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NANOSTRUCTURED ZINC OXIDE FOR WOUND 

DRESSINGS 

Alexandra Elena STOICA (OPREA)1, Alexandra Cătălina BÎRCĂ2, Mihaela 

Loredana PIȚIGOI (PANDEL)3, Alexandru Mihai GRUMEZESCU4, 5, 6, Bogdan 

Ștefan VASILE7,8, Florin IORDACHE9, Anton FICAI6, 10, Ecaterina 

ANDRONESCU6, 11 

The present study reports the preparation and characterization of novel 

bioactive collagen wound dressing containing albumin and cinnamon essential oil 

functionalized ZnO nanoparticles. The purpose of this dressing was to enhance the 

efficacy of wound treatment. The wound dressings were physicochemical examined 

using Fourier-Transform infrared Spectroscopy (FTIR), Scanning Electron 

Microscopy (SEM), and Transmission Electron Microscopy (TEM). In vitro 

screening of dressings was performed using the MTT and GSH tests. 
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1. Introduction 

The process of wound healing is sometimes affected by infection resulting 

from the presence of monomicrobial or polymicrobial anaerobic and aerobic 

microorganisms that exhibit resistance to biocides and possess the capability to 

form dense biofilms. For several decades, researchers' primary objective in wound 

dressing has been to provide protection and coverage for wounds to prevent 

microbial infections [1]. Existing wound dressings exhibit several significant 

shortcomings, such as inadequate absorption of wound fluids, limited flexibility, a 

propensity to stick to the wound surface, insufficient mechanical strength, and an 

absence of an optimal moist environment conducive to wound healing. 

Furthermore, it is worth noting that a significant proportion of existing wound 

dressings lack antibacterial properties [2]. 

Collagen, constituting almost 30% of the total amount of protein mass, is 

the predominant extracellular matrix protein in animal species. The protein in 

discussion is classified as fibril, serving dual roles in structural support and 

functional processes. It actively participates in intricate systems related to tissue 

regulation, growth, and repair [3-5]. Due to collagen's decreased stability and 

weak mechanical strength, its potential use as a wound dressing material in 

clinical settings is severely limited [6]. Several studies have shown that the 

incorporation of nano-ZnO into collagen membranes results in increased 

mechanical strength and improved bioactivity [6-8]. 

Zinc is essential for the human body due to its intricate antibacterial 

mechanisms, which render it very effective against many antibiotic-resistant 

pathogens. Zinc oxide nanoparticles (ZnO NPs) exhibit bactericidal properties and 

are now utilized in a wide range of restorative products due to their notable 

characteristics, including a high surface area, a significant surface-to-volume 

ratio, a high catalytic efficiency and an excellent adsorption capacity [8,9]. Zinc 

oxide (ZnO) nanoparticles exhibit heightened antibacterial characteristics, 

demonstrating efficacy against medically significant microbial pathogens like S. 

aureus [10,11], P. aeruginosa [12-14], and Escherichia coli [1,15-18]. Despite an 

incomplete understanding of ZnO's mechanism of action, it has proven effective 

as an antibacterial agent in food packaging, tissue engineering and wound 

dressings [19]. 

Essential oils (EOs), also known as "volatile natural mixtures", represent 

secondary metabolites derived from plants that exhibit many beneficial properties 

such as anti-inflammatory, antioxidant, antiviral, antibacterial, anti-allergic and 

regenerative effects. Essential oils are primarily derived from various botanical 

components, including seeds, leaves, twigs, barks and roots of plants. One 

significant advantage is that essential oils exhibit minimal to no impact on the 

emergence and proliferation of antimicrobial resistance compared to antibiotics. 
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For instance, essential oils such as cinnamon, peppermint, lemongrass, lavender, 

tea tree, rosemary, thyme, and eucalyptus, among others, have been discovered to 

possess antibacterial characteristics [20-23]. 

The objective of this study is to integrate the regenerative characteristics 

of collagen with the antibacterial properties of egg albumin and zinc oxide 

nanoparticles (ZnO NPs) within the framework of developing and evaluating an 

enhanced collagen based wound dressing. 

2. Experimental part 

2.1. Materials 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O), sodium hydroxide (NaOH) 

and methanol (CH3OH) were acquired from Sigma-Aldrich (Merck Group, 

Darmstadt, Germany), collagen was obtained from the Leather And Footwear 

Research Institute (ICPI, Bucharest, Romania) and cinnamon oil (CO) was 

procured from Mayam. All of the reagents were of analytical-grade quality and 

did not require any additional purification before use. 

2.2. Preparation of ZnO 

The precipitation approach was used for the preparation of ZnO 

nanoparticles, and no additional thermal treatment was applied at any point in the 

process [24]. This method utilizing two different solutions. The first prepared 

solution consisted of a zinc precursor and was obtained by dissolving 3 g of 

Zn(NO3)2·6H2O in 100 mL methanol (CH3OH) under continuous stirring until a 

suitable level of homogenization. The another one, which served as the 

precipitation reagent, contained 3g NaOH solubilized in 100 mL of deionized 

water (DIW). A control sample of ZnO NPs was obtained by drop-wise addition 

of the alkaline precipitation reagent solution to the Zn precursor solution followed 

by vigorous stirring. Then, the initial clear solution gradually transforms, resulting 

in a milky white appearance. The nanoparticles were recuperated using 

centrifugation, and the white precipitate was then washed with DIW and dried in 

air. 

2.3. Preparation of ZnO@CO 

ZnO NPs surface-functionalized with cinnamon essential oil (CO) were 

obtained following the above-described method. The only difference is the 

addition of 500 µL of functionalizing agent (cinnamon essential oil) the 

precipitation alkaline reagent solution. 
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2.4. Preparation of ZnO, collagen, albumin, and cinnamon oil-based 

wound dressing 

In order to obtain zinc oxide, collagen (CoL), egg albumin (EgA), and 

cinnamon oil (cO)-based wound dressing, a ZnO:CoL:EgA of 1:10:10 ratio was 

chosen. The concentration of utilized collagen was 2.3%. The EgA concentration 

was 55%. Thus, using the zinc oxide (ZnO) previously obtained, 6 samples were 

prepared: 

Table 1 

Samples prepared, and notation used 

  Notation 

Sample 1 Zinc oxide powder ZnO 

Sample 2 Zinx oxide powder functionalized with CO ZnO@cO 

Sample 3 ZnO:Collagen – 1:10  ZnO_CoL 

Sample 4 ZnO: Collagen:Albumin – 1:10:10 ZnO_CoL_EgA 

Sample 5 ZnO (with cO):Collagen – 1:10 ZnO@cO_CoL 

Sample 6 
ZnO (with cO):Collagen:Egg Albumin – 

1:10:10 
ZnO@cO_Col_EgA 

Samples 3-6 were mechanically homogenized using a mechanical stirrer for 

20 minutes at 800 rpm. Then, the samples were subjected to lyophilization. Thus, 

the samples are ready for physico-chemical and biological analyses. 

2.5. Characterization methods 

2.5.1. X-ray Diffraction (XRD) 

Analysis of X-ray Diffraction were carried out with the assistance of a 

PANalytical Empyrean diffractometer (PANalytical, Almelo, The Netherlands), 

which was equipped with CuKα radiation a wavelength of 1.541874 Å, a hybrid 2 

× Ge (220) monochromator for Cu, and a parallel plate collimator on the 

PIXcel3D detector. The experimental data were obtained within the range of 0-

80° for the 2θ angles. The incidence angle was set at 0.5°, with a step size of 0.04° 

and a time step of 3 seconds. The data analysis was conducted utilizing the 

HighScore Plus program (version 3.0, PANalytical, Almelo, Netherlands). 

2.5.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

IR spectra were collected by utilizing a Nicolet iN10 MX FT-IR 

microscope equipped with MCT (Hg–Cd–Te) liquid nitrogen cooled detector. The 

measurement range that was used was 400–4000 cm−1. The spectral data was 

acquired using a reflection mode technique with a resolution of 8 cm−1. In order to 

obtain each spectrum, a total number of 32 scans were combined and transformed 

into absorbance values using OmincPicta software, specifically the software 

provided by Thermo Scientific. 
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2.5.2. Scanning Electron Microscopy (SEM) 

The study employed scanning electron microscopy (SEM) analysis, 

utilizing an FEI electron microscope. The examination involved using secondary 

electron beams with an energy level of 30 keV. The samples under investigation 

were coated with a thin layer of gold. 

2.5.2. Transmission Electron Microscopy (SEM) 

The ZnO nanopowders were observed using Transmission Electron 

Microscopy (TEM), and the images were captured on a Tecnai G2 F30 S-TWIN 

Transmission Electron Microscope with a resolution of 1 nm. This microscope is 

entirely analytical, and it is equipped with an EDX and STEM detector. The 

microscope had a working voltage of 300 kV during its operation.  

2.5.3. In vitro tests 

The assessment of cytotoxicity in the sample sections was conducted using 

the MTT test, specifically employing the Vybrant® MTT Cell Viability test Kit. 

The cells were grown on 96-well plates, with a seeding density of 3000 cells per 

well. Following incubation under various settings (24, 48, and 72 hours), a 10 μL 

volume of 12 mM MTT solution was introduced to the cultures, which were 

subsequently incubated at 37°C for an additional 4 hours. Following that, a 

volume of 100 µL of SDS-HCl solution was introduced, and the mixture was 

incubated for 1 hour. Subsequently, vigorous pipetting was performed to facilitate 

the solubilization of formazan crystals. The spectrophotometric measurement of 

absorbance at a wavelength of 570 nm was performed using the Infinite M200 

equipment manufactured by TECAN (Männedorf, Switzerland). 

 Glutathione, often known as GSH, is a peptide composed of three amino 

acids found in eukaryotic organisms and functions as an antioxidant. Both 

oxidation and reactions with the thiol group, caused by reactive chemical species, 

can lead to a decrease in GSH levels. Changes in GSH levels are an essential part 

of the toxicological response assessment process. These changes can also induce 

oxidative stress, ultimately resulting in apoptosis and cell death. The GSH-GloTM 

Glutathione Assay is a luminescence-based assay that was developed by Promega 

in Madison, Wisconsin, United States. It was designed to detect and quantify 

levels of glutathione (GSH). The assay is based on the glutathione S-transferase 

(GST) process catalyzing the conversion of a luciferin derivative into luciferin in 

the presence of glutathione. In an associated reaction with firefly luciferase, the 

amount of glutathione present in the sample is directly proportional to the created 

signal. The protocol was performed according to the manufacturer's protocol. 

Briefly, we remove the culture medium from the adherent cells treated with and 

without zinc-based dressing and add 100μl of prepared 1X GSH Reagent to each 

well of a 96-well prepared in cell culture medium, mix briefly and incubate at 
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room temperature for 30 minutes. Next, was added 100 μl of reconstituted 

Luciferin Detection Reagent to each well of a 96-well plate, mixed briefly, 

incubated for 15 minutes, and measured the luminescence at a luminometer 

(TECAN, Männedorf, Switzerland). 

 

3. Results and discussion 

3.1. X-ray Diffraction (XRD) 

The prepared ZnO and ZnO@cO NPs were characterized by X-ray 

Diffraction. The XRD spectra of ZnO appeared in the file of the standard 

International Center for Diffraction Data (ICCD). According to the ASTM Card 

with reference number 04-013-7122, the XRD planes of ZnO, which can be seen 

in Figures 1a and 1b, exhibit the characteristics of a single phase of the Wurtzite 

structure, which features hexagonal symmetry [25]. The XRD investigation of 

ZnO nanoparticles revealed diffraction peaks, which included (100), (002), (101), 

(102), (110), (103), (112), (201), (004) and (202) reflection planes of ZnO NPs 

having hexagonal phase. [26]. The peaks attributable to typical probable 

contaminants were not observed. The a high degree of crystallinityof ZnO can be 

deduced from the fact that the diffraction peaks are narrow. 

 

 
Fig. 1. The XRD pattern of ZnO and ZnO@cO.  

3.2. Transmission Electron Microscopy (TEM) 

In Fig. 4 is presented the obtained micrographs after TEM evaluation of 

the ZnO and ZnO@cO nanoparticles. This analysis highlights a quasi-spherical 

morphology of ZnO NPs (a1, a2) and also for ZnO@cO (b1, b2). At high 
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resolution, spherical ZnO was identified. This result agrees with XRD and SAED 

patterns (a3 and b3); the SAED images validating the Miller indices of specific 

crystalline structures.  

 

   
(a1) (a2) (a3) 

   
(b1) (b2) (b3) 

Fig 4. SEM images of (a1, a2, a3) ZnO and (b1, b2, b3) ZnO@cO. 

3.3. Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra of prepared samples are presented in Fig. 2. Zn–O bond was 

identified at ~527 cm−1. The cinnamon essential oil extract (CO) shows absorption 

peaks between ~2900 cm-1 and ~2800 cm-1 that are characteristic to the C-H 

vibrations. .  

The peak at ~3306 cm-1 is characteristic of amide groups, groups specific 

to the presence of collagen in the FTIR spectra. Type I amide groups correspond 

to the absorption spectrum located at 1628 cm-1. Generally, the band with 

frequencies characteristic of type I amide groups, located in the range of 1600-

1700 cm-1, was mostly linked to the stretching vibrations of carbonyl groups [25].  

The absorption bands between 1235 cm-1 and 1451 cm-1 provide 

information regarding the integrity of the triple helix collagen fiber. Amide groups 

of type II and III correspond to the absorption range located between the values of 

1235 cm cm-1 and 1539 cm-1, where N-H and C-H stretching vibrations can be 

identified. The band corresponding to the A-type amide group located at          



168                                               Alexandra Elena Stoica (Oprea) & co 

3306 cm-1 corresponds to the N-H stretching vibrations and hydrogen bands 

present in collagen. The B-type amide group can be identified at 2935 cm-1 and 

was associated with the asymmetric stretches of the CH2 group. In the FTIR 

spectrum, no major differences regarding the degradation of collagen functional 

groups during the synthesis process are identified. IR bands related to the albumin 

are masked by collagen bands. 

 

Fig. 2. FT-IR spectra of prepared samples. 

3.4. Scanning Electron Microscopy (SEM) 

Fig. 3 reveals the SEM images collected at different magnifications of the 

prepared samples.  

 

    
(a) (b) (c) (d) 

    
(e) (f) (g) (h) 
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(i) (j) (k) (l) 

Fig 3. SEM images of (a, b) ZnO, (c,d) ZnO@cO, (e, f) ZnO_CoL, (g, h) ZnO_CoL_EgA, (i, j) 

ZnO@cO_CoL, (k, l) ZnO@cO_CoL_EgA. 

 

In the case of ZnO nanoparticles (a, b), it was determined an average 

diameter of around 10 nm. For ZnO@cO nanoparticles (c, d), it can be observed a 

predominantly spherical shape with a tendency of agglomeration of nanoparticles 

and dimensions ranging from 10 to 30 nm. Fig. 2 (e, f) also shows the scanning 

electron microscopy images for the sample containing ZnO_CoL, where it can be 

seen that the material obtained is very porous, with pores of different sizes. Both 

isolated and interconnected pores can be observed. In the case of ZnO@cO_CoL 

(i, j), the stratified and porous morphology is maintained. In the case of the 

ZnO_CoL_EgA and ZnO@cO_CoL_EgA samples (g, h, and k, l), it can be 

remarked a porous structure with fewer and smaller pores, unlike the sample 

without albumin. In this case, we can assume that the albumin modified the 

sample's morphology, making it denser. 

3.5. In vitro tests 

The oxidative stress of AFSC was determined by the level of glutathione 

produced by the ZnO@cO_CoL_EgA, ZnO@cO_CoL, ZnO_CoL, and 

ZnO_CoL_EgA samples, as shown in GSH Assay for AFSC after being in contact 

with the samples presented in Fig. 5. According to the findings, the materials did 

not cause an increase in the incidence of oxidative stress when they entered into 

contact with the AFSC. Oxidative stress occurs when the antioxidant defense 

system is unable to remove oxidants, resulting in a disruption of homeostasis [27]. 

The ZnO was found to have an effect on the equilibrium between antioxidant 

defense systems and oxidative stress [28]. 
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Fig. 5. GSH Assay for AFSC after being in contact with the samples. 

The cytotoxicity of the dressings was evaluated using the MTT test. This 

assay provides data on cell viability following exposure to the samples at 24 

hours, 48 hours, and 72 hours to zinc-based dressing materials. All samples 

exhibited favorable biocompatibility, with cell viability percentages consistently 

exceeding 80% across all three test time points. However, after 72 h, a non-

important increase had be registered for ZnO_CoL, ZnO@cO_CoL, and 

ZnO_CoL_EgA samples, which implied that the materials did not have a 

proliferative effect on cells. 

In the case of the ZnO@cO_CoL_EgA sample, after the first 48 h, it was 

observed an increase of almost 100% in cell viability compared to control. The 

biocompatibility of the ZnO@cO_CoL_EgA sample has been verified, indicating 

that mats is appropriate for use as a dressing that supports cell proliferation and 

growth.  In tissue engineering and regenerative medicine, the use of zinc oxide 

(ZnO) nanoparticles in polymeric scaffolds has grown significantly. This is 

because they have valuable biological qualities like antibacterial properties, 

improved wound healing and cell proliferation [29,30]. Ullah et al. [29] reported the 

incorporation of ZnO NPs into chitosan-collagen 3D porous scaffolds. Their 

results showed that 3D porous scaffolds presented highest human fibroblasts cell 

proliferation [29]. Another type of 3D porous scaffolds based on 

chitosan/pectin/ZnO demonstrated biocompatibility, improved cell proliferation 

and migration [31]. 
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Fig. 6. Viability results of human endothelial cells cultured for 24 h, 48 h, and 72 h on prepared 

samples using the MTT assay (n = 3, * p < 0.05). 

6. Conclusions 

This study presents the synthesis and evaluation of wound dressings that 

incorporate collagen, egg albumin, and cinnamon essential oil functionalized ZnO 

nanoparticles. The materials obtained exhibit a stratified and porous structure, 

with isolated and interconnected pores. The porosity of wound dressings plays a 

crucial role in the healing process because it facilitates cell filtration, promotes 

high permeability, and enables the flow of oxygen and nutrients. The 

biocompatibility of the ZnO@cO_CoL_EgA sample was confirmed through an in 

vitro test, indicating that it can serve as a viable dressing material that promotes 

cell proliferation and growth. In this study, the MTT assay was employed to 

monitor cell viability and proliferation, while the GSH assay was utilized to assess 

the oxidative stress induced by the materials on AFSC. The choice of cinnamon 

essential oil turned out to be an inspired option. In this way, it is possible to 

demonstrate the suitability of such materials for wound dressing applications, 

which will provide biocompatibility. 
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