP were observed. In addition, ZnONP 
modi�cation on g-C3N4 surface was con�rmed by energy dispersed X-ray spectroscopy (EDS) (Fig. 3D). Based 
on the EDS results obtained from ZnO/g-C3N4 sample, 23.23% carbon, 6.28% nitrogen, 51.26% Zn and 19.23% 
oxygen were found. Dot mapping results (Fig. 3E) showed a uniform dispersion of elements on the surface of 
nanosheets. ZnO/g-C3N4 is located on CMC substrate, and SEM images (Fig. 4A) and dot mapping (Fig. 4B) 
are shown that the proper and uniform distribution of elements (C, N, O, and Zn) in CMC substrate is visible. 

Figure 1.  Chromatogram of Myristica fragrans (Nutmeg or MyR) extract.

Table 1.  GC/MS analysis of MyR extract.

No Components Retention time (min) Amount (%)

1 4-Terpinenyl acetate 5.44 3.817

2 γ-Terpinene 6.03 1.846

3 Terpinen-4-ol 7.79 11.997

4 Isoeugenol 11.45 1.058

5 Myristicin 12.403 32.179

6 Elemicin 12.69 0.543

7 4-Allyl-2,6-dimethoxyphenol 13.29 1.185

8 Myristic acid 15.19 25.817

9 Oleic acid 18.68 2.889

10 Isooctyl phthalate 21.16 4.918

11 Benzeneacetaldehyde, 2,5 dimethoxy-α-methyl 21.81 0.485

12 Nomifensine 22.60 2.066

13 Carvacrol 23.96 2.259

14 Safrole 24.16 0.679

15 1,8-Cineole 25.05 0.660

16 Caryophyllene oxide 25.70 0.602

Total – 93.003
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Figure 2.  (A) Synthesis phases, (B) FESEM and dot mapping nanocrystals of g-C3N4.

Figure 3.  ZnO/g-C3N4 sample, FESEM (A) in di�erent magni�cations, (B) particle size and EDX, (C) PSD, 
(D) Dot mapping.
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XRD patterns were used to identify the crystalline structure of the materials (Fig. 5). �e index peak for g-C3N4 
sample at 13.49 °C is related to tri-s-triazine units and intra-plate structural accumulation and is dedicated to the 
plate (100). �e peak of the index is 27.58 °C to the plate (002) and shows that the conjugated aromatic groups 
of g-C3N4 layers have appeared with the JCPDS No reference card (87–1526)27. For example, ZnO index peaks 
were 32.08°, 34.5°, 36.31°, 47.78°, 56.80°, 63.07° and 68.31° which correspond to crystalline plates Hexagonal 
structure (100), (002), (101), (102), (110), (103) and (112) and were in accordance with reference card (JCPDS 
No. 36-1451)28. For the broad peak polymer matrix in the range of 20.4, the amorphous state of CMC is well 
represented. In ZnO/g-C3N4 and CMC/ZnO/g-C3N4 peaks of crystalline index were visible in ZnO and g-C3N4 
that con�rmed the synthesis of the �nal product (Eq. 4).

Figure 4.  CMC/ZnO/g-C3N4 sample, FESEM (A) in di�erent magni�cations, (B) Dot mapping.

Figure 5.  XRD patterns of g-C3N4, CMC, ZnO, CMC/ZnO/g-C3N4.



6

Vol:.(1234567890)

 |        (2023) 13:18704  | https://doi.org/10.1038/s41598-023-45921-7

www.nature.com/scientificreports/

In this equation, d is the average particle size (nm), k = 0.89, 0.154060 = λ nm for Cu Ka and β full width is 
half the peak maximum. Using the Debye-Scherr equation, the mean crystal size of ZnO/g-C3N4 nanoparticles 
and CMC/ZnO/g-C3N4 were 26.14 and 77.43 nm, respectively, which was consistent with other analyses such 
as SEM, DLS and PSD. �e FTIR spectrum of g-C3N4, CMC, ZnO and CMC/ZnO/g-C3N4 sheets is shown in 
Fig. 6. �e pure FTIR spectrum of g-C3N4 has a wide absorption band from 3000 to 3400, which shows tensile 
states (NH-) and (NH2-). Peaks at 1177  cm−1, 1428  cm−1, 1545  cm−1 and 1654  cm−1 are related to bonds (C-N) 
and (C=N). In addition, the peak shown in 810  cm−1 is related to the ES-triazine ring  units29. In the CMC peak 
spectrum appeared at 3600–13,400  cm−1 is associated with the stretch vibrations of aromatic ring hydroxyl 
groups and the peaks that appeared in 1360  cm−1 are related to the asymmetric tensile vibrations of methyl (–CH) 
carboxymethyl cellulose groups. �e asymmetric tensile vibration of the COO group closed to 1637  cm−1 and 
vibration at 1093  cm−1 was assigned to C–O tensile vibration. Zn–O extended band was seen in the range of 
560–430  cm−130. It can be seen that all peaks in the �rst three spectrums are visible in the fourth peak, indicating 
the successful synthesis of the CMC/ZnO/g-C3N4 composite.

�e chemical composition and oxidation state of the elements were determined by XPS. As shown in Fig. 7, 
the wide range of XPS, CMC/ZnO/g-C3N4 shows that the index peaks are related to C, N, O and Zn. As the XPS 
C1s spectrum shows in Fig. 7. Four peaks are observed at 284.52 eV, 285.34 eV, 286.55 eV and 287.63 eV, which 
are attributed to C–C/C=C, C–N/C–O, C=N/C=O and O=C–O. Spectrum N 1 s was converted to four peaks 
at 399.33, 400.66, 401.33 and 401.87 eV, which is dedicated to Pyridine-N, pyloric-N, graphitic-N and N-Ox31. 
Typical Zn 2p peaks at 1021.6 eV and 1044.7 eV are attributed to Zn 2p1 and Zn 2p3 respectively, which are in 
agreement with the normal Zn binding energy in ZnO. In addition, the O 1 s spectrum is characterized by two 
speci�c peaks, 229.9 eV and 351.6 eV are related to Zn–O and N–C–O, respectively. XPS results showed that 
nanosheet was successfully constructed without any impurities.

Particle size and zeta potential values for g-C3N4, ZnO/g-C3N4 and CMC/ZnO/g-C3N4 nano sheets are 
shown in Fig. 8 diagram (Fig. S1). Zeta potential plays an important role in the physical stability of  particles17. 
Higher values of zeta potential (positive and negative) indicate its stability for nanoparticles. Zeta potential for 
g-C3N4 is negative (− 2.3 mV), and adding ZnO results in value positive (+ 29.1 mV). Decorating the surface 
of the CMC/ZnO/g-C3N4 nano sheets changed the zeta potential from positive to negative (− 23.4 mV) that is 
in agreement with previous  studies32,33.

Figure 9A shows the in vitro release of free MyR and CMC/ZnO/g-C3N/MyR over 48 h. Considering that 
during the wound healing process, the pH of the wound area changes dynamically from pH 4 to pH 8, for growth 
factor secretion and  activation34,35. �e underlying wound tissue shows a neutral pH of 7.4. As a result, the release 
pro�le of CMC/ZnO/g-C3N4 containing MyR at pH 7.4 was investigated. In vitro release was signi�cantly higher 
in free MyR compared to CMC/ZnO/g-C3N/MyR. During the �rst 4 h, 63.17% of MyR was released from MyR 

(4)d =

k�

β cos θ

Figure 6.  FTIR spectra for g-C3N4, CMC, ZnO and CMC/ZnO/g-C3N4.
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solution in the bu�ering environment while CMC/ZnO/g-C3N4/MyR about 23.63% is released in the �rst 4 h. 
Over time up to 8 h, the released values were 91.92%, 60.37% of dialysis bags for free MyR, CMC/ZnO/g-C3N4/
MyR respectively. �e possible reason is the complex polymer matrix network containing CMC/ZnO/g-C3N4, 
which releases it slowly. Since this matrix is also considerably resistant to degradation, the emission of the extract 
from the polymer matrix takes a longer time. With the slow release, probably due to the decrease in MyR con-
centration in healthy tissues and reduction of the toxicity of the extract, the coated form of nutmeg can have 
equal e�ects on the free drug in the treatment of infections and wounds, and polymeric coating can be used to 
control the release of the extract.

Figure 9B illustrates the results for the cytotoxicity of nanosheets. �e results showed that nanosheets had lower 
toxicity. �e highest toxicity was observed in the highest concentration (85.00%) for all the nanosheets. �e dif-
ferent concentrations did not show signi�cant di�erences. �e �ndings are in accordance with literature for the 

Figure 7.  XPS spectra of CMC/ZnO/g-C3N4.

Figure 8.  DLS and zeta potential of g-C3N4, ZnO/g-C3N4 and CMC/ZnO/g-C3N4.
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safety of  CMC36,  ZnO37, g-C3N438 and  MyR39. A combination of materials could not have signi�cant cytotoxicity. 
Toxicity was mostly associated with higher concentrations but not combinations of materials.

Table 2 shows in vitro antibacterial of the nanosheets in MIC and MBC tests. �e results compared the e�ects 
of nanosheets compared with commercial agents. �e results showed lowest antibacterial activities in MIC and 
MBC tests were observed in CMC/ZnO nanosheets. �e addition of g-C3N4 could increase antibacterial activity 
for both bacteria. �e addition of MyR could improve antibacterial activity compared with CMC/ZnO/g-C3N4. 
�e results did not show signi�cant di�erences between commercial antibiotics with CMC/ZnO/g-C3N4/MyR 
nanosheet and commercial antibiotics in MIC test. However, CMC/ZnO/g-C3N4/MyR nanosheet exhibited 

Figure 9.  (A) Release pro�le of MyR and CMC/ZnO/g-C3N4/MyR; (B) cytotoxicity of nanosheets; (C) gross 
wound image; (D) wound contraction percentage, and (E) total tissue bacterial count in experimental groups on 
di�erent days. Data are expressed as mean ± standard deviation (n = 6). Di�erent letters (a-d) show signi�cant 
di�erences (P < 0.05) between groups.
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higher antibacterial activity compared with commercial antibiotics. �e results are in accordance with previous 
studies for the antibacterial activity of CMC and  ZnO40,41. Antibacterial activities of CMC/ZnO could be attrib-
uted to their interactions with reactive oxygen species and also the interaction of zinc oxide with bacterial cells 
wall and intra-cellular content of the cell such as protein, lipid, and carbohydrates which result in disruption of 
nucleic acids and bacteria  death42. �e addition of g-C3N4 increased antibacterial activity in nanosheets. �e 
results are in agreement with other studies on the antibacterial activities of g-C3N4/ZnO4. �e mechanism of 
g-C3N4/ZnO is attributed to their e�ects on disrupting membranes and increasing protein leakage, induction 
of bacterial apoptosis, and decreasing ATP  levels4. �e addition of MyR increased antibacterial activities. Major 
compounds of MyR were including 4-Terpinenyl acetate, γ–Terpinene, isoeugenol, oleic acid, nomifensine and 
carvacrol which disrupt bacterial  membranes43. �e results show synergistic e�ects between compounds for 
antibacterial activities. �e CMC/ZnO/g-C3N4/MyR nanosheet could compete with commercial ointments.

Figure 9C,D shows wound healing activity of nanosheets on di�erent days. �e results did not show signi�cant 
di�erences between groups on day 3 (P = 0.914). �e highest wound healing activity were observed in the mice 
treated with formulations prepared from CMC/ZnO/g-C3N4/MyR on days 7 (P = 0.001) and 12 (P = 0.001) 
compared with other groups. �e values for wound contraction were 37.16 ± 0.90%, 51.60 ± 1.30%, 41.28 ± 1.60%, 
47.33 ± 1.80% and 60.50 ± 1.90% in control, Mup, CMC/ZnO, CMC/ZnO/g-C3N4 and CMC/ZnO/g-C3N4/
MyR, respectively on day 7. �e values for wound contraction were 84.21 ± 2.50%, 97.75 ± 2.10%, 91.62 ± 2.30%, 
99.25 ± 0.85% and 99.56 ± 0.2% in control, Mup, CMC/ZnO, CMC/ZnO/g-C3N4 and CMC/ZnO/g-C3N4/MyR, 
respectively on day 12. �ere were no signi�cant di�erences between those treated with CMC/ZnO/g-C3N4 and 
mupirocin on days 7 and 12 (P > 0.05); however, these exhibited lower wound contraction compared with those 
treated with CMC/ZnO/g-C3N4/MyR. Wound contraction was lower in those treated with CMC/ZnO compared 
with those treated with nanosheets (P < 0.05). �e lowest wound contraction was observed in control mice on 
days 7 and 12. �e results are in agreement with other studies for wound healing activities of  CMC44,  ZnO45, 
g-C3N44 and  MyR8. �e results show synergistic e�ects between compounds for the wound healing process. �e 
wound healing process of nanosheets could be attributed to their e�ects on bacteria and also the expression of 
genes. �e nanosheets shorten the in�ammatory phase and promote the wound healing process, as will be seen.

Figure 9E illustrates the photocatalytic e�ects of nanosheets on total bacterial count on di�erent days. �e 
highest total bacterial count was observed in the control mice compared with other mice (P = 0.001). �e mice 
treated with CMC/ZnO showed lower total bacterial count compared with those in control group in all the days 
(P = 0.001) but the same mice showed higher total bacterial count compared with those treated with mupirocin 
and other nanosheets on all the days. �e addition of g-C3N4 and MyR could decrease total bacterial count and 
the lowest total bacterial count was seen in the mice treated with CMC/ZnO/g-C3N4/MyR on day 3 and 7. �e 
values for total bacterial count were 7.15 ± 0.10 CFU/g, 5.38 ± 0.14 CFU/g, 6.50 ± 0.12 CFU/g, 5.55 ± 0.17 CFU/g 
and 5.46 ± 0.15 CFU/g in control, Mup, CMC/ZnO, CMC/ZnO/g-C3N4 and CMC/ZnO/g-C3N4/MyR, respec-
tively on day 3. �e values were 4.58 ± 0.16 CFU/g, 1.65 ± 0.13 CFU/g, 2.45 ± 0.14 CFU/g, 1.70 ± 0.11 CFU/g 
and 1.21 ± 0.10 CFU/g in control, Mup, CMC/ZnO, CMC/ZnO/g-C3N4 and CMC/ZnO/g-C3N4/MyR, respec-
tively on day 7. �e values were 1.30 ± 0.08 CFU/g, 0.1 ± 0.02 CFU/g, 0.6 ± 0.04 CFU/g, 0.12 ± 0.03 CFU/g and 
0.11 ± 0.04 CFU/g in control, Mup, CMC/ZnO, CMC/ZnO/g-C3N4 and CMC/ZnO/g-C3N4/MyR, respectively 
on day 12. It shows that CMC/ZnO/g-C3N4/MyR exhibits their e�ects on bacteria on �rst days. �e mechanism 
of action of nanosheets was previously discussed under in vitro section. �ere is a good agreement between 
antibacterial results in both sections.

Table 2.  In vitro antibacterial of the nanosheets in MIC and MBC tests (µg/mL).

Agents

MIC

Pseudomonas aeruginosa Staphylococcus aureus

CMC/ZnO 1.25 0.625

CMC/ZnO/g-C3N4 0.625 0.312

CMC/ZnO/g-C3N4/MyR 0.312 0.156

Meropenem 0.312 –

Mupirocin – 0.156

P-value 0.01 0.01

Agents

MBC

Pseudomonas aeruginosa Staphylococcus aureus

CMC/ZnO 2.50 1.25

CMC/ZnO/g-C3N4 1.25 0.625

CMC/ZnO/g-C3N4/MyR 0.625 0.312

Meropenem 1.25 –

Mupirocin – 0.625

P-value 0.01 0. 01
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�e results for the e�ects of nanosheets on histopathological parameters are illustrated in Fig. 10. �e results 
showed that edema was signi�cantly higher in the control mice compared with other mice on days 3–12. �e 
addition of g-C3N4 and MyR could decrease edema and the lowest total bacterial count was seen in the mice 
treated with CMC/ZnO/g-C3N4/MyR on all the days. �e lowest �broblast, and re-epithelization were observed 
in the control mice. �e treatment of mice with commercial ointment and formulations prepared from CMC/
ZnO/g-C3N4/MyR and CMC/ZnO/g-C3N4 increased �broblast, and re-epithelization. �e mechanism of action 
of nanosheets on pathological parameters could be attributed to their photocatalytic e�ects on the expression of 
genes, as discussed. Seemingly, nanosheets shi� the wound healing process from the in�ammatory phase toward 
proliferative phase and expedite the wound healing process.

�e results for the e�ects of synthetized nanosheets on TNF-α, CD31 and COL1A protein expression with immu-
no�uorescence staining technique are shown in Figs. 11 and 12. �e results showed that protein expression of 
CD31 and COL1A markers were signi�cantly (P < 0.05) higher in the mice treated with CMC/ZnO/g-C3N4/MyR 
nanosheet formulation. �e mice in control group showed lower the protein expression for CD31 and COL1A 
markers compared with other groups. �e mice treated with mupirocin and CMC/ZnO/g-C3N4 had higher for 
collagen and CD31 compared with those treated with CMC/ZnO. �e mice treated with CMC/ZnO/g-C3N4 
and CMC/ZnO/g-C3N4/MyR showed signi�cantly (P < 0.05) lower expression of protein for TNF-α compared 
with other groups. �ere were no signi�cant di�erences between control mice and CMC/ZnO for the expression 
of TNF-α. Collagen plays a major role in contracting the wound healing process. �e increase in the expression 
of collagen is due to the e�ects of nanosheets on the �broblast proliferation. Previous studies indicated on M2 
macrophages increase the �broblasts migration and production of collagen 1 and  346 which results in wound 

Figure 10.  (A) �e hematoxylin and eosin staining (a) of wounded samples of experimental groups. Note: Stars 
show edema intensity, arrows on day 7 show �broblast cells and on day 12 epithelial thickness. An interesting 
point is that in the CMC/ZnO/g-C3N4/MyR group, the stratum corneum layer, unlike the other groups, has 
been formed; (C,D) the determined edema, �broblast and epithelium thickness were scored as 0: absence;1: 
small amount; 2: low; 3: high and 4: severe at days of 3, 7, and 12. Non-similar letters on �gures (a–d) show 
signi�cant di�erences (P < 0.05) between groups.
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closure and accelerating wound healing process. In other hand, TNF-α is associated with M1 macrophage and 
delays wound healing  processes47. �e decrease in the expression of TNF-α and the increase in the expression of 
collagen promote the wound healing process by the treatment with nanosheets. �e results show that nanosheets 
promote the wound healing process by contracting wound and decreasing the in�ammation. In addition, CD31 
marker participates in production of vessels (angiogenesis) and helps to supply nutrients for the wound healing 
 process48. In sum, di�erent compounds have synergism interaction e�ects for decreasing the in�ammation and 
accelerating the wound healing process via angiogenesis and mature collagen synthesis.

In this study, CMC/ZnO/g-C3N4/MyR quaternary biocomposites were successfully synthesized and physico-
chemical properties con�rmed their properties. �e results con�rmed their safety and antibacterial activities 
under in vitro and in vivo conditions. �is study showed that CMC/ZnO/g-C3N4/MyR nanosheets with pho-
tocatalytic performance could signi�cantly expedite the infected wound healing process by decreasing total 
bacterial count, edema and the expression of TNF-α and also increasing angiogenesis, mature collagen synthesis 
and epithelization. CMC/ZnO/g-C3N4/MyR nanosheets can compete with standard ointment of mupirocin. It 
can be used in combination with other ointments for the treatment of clinical wounds following future studies. 
Novelty is a strength point for this study and murine study is a major limitation that cannot be used for clinical 
uses in humans.

Melamine (C3H4N6, 99%), methanol (ACS grade, 99%), and phosphate citrate bu�er were prepared from Sigma 
Aldrich Company (Chemie, Steinheim, Germany). Zinc acetate dihydrate with 99.9% purity, sodium hydroxide, 
hydrochloric acid 37% and absolute ethanol were also prepared from Merck Company (Darmstadt, Germany). 
All reagents are analytical reagent grade. All solutions were prepared with distilled water.

�e amount of 40 g of nutmeg seeds purchased from Tabriz market (Iran). To avoid the e�ects of climate on the 
results, seeds collected form �eld a region were used. �e seeds were mixed with 200 mL of solvent (water and 
acetone 1–50) and soaked at 20 °C for 24 h and stirred every two hours. A�er the extraction, the extract was 
�ltered using �lter paper and the �ltered liquid obtained from acetone solvent was concentrated with the help 
of rotary evaporator at 40 °C until the complete removal of the extracted solvent and then dried. All methods on 
plants or plant materials were carried out in accordance with relevant guidelines in the method section.

Figure 11.  (A) Immuno�uorescence staining for expression of TNF-α (green area) and CD31 (red area); and 
(a,b) quantitative statistics based on TNF-α and CD31 staining on day 7 at wound sites, respectively. Non-
similar letters on �gures (a–d) show signi�cant di�erences (P < 0.05) between groups.
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Mass chromatography (GC/MS) (Agilent 6890 model) coupled with a mass spectrometer (MS 5975) (Agilent 
technologies,Avondale, PA) functioning in the EI mode, equipped with a HP-5 capillary column (30 m × 0.27 mm 
i.d., 0.25 μm �lm thickness) and a �ame ionization detector, were used to identify the compounds in MyR. 
Nitrogen gas was used as a carrier gas with a �ow rate of 1 mL/min. �e column temperature was programmed 
from 60 to 280 °C at an increasing rate of 10 °C/minute and kept at the initial and �nal temperatures for 2 min. 
Ionization method of EI with voltage ionization of 70 eV and ionization temperature of 240 °C was used. �e 
extract was dissolved in methanol (1:100 ratio). �e diluted sample of 1μL was injected into the GC column 
through a split injector (1:20 for 1 min) with a constant temperature of 250 °C. Compounds were identi�ed by 
comparison of each mass spectra with those of pure reference compounds and con�rmed using the National 
Institute of Standards and Technology (NIST) mass spectra library provided by the Chemstation so�ware (ver-
sion E.02.00.493)23.

To prepare g-C3N4, 10 g of melamine was added to a ceramic dish and heated at 550 °C (heating speed of 5 °C/
min) for four hours in an electric furnace (Azar Kiln Company, Made in Iran), a�er �nishing the desired time. It 
was cooled at room temperature and the pale yellow powder was  obtained18. Zinc acetate solution was prepared 
in deionized water, then it was sonicated pulse on 4 s–o� 5 s for 15 min. NaOH solution was added to it under 
magnetic stirring at a rate of 10 ml/min and the sediments obtained were �ltered, washed and dried at 100 °C for 
5 h and �nally  powdered49. To synthesize the binary composite of ZnO/g-C3N4, 1 g of g-C3N4 powder was dis-
persed in 20 mL of methanol–water with a volume ratio of 1:1 for 30 min in the ultrasonic bath (Elma D-38687) 
and then 0.15 g of ZnO powder was added it and subjected to ultrasonic waves for 30 min. �e suspension was 

Figure 12.  (A) Immuno�uorescence staining for expression of COL1A (red area); and (a) quantitative statistics 
based on COL1A staining on day 12 at wound sites, respectively. Non-similar letters on �gures (a–d) show 
signi�cant di�erences (P < 0.05) between groups.
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stirred on the magnetic stirrer at room temperature for 12 h. �e sediments were dried at 60–70 °C and then 
calcined at 300 °C in the electric furnace a�er collection by  centrifuge50.

0.8 g of CMC was dissolved in 50 mL of distilled water at 60 °C. �e amount of water was stabilized in a volume of 
50 ml until a completely viscous and transparent solution was obtained. �e soluble temperature slowly reached 
room temperature. One gram of the synthesized ZnO/g-C3N4 binary composite synthesized in the previous step 
was added to the CMC solution and was thoroughly mixed until the gel was obtained. A rest period of 24 h was 
considered for the above solution to all nanoparticles were entered into the polymer matrix. For the preparation 
of CMC/ZnO gel (without g-C3N4), pure zinc oxide (0.15 g) was added to the same CMC volume. To prepare 
CMC/ZnO/g-C3N4/MyR, the extract was inserted directly into CMC at a temperature of 35 °C and a 5% w/w 
ratio. ZnO/g-C3N4 was added a�er cooling.

�e properties of synthesized CMC/ZnO/g-C3N4 nanosheets were evaluated. Particle size was measured with 
the help of dynamic light distribution (DLS) using Malvern instrument UK. Measurements of nanoparticles at 
25 °C and laser light exposure with wavelength of 657 nm were performed at room temperature and samples 
were prepared at a concentration of 0.1 mg/mL and measured 3 times and each time for 30 s. To ensure ZnO 
doped on the hybrid, XRD of g-C3N4 was recorded at room temperature using X’ Pert Pro Panalytical di�rac-
tion, with Cu kα radiation (λ = 1.5418 Å) and working voltage of 40 kV and 40 mA. To determine the bonds 
produced from the FT-IR spectrum (Spectrum Two model of PerkinElmer Company) was used to determine the 
shape and structure of the nano-hybrids of FE-SEM analysis (FESEM device of ZEISS Company of Germany- 
Sigma VP model Equipped with EDS detectors, Mapping, Oxford Instruments UK company). To determine 
the chemical composition of X-ray photoelectron spectroscopy (XPS) (ESCALAB-MKII spectrometer; VG Co., 
United Kingdom (equipped with X-ray al-Kα with eV 1486.6 energy and analysis of the results was used using 
SPD4.1 so�ware considering carbon peak ((1 s) C) in eV284.2 bond energy. To determine the percentage of 
MyR concentration at any moment, its adsorption characteristics were used. For this purpose, appropriate con-
centrations of MyR were prepared in lukewarm water (0.25–0.01 mg/mL) and the sample absorption rate was 
obtained at 326 nm (maximum absorption based on the data obtained from the scan by spectrophotometer, 
model Ultrospec 2000, made in Scinteck, England). �en the calibration curve was plotted and its equation was 
determined (Y = 0.196x + 0.0635, R2 = 0.99).

�e release of MyR from the CMC/ZnO/g-C3N4/MyR was assessed in phosphate bu�er saline (pH 7.4) using 
the dialysis bag (sigma D0530 12000 k) di�usion technique, in a thermostatically controlled water bath shaker 
(Memmert, GmbH; Buchenbach, Germany). An amount equivalent to 10 mg of free MyR and CMC/ZnO/g-
C3N4/MyR were poured into a dialysis bag, and ends of the bag were closed, and it was immersed in a beaker 
containing 100 ml of release medium. �e experiments were carried out at a temperature of 37 ± 1.0 °C for 48 h. 
�e samples of 3 mL from the release medium were collected samples in time intervals and the absorbance was 
measured using the UV–visible spectrophotometer at 326 nm. Each withdrawn sample was replaced by an equal 
volume of the fresh release medium.

In vitro antibacterial activities of the nanosheets against pseudomonas aeruginosa (P. aeruginosa—ATCC 27853) 
and Staphylococcus aureus (S. aureus—ATCC 25923) were assessed using minimum inhibitory concentration 
(MIC) and minimum bactericidal concentration (MBC) as reported by  others51. In summary, serial dilutions 
of nanosheets were prepared and placed in wells containing bacterial suspension (5 ×  105 CFU/mL). �e lowest 
concentrations of nanosheets that prevent growth and kill bacteria were considered MIC and MBC, respectively.

Cytotoxicity evaluations were conducted with the help of NIH-3T3 �broblast cells  (104 cells/well) based on previ-
ous  studies52,53. In summary, the cells were seeded in plates  (104 cells/well) containing di�erent concentrations 
of nanosheets and incubated for 24 h. Viability was assessed with the help of optical density at 492 nm.

Experimental animals
�e healthy BALB/c male mice (n = 90) aged 10–11 weeks with a weight of 29 ± 2 g were prepared. �e animals 
had unlimited access to water and food. �ey were kept under lab conditions prior to the start of study as the 
conditioning period. �e mice were kept under a lighting diet of 12 h. �is study lasted for 12 days in accordance 
with the Iranian ethical guidelines for the use of animals. All the used protocols, such as study design, sample 
size, randomization, outcome measures, data analysis, experimental procedures, and report of results, were in 
agreement with the ARRIVE guidelines. �e protocols were approved by the Committee on the Ethics of Animal 
Experiments of Veterinary Faculty and the Islamic Azad University Council on Animal Care, Tehran, Iran (IR.
IAU. 1114/IAUUB.1401.09), and were in compliance with the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH publication no.85-23, revised 1996). We declare that all 
methods were performed in accordance with the relevant guidelines and regulations.
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Induction of wound model
To induce general anesthesia, Ketamine (80 mg/kg/IP) and Xylazine (15 mg/kg/IP) cocktail were used. A circular 
full-thickness wound was created with a diameter of 7 mm on the interscapular region of  mice52,53. Following 
the induction of wound, an aliquot of 25 ×  107 S. aureus and P. aeruginosa was suspended in 50-μL phosphate-
bu�ered saline (PBS) and applied on the wound region of each mouse with the help of a 200-μL pipette. Following 
colonization, the animals (n = 90) were randomly grouped into �ve groups (n = 18) and treated with 0.5 g of so� 
para�n (control), standard ointment of 2% mupirocin® (Mup group) and formulations containing CMC/ZnO, 
CMC/ZnO/g-C3N4 and CMC/ZnO/g-C3N4/MyR and each group was exposed to 660 nm UV-light for 10 min 
(light power is 0.8 W  cm−2). It should be noted that each formulation was prepared as 2% (0.4 g of synthesized 
material in 20 g of so� para�n).

�e wound contraction rate was assessed with the help of a transparent paper over the wound site and tracing 
 it52,53. �e total bacterial count was also measured with the help of plate count agar (Merck KGaA, Darmstadt, 
Germany). In summary, 0.1 g of the wound sample was crushed, minced, and diluted and cultured on plate count 
agar. �e cultured plates were incubated at 37 °C for 48 h and the total bacterial count was calculated.

On days 3, 7 and 12, the samples were prepared from the wound site, �xed, processed, para�n wax embedded, 
sectioned at 5 μm, and stained with hematoxylin and eosin based on previous  studies52,53. Edema, �broblast, 
collagen and epithelization were investigated in 5 per high power �elds with the help of two blinded pathologists 
who scored parameters in a range of 0–4 (0: Absence;1: small amount; 2: low; 3: high and 4: severe).

Immuno�uorescence staining was used to evaluate the e�ects of nanosheets on the wound healing process and 
conducted as reported by  others54,55. Following the processes of para�n-embedding, dewaxing, rehydration and 
immersion into citrate bu�er (pH 7.4) for 20 min, slides were washed with TBS plus 0.03% Triton X-100, blocked 
in 10% normal serum or with 1% BSA in TBS for 2 h at room temperature. �e ratio of target protein-positive 
nuclei to DAPI-positive nuclei in 3 microscopic �elds per group was used for quanti�cation by ImageJ so�ware.

�e samples were investigated for CD31, COLA1 and TNF-α on day 7. �e used antibodies included CD31 
(pecam1-E-AB-60608-Elabscience), TNF-α (ab6671, Abcam Biotechnology, Inc), and COLA1 (sc-293182; Santa 
Cruz Biotechnology, Inc), Goat Anti-Mouse IgG (E-AB-1011, Elabscience Company) and Goat Anti-Rabbit IgG 
(E-AB-1014, Elabscience Company).

�e data were analyzed for normality with the help of the Kolmogorov–Smirnov test in SPSS so�ware (version 
23) and analyzed by one-way ANOVA because the data were normal. Duncan’s posthoc test was used to inves-
tigate di�erences between groups and P < 0.05 was signi�cant. �e data for pathological were not normal and 
analyzed by Kruskal–Wallis.

Our Committee in Islamic Azad University of Urmia Branch (IR.IAU. 1114/IAUUB.1401.09) approved all the 
procedures that was in agreement with the US National Institutes of Health (NIH publication no.85-23, revised 
1996).

We have not any dataset and the materials can be requested from corresponding author.

Received: 4 August 2023; Accepted: 25 October 2023

 1. Ebrahimpour-Malekshah, R. et al. Combined therapy of photobiomodulation and adipose-derived stem cells synergistically 
improve healing in an ischemic, infected and delayed healing wound model in rats with type 1 diabetes mellitus. BMJ Open Dia-
betes Res. Care 8(1), e001033 (2020).

 2. Yang, W. T., Ke, C. Y., Wu, W. T., Tseng, Y. H. & Lee, R. P. Antimicrobial and anti-in�ammatory potential of Angelica dahurica and 
Rheum o�cinale extract accelerates wound healing in Staphylococcus aureus-infected wounds. Sci. Rep. 10(1), 5596 (2020).

 3. Kaiser, P., Wächter, J. & Windbergs, M. �erapy of infected wounds: Overcoming clinical challenges by advanced drug delivery 
systems. Drug Deliv. Transl. Res. 11, 1545–1567 (2021).

 4. Li, Y. et al. Rapid sterilization and accelerated wound healing using Zn2+ and graphene oxide modi�ed g-C3N4 under dual light 
irradiation. Adv. Funct. Mater. 28(30), 1800299 (2018).

 5. Rashidian, G. et al. �e dietary e�ects of nutmeg (Myristica fragrans) extract on growth, hematological parameters, immunity, 
antioxidant status, and disease resistance of common carp (Cyprinus carpio) against Aeromonas hydrophila. J. Mar. Sci. Eng. 10(3), 
325 (2022).

 6. Matulyte, I. et al. �e essential oil and hydrolats from Myristica fragrans seeds with magnesium aluminometasilicate as excipient: 
Antioxidant, antibacterial, and anti-in�ammatory activity. Foods. 9(1), 37 (2020).

 7. Weerakoon, W., Perera, W., & Wanigasekara, D. Antibacterial potential of Myristica fragrans (Nutmeg) pericarp extract against 
selected bacterial strains (2021).

 8. Fernando, A., & Senevirathne, W. E�ect of essential oil of nutmeg (Myristica fragrans) leaves to treat human pathogenic bacteria 
and to manage plant pathogenic fungi (2021).



15

Vol.:(0123456789)

 |        (2023) 13:18704  | https://doi.org/10.1038/s41598-023-45921-7

www.nature.com/scientificreports/

 9. Hou, X., Li, S., Wang, Z., Zhang, G. & Wang, Z. Antifungal CoAl layered double hydroxide ultrathin nanosheets loaded with 
oregano essential oil for cereal preservation. Food Chem. 397, 133809 (2022).

 10. Arfat, Y. A., Ahmed, J., Ejaz, M. & Mullah, M. Polylactide/graphene oxide nanosheets/clove essential oil composite �lms for 
potential food packaging applications. Int. J. Biol. Macromol. 107, 194–203 (2018).

 11. Sajjad, A., Ali, H. & Zia, M. Fabrication and evaluation of vitamin doped Zno/AgNPs nanocomposite based wheat gluten �lms: 
A promising �ndings for burn wound treatment. Sci. Rep. 13(1), 1–9 (2023).

 12. Iravani, S. Green synthesis of metal nanoparticles using plants. Green Chem. 13(10), 2638–2650 (2011).
 13. Meena, P. L., Poswal, K., Surela, A. K. & Saini, J. K. Synthesis of graphitic carbon nitride/zinc oxide (g-C3N4/ZnO) hybrid nano-

structures and investigation of the e�ect of ZnO on the photodegradation activity of g-C3N4 against the brilliant cresyl blue (BCB) 
dye under visible light irradiation. Adv. Compos. Hybrid Mater. 6(1), 16 (2023).

 14. Das, K. K. et al. Enhanced photocatalytic activities of polypyrrole sensitized zinc ferrite/graphitic carbon nitride nn heterojunction 
towards cipro�oxacin degradation, hydrogen evolution and antibacterial studies. J. Colloid Interface Sci. 561, 551–567 (2020).

 15. Wang, T. et al. β-cyclodextrin-derivative-functionalized graphene oxide/graphitic carbon nitride composites with a synergistic 
e�ect for rapid and e�cient sterilization. ACS Appl. Mater. Interfaces. 14(1), 474–483 (2022).

 16. Geng, Y. et al. Recent advances in carboxymethyl chitosan-based materials for biomedical applications. Carbohydrate Polym. 120, 
555 (2023).

 17. Yaradoddi, J. S. et al. Biodegradable carboxymethyl cellulose based material for sustainable packaging application. Sci. Rep. 10(1), 
21960 (2020).

 18. Fathi, E., Derakhshanfard, F., Gharbani, P. & Ghazi, T. Z. Facile synthesis of MgO/C3N4 nanocomposite for removal of reactive 
orange 16 under visible light. J. Inorg. Organ. Polym. Mater. 30, 2234–2240 (2020).

 19. Feng, L. et al. g-C3N4 coated upconversion nanoparticles for 808 nm near-infrared light triggered phototherapy and multiple 
imaging. Chem. Mater. 28(21), 7935–7946 (2016).

 20. Fu, J., Chang, B., Tian, Y., Xi, F. & Dong, X. Novel C 3 N 4–CdS composite photocatalysts with organic–inorganic heterojunctions: 
In situ synthesis, exceptional activity, high stability and photocatalytic mechanism. J. Mater. Chem. A. 1(9), 3083–3090 (2013).

 21. Xiang, Q., Yu, J. & Jaroniec, M. Preparation and enhanced visible-light photocatalytic H2-production activity of graphene/C3N4 
composites. J. Phys. Chem. C. 115(15), 7355–7363 (2011).

 22. Ogunwande, I., Olawore, N., Adeleke, K. & Ekundayo, O. Chemical composition of essential oil of myristica fragrans houtt (nutmeg) 
from nigeria. J. Essential Oil Bear. Plants. 6(1), 21–26 (2003).

 23. Singh, G., Marimuthu, P., Heluani, C. S. D. & Catalan, C. Antimicrobial and antioxidant potentials of essential oil and acetone 
extract of Myristica fragrans Houtt. (aril part). J. Food Sci. 70(2), M141–M148 (2005).

 24. Jaiswal, P., Kumar, P., Singh, V. K. & Singh, D. K. Biological e�ects of Myristica fragrans. Annu. Rev. Biomed. Sci. 11, 1 (2009).
 25. Chen, L. et al. Gold nanoparticle-graphite-like C3N4 nanosheet nanohybrids used for electrochemiluminescent immunosensor. 

Anal. Chem. 86(9), 4188–4195 (2014).
 26. Tao, Y., Ju, E., Ren, J. & Qu, X. Bifunctionalized mesoporous silica-supported gold nanoparticles: intrinsic oxidase and peroxidase 

catalytic activities for antibacterial applications. Adv. Mater. 27(6), 1097–1104 (2015).
 27. AttariKhasraghi, N., Zare, K., Mehrizad, A., Modirshahla, N. & Behnajady, M. A. Zeolite 4A supported CdS/g-C3N4 type-II 

heterojunction: A novel visible-light-active ternary nanocomposite for potential photocatalytic degradation of cefoperazone. J. 
Mol. Liquids. 342, 117479 (2021).

 28. Abbasabadi, O. R., Farahpour, M. R. & Tabatabaei, Z. G. Accelerative e�ect of nanohydrogels based on chitosan/ZnO incorporated 
with citral to heal the infected full-thickness wounds; an experimental study. Int. J. Biol. Macromol. 217, 42–54 (2022).

 29. Mousavi, M. & Habibi-Yangjeh, A. Ternary g-C3N4/Fe3O4/Ag3VO4 nanocomposites: Novel magnetically separable visible-light-
driven photocatalysts for e�ciently degradation of dye pollutants. Mater. Chem. Phys. 163, 421–430 (2015).

 30. Xing, Z. et al. Synthesis of core-shell ZnO/oxygen doped g-C3N4 visible light driven photocatalyst via hydrothermal method. J. 
Alloys Compounds. 708, 853–861 (2017).

 31. Ahamad, T., Chaudhary, A. A., Naushad, M. & Alshehri, S. M. Fabrication of MnFe2O4 nanoparticles embedded chitosan-
diphenylureaformaldehyde resin for the removal of tetracycline from aqueous solution. Int. J. Biol. Macromolecules. 134, 180–188 
(2019).

 32. Tan, C., Feng, B., Zhang, X., Xia, W. & Xia, S. Biopolymer-coated liposomes by electrostatic adsorption of chitosan (chitosomes) 
as novel delivery systems for carotenoids. Food hydrocolloids. 52, 774–784 (2016).

 33. Tai, K. et al. �e stabilization and release performances of curcumin-loaded liposomes coated by high and low molecular weight 
chitosan. Food Hydrocolloids. 99, 105355 (2020).

 34. Niranjan, R. et al. Enhanced wound healing by PVA/Chitosan/Curcumin patches: In vitro and in vivo study. Colloids Surf. B 
Biointerf. 182, 110339 (2019).

 35. Homaeigohar, S. & Boccaccini, A. R. Antibacterial biohybrid nano�bers for wound dressings. Acta Biomater. 107, 25–49 (2020).
 36. Li, X., Zhou, M., Qi, J. & Han, Y. E�cacy and safety of inotuzumab ozogamicin (CMC-544) for the treatment of relapsed/refrac-

tory acute lymphoblastic leukemia and non-Hodgkin lymphoma: A systematic review and meta-analysis. Clin. Lymph. Myeloma 
Leukemia. 21(3), e227–e247 (2021).

 37. Nikolic, M. V., Vasiljevic, Z. Z., Auger, S. & Vidic, J. Metal oxide nanoparticles for safe active and intelligent food packaging. Trends 
Food Sci. Technol. 116, 655–668 (2021).

 38. Xu, W. et al. A silica-coated metal-organic framework/graphite-carbon nitride hybrid for improved �re safety of epoxy resins. 
Mater. Chem. Phys. 258, 123810 (2021).

 39. Iwata, N. et al. Mechanisms and safety of antidepressant-like e�ect of nutmeg in mice. Biol. Pharmaceut. Bull. 45(6), 738–742 
(2022).

 40. Al-hakimi, A. N. et al. Enhanced structural, optical, electrical properties and antibacterial activity of selenium nanoparticles loaded 
PVA/CMC blend for electrochemical batteries and food packaging applications. Polym. Test. 116, 107794 (2022).

 41. Mohammadi, H., Kamkar, A. & Misaghi, A. Nanocomposite �lms based on CMC, okra mucilage and ZnO nanoparticles: Physico 
mechanical and antibacterial properties. Carbohydrate Polym. 181, 351–357 (2018).

 42. Tarabiah, A. et al. Enhanced structural, optical, electrical properties and antibacterial activity of PEO/CMC doped ZnO nanorods 
for energy storage and food packaging applications. J. Polym. Res. 29(5), 167 (2022).

 43. Mathew, L. M., Roy, A. & Geetha, R. Antibacterial activity of nutmeg oleoresin, rosemary oleoresin, and ginger oleoresin—n 
in vitro study. Drug Invent. Today. 14(2), 1 (2020).

 44. Alavi, M. & Rai, M. Antibacterial and wound healing activities of micro/nanocarriers based on carboxymethyl and quaternized 
chitosan derivatives 191–201 (Elsevier, 2021).

 45. Tao, B. et al. Fabrication of gelatin-based and Zn2+-incorporated composite hydrogel for accelerated infected wound healing. 
Mater. Today Bio. 13, 100216 (2022).

 46. Poltavets, A. S., Vishnyakova, P. A., Elchaninov, A. V., Sukhikh, G. T. & Fatkhudinov, T. K. Macrophage modi�cation strategies for 
e�cient cell therapy. Cells. 9(6), 1535 (2020).

 47. Mirza, R. E., Fang, M. M., Ennis, W. J. & Koh, T. J. Blocking interleukin-1β induces a healing-associated wound macrophage 
phenotype and improves healing in type 2 diabetes. Diabetes. 62(7), 2579–2587 (2013).

 48. Marioni, G. et al. Prognostic signi�cance of CD105-and CD31-assessed microvessel density in paired biopsies and surgical samples 
of laryngeal carcinoma. Cancers. 12(8), 2059 (2020).



16

Vol:.(1234567890)

 |        (2023) 13:18704  | https://doi.org/10.1038/s41598-023-45921-7

www.nature.com/scientificreports/

 49. Maali Ahari, S. & Ghazi, T. Z. Preparation of chitosan-carbon nanotubes decorated with ZnO@ laccase: Application in the removal 
of bisphenol a from aqueous solution. J. Environ. Eng. 149(2), 04022091 (2023).

 50. Zhong, Q., Lan, H., Zhang, M., Zhu, H. & Bu, M. Preparation of heterostructure g-C3N4/ZnO nanorods for high photocatalytic 
activity on di�erent pollutants (MB, RhB, Cr (VI) and eosin). Ceram. Int. 46(8), 12192–12199 (2020).

 51. Weinstein, M. P. & Lewis, J. S. �e clinical and laboratory standards institute subcommittee on antimicrobial susceptibility testing: 
Background, organization, functions, and processes. J. Clin. Microbiol. 58(3), e01864-e1919 (2020).

 52. Pourkarim, R., Farahpour, M. R. & Rezaei, S. A. Comparison e�ects of platelet-rich plasma on healing of infected and non-infected 
excision wounds by the modulation of the expression of in�ammatory mediators: Experimental research. Eur. J. Trauma Emerg. 
Surg. 1, 1–9 (2022).

 53. Rajabloo, Z., Farahpour, M. R., Sa�arian, P. & Jafarirad, S. Biofabrication of ZnO/Malachite nanocomposite and its coating with 
chitosan to heal infectious wounds. Sci. Rep. 12(1), 1–17 (2022).

 54. Ohkura, N. et al. SVCT2-GLUT1-mediated ascorbic acid transport pathway in rat dental pulp and its e�ects during wound healing. 
Sci. Rep. 13(1), 1251 (2023).

 55. Belvedere, R., Novizio, N., Morello, S. & Petrella, A. �e combination of mesoglycan and VEGF promotes skin wound repair by 
enhancing the activation of endothelial cells and �broblasts and their cross-talk. Sci. Rep. 12(1), 11041 (2022).

In the name of Allah. �is study was extracted from the thesis of Miss. Maysa Youshi. �e authors would like to 
thank the Day Petronic Company, Sara laboratory, and Miss. Frough Janani Fard.

M.Y.: project administration, investigation, funding acquisition. M.R.F.: methodology, resources, so�ware, super-
vision, validation, visualization, writing—original dra�, writing—review and editing, funding acquisition. Z.G.T.: 
methodology, so�ware, validation, visualization, review and editing, funding acquisition.

�is study was extracted from a thesis supported by Authors.

 
�e authors declare no competing interests.

Supplementary Information �e online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 45921-7.

Correspondence and requests for materials should be addressed to M.R.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© �e Author(s) 2023

https://doi.org/10.1038/s41598-023-45921-7
https://doi.org/10.1038/s41598-023-45921-7
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Facile fabrication of carboxymethylcelluloseZnOg-C3N4 containing nutmeg extract with photocatalytic performance for infected wound healing
	Results and discussion
	GC–MS analysis of MyR extract
	Structural characterization
	Cytotoxicity
	Antibacterial activity
	Wound size and tissue bacteria
	Histopathological evaluation
	Immunofluorescent staining

	Conclusions
	Materials and methods
	Materials
	The preparation of extract
	Analysis of extract by gas chromatography-mass spectrometry (GC–MS)
	Synthesis of g-C3N4 and ZnOg-C3N4 nanosheets
	Synthesis of CMCZnOg-C3N4MyR
	Characterization
	Antibacterial activity
	Toxicity
	In vivo studies
	Experimental animals
	Induction of wound model

	Wound contraction and total bacterial count in granulation tissue
	Pathology results
	Immunofluorescent staining
	Data analysis
	Ethical approval

	References
	Acknowledgements


