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Abstract 
This work presents a novel nano-modified coating for wound dressings and other medical devices with anti-infective properties, based on 
functionalized zinc oxide nanostructures and orange oil (ZnO@OO). The obtained nanosurfaces were characterized by transmission 
electron microscopy (TEM), scanning electron microscopy (SEM), selected area electron diffraction (SAED), differential thermal analysis–
thermogravimetry (DTA–TG), X-ray diffraction (XRD), and Fourier transform infrared (FT-IR) spectroscopy. The obtained nanocomposite 
coatings exhibited an antimicrobial activity superior to bare ZnO nanoparticles (NPs) and to the control antibiotic against Staphylococcus 
aureus and Escherichia coli, as revealed by the lower minimal inhibitory concentration values. For the quantitative measurement of biofilm-
embedded microbial cells, a culture-based, viable cell count method was used. The coated wound dressings proved to be more resistant to 
S. aureus microbial colonization and biofilm formation compared to the uncoated controls. These results, correlated with the good in vivo 
biodistribution open new directions for the design of nanostructured bioactive coating and surfaces, which can find applications in the 
medical field, for obtaining improved bioactive wound dressings and prosthetic devices, but also in food packaging and cosmetic industry. 
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 Introduction 

Zinc oxide (ZnO) is widely used in various applications 
in different fields, including the biomedical one, primarily 
due to its well-established antimicrobial activity [1–3]. 
Also, some studies underline the contribution of ZnO to 
improved wound healing and higher epithelialization rates. 
These effects could be explained by the fact that zinc 
represents a co-factor of different transcription factors 
and zinc-dependent enzymes involved in wound repair. 
Its efficiency has been demonstrated particularly after 
topic administration, by reducing infections and local 
inflammation and stimulating epithelialization [4, 5]. An 
immunomodulatory effect has been shown for sub-toxic 
concentrations of ZnO in nanosized form [6, 7]. These 
effects motivated the development of different dressings 
containing ZnO as an active component. ZnO can be 

coated on different wound dressings in order to improve 
their antimicrobial and wound pro-healing effect [8]. Plant 
extracts have been used for thousands of years around 
the world, as traditional treatments for many diseases 
and currently, approximately 80% of the population of 
developing countries still uses traditional medicine for 
the treatment of a wide range of diseases [9]. Essential 
oils are mixtures of various chemical constituents resulted 
in plant secondary metabolism with different therapeutic 
properties. The therapeutic properties of these extracts 
include anti-infective, antioxidant and immunomodulatory 
actions, which could be of benefit for the wound healing 
process. There are several studies that document the use 
of plant extracts in the development of bioactive wound 
dressings [10]. 

The purpose of the current paper was to obtain and 
characterize the physico-chemical and biological activities 
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of novel nano-modified coating for wound dressings and 
other medical devices with anti-infective properties, based 
on functionalized ZnO nanostructures and orange oil. 

 Materials and Methods 

Materials 

All chemicals used in the experiments were of 
analytical reagent grade and were used without further 
purification. 

Preparation of modified wound dressing 

Zinc oxide nanoparticles were prepared according to 
our previously study with slight modification [11]. Two 
solutions were prepared as follow: (i) 100 mL solution 
of Zn(NO3)2 • 6H2O (3%) and (ii) 100 mL solution of 
NaOH (3%) that contain 500 μL orange oil (OO). These 
solutions were vigorously stirred and the aqueous basic 
solution of OO was added drop by drop into the zinc 
solution. This obtained dispersion was filtered several 
times in order to remove the secondary products and 
excess of OO. 

Modified wound dressing was prepared in the same 
way. In the solution containing sodium hydroxide and OO 
there were added wound dressings (aseptically cut in 
samples of 1 cm2) and then, Zn(NO3)2 • 6H2O solution 
was added drop by drop. After the precipitation of ZnO 
nanoparticles on the surface of wound dressing samples, 
the modified wound dressings were washed several times 
with distilled water and dried at room temperature until 
further processing and characterization. 

Characterization methods 

X-ray diffraction (XRD) 

XRD analysis was performed on a Shimadzu XRD 
6000 diffractometer at room temperature. In all the cases, 
Cu Kα radiation from a Cu X-ray tube (run at 15 mA and 
30 kV) was used. The samples were scanned in the Bragg–
Brentano geometry with 2θ angle range of 20–800. 

Scanning electron microscopy (SEM) 

SEM analysis was performed on a FEI electron 
microscope, using secondary electron beams with energies 
of 30 keV, on samples covered with a thin gold layer. 

Infrared (IR) analysis 

IR mappings were recorded on a Nicolet iN10 MX 
FT-IR (Fourier transform infrared) microscope with MCT 
(Hg–Cd–Te) liquid nitrogen cooled detector in the mea-
surement range 4000–700 cm-1. Spectral collection was 
made in reflection mode at 4 cm-1 resolution. For each 
spectrum, 32 scans were co-added and converted to absor-
bance using OmincPicta software (Thermo Scientific). 
Approximately 250 spectra were analyzed for each sample. 
One absorption peak known as being characteristics for 
the prepared material was selected as spectral marker. 

Thermogravimetry (TG) 

TG analysis of the biocomposite was assessed with  
a Shimadzu DTG-TA-50H instrument. Samples were 
screened to 200 mesh prior to analysis, were placed in 
alumina crucible, and heated with 10 K/min. from room 

temperature to 8000C, under the flow of 20 mL/min. 
dried synthetic air (80% N2 and 20% O2). 

Transmission electron microscopy (TEM) 

TEM images were obtained on finely powdered samples 
using a Tecnai™ G2 F30 S-TWIN high-resolution trans-
mission electron microscope from FEI Company (Hillsboro, 
OR, USA) equipped with selected area electron diffraction 
(SAED). The microscope operated in transmission mode 
at 300 kV with TEM point resolution of 2 Å and line 
resolution of 1 Å. The microspheres were dispersed into 
pure ethanol and ultrasonicated for 15 minutes. After that, 
diluted sample was poured onto a holey carbon-coated 
copper grid and left to dry before TEM analysis. 

In vivo biodistribution study 

The experimental protocol was applied according with 
the European Council Directive No. 86/609/24 November 
1986, the European Convention on the Protection of 
Vertebrate Animals (2005) and the Romanian Government 
Ordinance No. 37/2 February 2002. The mice organs were 
collected under general anesthesia. Biological material 
was fixed, directly after the sampling, in 10% buffered 
neutral formalin, for 72 hours, at room temperature, and 
then processed for routinely histological paraffin embedding 
technique. For the histological study of nanoparticles, 4 μm 
thick serial sections were cut on a MICROM HM355s 
rotary microtome (MICROM International GmbH, Walldorf, 
Germany) equipped with a waterfall-based section transfer 
system (STS, MICROM). The cross-sections were placed 
on histological blades treated with poly-L-Lysine (Sigma-
Aldrich, Munich, Germany). After Hematoxylin–Eosin 
(HE) classical staining, cross-sections were evaluated and 
photographed using a Nikon Eclipse 55i light microscope 
equipped with a Nikon DS–Fi1 CCD high-definition 
video camera (Nikon Instruments, Apidrag, Bucharest, 
Romania). Images were captured, stored and analyzed 
using Image ProPlus 7 AMS software (Media Cybernetics 
Inc., Marlow, Buckinghamshire, UK) [12, 13]. 

Minimal inhibitory concentration (MIC) assay 

The antimicrobial activity of the obtained nano-
composite suspensions was assayed on Gram-negative 
(Escherichia coli ATCC 13202) and Gram-positive 
(Staphylococcus aureus ATCC 6538) reference strains 
obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). Microbial suspensions 
of 1.5×108 CFU/mL (0.5 McFarland density) obtained 
from 15 to 18 hours bacterial cultures developed on solid 
media were used in our experiments. The nanocomposite 
suspensions were suspended in dimethyl sulfoxide (DMSO) 
to prepare a stock solution of 1 mg/mL concentration. 
The quantitative assay of the antimicrobial activity was 
performed by the liquid medium microdilution method 
in 96 multi-well plates. Two-fold serial dilutions of the 
compounds solutions were performed in a 200-μL volume 
of broth, and each was well seeded with a volume of 
50 μL of microbial inoculum. Culture positive controls 
(wells containing culture medium seeded with the microbial 
inoculum) were used. The influence of the DMSO solvent 
was also quantified in a series of wells containing DMSO, 
diluted accordingly with the dilution scheme used for the 
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complexes. The plates were incubated for 24 hours at 
370C, and the minimal inhibitory concentration (MIC) 
values were considered as the lowest concentration of 
the tested compound that inhibited the growth of the 
microbial overnight cultures, as compared to the positive 
control. 

Biofilm assay 

For assessing monospecific S. aureus biofilm formation, 
2 mL of nutritive broth were disposed in each well of a 
6-wells plate, containing test (modified dressings) and 
control (unmodified dressings) samples and seeded with 
the bacterial inoculum consisting of a volume of 20 μL 
from the phosphate-buffered saline (PBS) bacterial 
suspension. After a period of 24 hours incubation at 370C, 
the materials containing the attached bacteria were washed 
with PBS and transferred in a fresh well, containing 2 mL 
sterile nutritive broth and the incubation continued for 
another 24 hours. The same procedure was repeated at 
48 and 72 hours, in order to assess the biofilm formation 
on the materials at different time intervals (24, 48 and 
72 hours). After each interval, the viable cell count (VCC) 
method was performed. For this, after each time point, 
biofilm-embedded bacteria cells were detached by vigorous 
vortexing for 30 seconds. PBS suspensions containing 
detached bacteria cells were subjected to serial 10-fold 
dilutions and each dilution was seeded on nutritive agar 
in triplicates. 

 Results 

In Figure 1, there are presented the results of the 
SEM analysis. The ZnO@OO powder is composed of 
nanometric particles of uniform shape, with an average size 
of ~20 nm. Some particles are grouped in agglomerates. 

From the selected area diffraction pattern obtained on 
ZnO@OO nanopowders (Figure 2a), we can state that the 
only crystalline phase identified is the hexagonal form 
of ZnO [ASTM 80-0075]. Moreover, the SAED images 
confirm the Miller indices of characteristic crystalline 
structures identified by XRD. The TEM bright field images 
(Figure 2, b and c), obtained on ZnO@OO reveals that 
the powder is composed of polyhedral shaped particles, 
with an average particle size of approximately 20 nm. 
By correlating the TEM and the XRD information, as 
crystallite size is half of the nanoparticles size, we can 
conclude that every nanoparticle is composed of two 
crystallites. The nanopowder presents a low tendency to 
form soft agglomerates. Additional information about the 
structures of the nanoparticles was found through detailed 
analysis with HRTEM. 

The high-resolution transmission electron microscopy 
(HRTEM) image (Figure 2d) shows clear lattice fringes 
of interplanar distances of d=2.60 Å for nanocrystalline 
ZnO, corresponding to Miller indices of (0 0 2) crystallo-
graphic planes of hexagonal ZnO. In addition, the regular 
succession of the atomic planes indicates that the nano-
crystallites are structurally uniform and crystalline, with 
almost no amorphous phase present. 

The thermal analysis of ZnO and ZnO@OO nano-
powders (Figure 3) are similar up to 1500C. The samples 
present a mass loss of ~1.75%, corresponding to the 
residual surface water molecules. Between 150–10000C 

the curves are slightly differentiated, the mass loss of 
the ZnO@OO sample being higher (6.45% vs. 5.71% 
for the simple ZnO). This difference can be attributed  
to the decomposition (evaporation) of the OO that was 
trapped on the surface of the ZnO nanoparticles. From 
these values, we estimate that a quantity of 0.7% OO (wt.) 
was deposited on ZnO surface. The bulk of the mass 
loss indicated by the thermal analysis corresponds to the 
elimination of the water and HO– moieties that were 
bounded on the ZnO nanoparticles surface. 

The ZnO@OO nanopowders were investigated by 
X-ray diffraction. The XRD pattern from Figure 4 has 
indicated the formation of single-phase compound. The 
pattern can be indexed to a hexagonal wurtzite structure. 
The crystallite size of the samples can be estimated from the 
Scherrer equation, D=(0.89×λ)/(β×cosθ), where D is the 
average grain size, λ is the X-ray wavelength (0.15405 nm), 
θ and β are the diffraction angle and full width at half 
maximum (FWHM) of an observed peak, respectively. 
The strongest peak (1 0 1) at 2θ=36.240 was used to 
calculate the average crystallite size (D) of ZnO particles. 
The estimated average crystallite size was 10 nm. It is 
important to notice that the OO coating and incorporation 
process does not lead to a change in the structural or 
chemical properties of the nanocrystalline ZnO phase. The 
XRD pattern of the ZnO@OO sample shows that the 
crystalline structure of the ZnO is preserved after the 
incorporation of the nanoparticles in the essential oil (OO). 

Figure 5 shows the adherence of ZnO@OO layer on 
the substrate, which seems to be very good. On bigger 
magnification, the aggregates of ZnO particles are clearly 
seen. 

The in vivo biodistribution analysis revealed that after 
two days post-injection, the ZnO@OO nanostructures are 
absent in the brain, myocardium, kidney and pancreas, 
but present in small amounts in liver and in relatively 
high amounts in lung and spleen tissue sections. In the 
lungs, the nanoparticles were found mainly in/around 
perivascular macrophages, but also in the interalveolar 
septa. The nanoparticles were also found in the intra-
vascular cells of the monocyte-macrophage system. The 
results suggest that monocytes are able to engulf the 
nanostructures, explaining the presence of nanoparticles 
in the vascular lumen, both inside but also outside the cells, 
and possibly in platelets. In the spleen, the distribution of 
nanoparticles was different between white and red pulp. 
Nanoparticles preferentially formed aggregates in the 
red pulp, in the macrophage from the Billroth cordons 
and sinusoidal capillaries. Although not observed within 
the white pulp, this area revealed hypertrophy, probably 
due to the nanoparticles stimulation of the macrophages 
with multilobular nucleus. The nanoparticles formed brown-
blackish, granular, spherical structures, varying in size, 
with a diameter of up to 2 μm in the spleen and up to  
3–4 μm in the lung sections (Figure 6). 

Ten days after injection, the nanoparticles were absent 
in most of the sampled organs, aggregates being visible 
in low amounts only in the spleen, around and in the 
macrophages of the red pulp, but in a lower concentration, 
as compared with the amount observed after two days 
post-treatment (Figure 7). 

The antimicrobial efficiency of the obtained nanobio-
composite containing ZnO NPs and orange oil (ZnO@OO) 
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was compared to that of ZnO NPs and Chloramphenicol, 
a large spectrum antimicrobial agent currently used for 
topic applications (Figure 8). The obtained results have 
shown that ZnO NPs and orange oil exhibit a synergic 
antimicrobial activity against both microbial strains, as 
revealed by the lower MIC value of the nanobiocomposite 
as compared to bare ZnO NPs. The efficiency of the 
obtained nanocomposite was higher against the S. aureus 
strain, the MIC value being much lower than that of 
Chloramphenicol (Figure 8). 

Taking into account the excellent results obtained 
for the S. aureus strain in planktonic state, we have 
tested further the anti-biofilm efficiency of the obtained 
nanocomposite as coating for textile wound dressings. 
The obtained results have shown that the coated wound 
dressings are much more resistant to microbial coloni-
zation and further biofilm development, as revealed by 
the decreased number of biofilm-embedded S. aureus 
viable cells, by 3 to 5 logs, after 34, 48 and 72 hours of 
incubation (Figure 9). 

 

 
Figure 1 – SEM images of ZnO@OO NPs powder. 

Figure 2 – SAED pattern (A), TEM (B and C) and HRTEM (D) images of ZnO@OO NPs. 
 

Figure 3 – TG analysis of ZnO and ZnO@OO NPs. Figure 4 – The XRD pattern of ZnO@OO NPs. 
 

Figure 5 – SEM images of coated wound dressing. 
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Figure 6 – Micrographs of transversal sections through the mice internal organs, 
treated with ZnO@OO NPs for two days (HE staining, ×400): (A) Brain;  

(B) Liver; (C) Myocardium; (D) Pancreas; (E) Lung; (F) Kidney;  
(G) Spleen. 

 

 

 

 

Figure 7 – Micrographs of transversal sections through the mice internal organs, 
treated with ZnO@OO NPs for 10 days (HE staining, ×400): (A) Brain;  

(B) Liver; (C) Myocardium; (D) Pancreas; (E) Lung; (F) Kidney;  
(G) Spleen. 
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Figure 8 – MIC values of ZnO@OO NPs against E. coli and S. aureus strains, in comparison with ZnO NPs and 
Chloramphenicol. 

 
Figure 9 – Graphic representation of the S. aureus biofilm formation dynamics on uncoated and coated wound 
dressings. 

 Discussion 

Wound healing is a complex process depending on both 
pathophysiological host factors and microbial colonizers. 
Microbial contamination of acute and chronic wounds is 
almost inevitable and provides a high risk of wound 
infection. In order to minimize this risk, the developing 
of improved dressings and of alternatives to antibiotics 
to control wound microbiota are needed [14, 15]. 

ZnO nanoparticles have been shown to exhibit a large 
spectrum of antimicrobial activity, against Gram-positive 
and Gram-negative bacteria (e.g., S. aureus, Bacillus 
subtilis, E. coli, Pseudomonas fluorescens, Salmonella 
typhimurium, Campylobacter jejuni), halophilic bacteria, 
yeasts, molds, even against high-temperature and high-
pressure resistant endospores, the major mechanisms of 
action being based on the electrostatic interactions with 
the negatively charged components of the bacterial wall 
leading to permeability defects followed by cellular lysis; 
the production of hydrogen peroxide, enhanced by UV 
light; the inactivation of intracellular targets [1–3, 16–18]. 
Among the advantages of using ZnO NPs are the low cost 
production, white color and the UV barrier properties 
[1–3]. Essential oils have been traditionally used for the 
treatment of injured tissues, due to their antimicrobial, 
anti-inflammatory and tissue pro-healing activity [10, 19, 

20]. A modified rayon/polyester wound dressing coated 
with a nanostructured coating based on functionalized 
magnetite nanoparticles and Anethum graveolens, Salvia 
officinalis and Satureja hortensis essential oils proved to 
be refractory to Candida albicans adhesion, colonization 
and biofilm formation [21, 22]. Modification of absorbent 
dressings with mixtures of four essential oils proved to 
efficiently absorb bacterial and fungal strains and limit 
their growth [23]. 

The Melaleuca alternifolia (tea tree) essential oil 
included in dressings proved to decrease the wound healing 
time in volunteer patients who had wounds infected with 
S. aureus [24]. Moreover, recent studies have shown that 
ratite oil has an accelerating effect on the growth rate of 
immortalized human keratinocytes and anti-inflammatory 
properties, which recommend it as a useful component in 
bandages and ointments for the treatment of wounds and 
inflammatory skin conditions [25]. Citrus plants produce 
essential oils with antimicrobial properties, devoted to 
volatile organic compounds, such as β-pinene, sabinene, 
linalool, R-limonene, myrcene, terpineol, geranial (citral), 
geraniol, linalyl acetate, etc. [26]. In the present study, 
we have investigated the antimicrobial activity of a novel 
nanostructure based on ZnO NPs and orange oil against 
planktonic and biofilm embedded cells. It is well known 
that biofilm-embedded cells are protected by an extra-
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cellular matrix against a wide range of limiting factors, 
which, at the same time, provides a higher concentration 
of nutrients [27–31]. The phenotypic resistance of biofilms 
to antimicrobial factors is rendering the antibiotic regimens 
inefficient, while simultaneously enabling continuous 
spreading of biofilm cells [32]. 

The minimal inhibitory concentration (MIC) value 
was assessed by the broth microdilution method, against 
S. aureus, as a representative species for the infections 
with Gram-positive cocci and E. coli, as a representative 
microorganism for the Gram-negative bacterial pathogens. 
Our results revealed the efficiency of the obtained nano-
structures against both planktonic and adherent bacteria, 
the effect being more intense against the Gram-positive 
S. aureus strain. These results are remarkable, taking into 
account that this pathogen is the most frequently isolated 
in chronic wounds infections (diabetic foot ulcers, venous 
stasis ulcers and pressure sores) associated with biofilm 
development, being responsible of delays in re-epithelia-
lization and healing going to a two-fold increase in the 
healing time [33–35]. 

 Conclusions 

The obtained nanoparticles exhibited a very good anti-
bacterial activity, both against Gram-positive and Gram-
negative strains, while the coated wound dressings proved 
to be more resistant to S. aureus microbial colonization 
and biofilm formation compared to the uncoated controls. 
These results correlated with the good in vivo biodis-
tribution open new directions for the design of nano-
structured bioactive coating and surfaces, which can find 
applications in the medical field, for obtaining improved 
bioactive wound dressings and prosthetic devices, but also 
in food packaging and cosmetic industry. 
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