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The increasing rate of antibiotic resistance is a major threat for healthcare 
systems that elevate the necessity of exploring new materials to combat 
infectious diseases. Zinc oxide-based nanomaterials have emerged as 
promising candidates to minimize drug resistance due to their potential 
antibacterial properties and also as cargo to deliver antibiotics for 
sustained release. Here, we engineer zinc oxide-based colloidal hybrid 
system comprised of poly (ethylene glycol) (PEG) and amphiphilic poly 
(vinyl pyrrolidone) (PVP) as a stabilizing agent for controlled drug release. 
Ciprofloxacin (CF) and metronidazole (MZ) with different polarities are 
encapsulated in PVP-PEG@ZnO nanohybrid as model antibiotics against 
aerobic and anaerobic bacteria. The present study investigates the effects 
of the CF/MZ: ZnO nanohybrid composition ratio on encapsulation 
efficiency, drug release, and antimicrobial activity. For the comparison, 
we also synthesized PEG@ZnO incorporated enrofloxacin (EFX) (model 
hydrophobic drug) by a sol-gel procedure. We report that our in vitro drug 
release kinetics are well aligned with Ritger-Peppas and Sahlin-Peppas 
equations. The binding efficacy of drugs and PVP-PEG@ZnO nanohybrid 
was investigated using molecular dynamic simulations and DFT methods. 
Free energy calculations and root-mean-square deviation (RMSD) were 
applied to analyze binding interactions. This research will provides an 
insight into the engineering of ZnO-based nanomaterials for dual-drug 
delivery to improve infection treatment. 

INTRODUCTION
Infectious diseases kill over 17 million people 

annually due to the reduced clinical effectiveness 
of current treatments resulting from drug 

resistance. Development of new materials 
for the treatment of patients with antibiotic-
resistant infections is a challenging task. Recent 
advances in biomaterials have provided a variety 
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of materials such as organic (polymeric micelles 
and surfactants) and inorganic (silica and metallic 
nanoparticles) or hybrid materials (organic 
and inorganic) for effective drug delivery [1-4]. 
Among inorganic nanoparticles, metallic oxide 
nanostructures, especially nano-scale ZnO, have 
gained significant importance in biomedical fields, 
particularly as biocidal and purifying agents due to 
the production of reactive oxygen species (ROS) 
that damage bacterial cells. ZnO nanoparticles 
have already been used as antimicrobial agents 
showing remarkable resistance against various 
bacterial pathogens [5]. Furthermore, zinc has a 
significant role in glucose metabolism and acts as 
an enzyme activator that helps in insulin secretion 
[6].

Drug encapsulation into a nanocargo is an 
effective technique that protects the active 
substance against degradation and controls the 
drug release in vitro and in vivo. It also reduces 
the limitation of conventional formulation such 
as side effects and unsuitable bioavailability 
[7-9]. The co-encapsulation of multiple drugs 
and active therapeutic substances in a single 
delivery system is a promising approach to 
provide advanced infection therapies [10, 11]. 
Simultaneous encapsulation of drugs with 
different polarities and solubilities in nanoparticles 
holds the potential to improve the effectiveness 
of treatment with the benefit of a synergistic 
drug effect through sustained combinatorial 

drug release. Several studies have examined the 
co-encapsulation of multiple drugs into a single 
cargo, including nanocarrier based on bio-polymer 
coated graphene oxide [12], silica nanoparticles 
composite [13], multilayered microparticles 
[14], and poly(D,L-lactide-co-glycolide) (PLGA) 
nanoparticles [15]. The correct combination of 
drugs can better adjust cell signaling to raise the 
healthcare effect and decrease drug resistance 
[16, 17]. There is an increasing need to develop 
new approaches that lead to effective antibacterial 
therapies to overcome antibacterial resistance 
sustainably.

In this study, ZnO nanoparticles incorporated 
-ciprofloxacin (CF) and metronidazole (MZ) - were 
fabricated in polymeric solution using the cost-
effective and low-temperature approach in an 
aqueous solution by sol-gel and co-precipitation 
method. These polymeric nanoparticles were 
developed with the goal of co-delivering of CF and 
MZ. CF is a fluoroquinolone with broad activity 
against Gram-positive and Gram-negative aerobic 
organisms but has no activity against anaerobic 
bacteria. MZ is particularly effective in treating 
infections from susceptible anaerobic bacteria and 
parasites [18]. Both the CF and MZ belong to the 
class of quinolone and nitroimidazole that inhibit 
DNA-directed cell wall biosynthesis. Herein, we 
took advantage of the synergistic effects of CF and 
MZ to fight against a broad spectrum of bacteria 
while simultaneously addressing antibacterial 
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Fig. 1. The structure of a) Ciprofloxacin b) Metronidazole
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resistance issues by integrating ZnO nanoparticles 
into our formulation. All three components were 
loaded in PVP-PEG to produce CFMZ-PVP-PEG@
ZnO nanohybrid, which was further studied for its 
drug-release kinetics. In addition, environmental 
stimuli, including ionic strength and pH effect on 
drug release were evaluated. The drug-loaded 
PVP-PEG@ZnO nanohybrids were characterized 
for their particle size, morphology, drug-loading, 
and release mechanism. Furthermore, an 
investigation of the comparative effects of PEG 
and PVP-PEG-capped ZnO nanohybrids on release 
and antibacterial activities was conducted. 

Additionally, a molecular-level computational 
approach was applied to understand the adsorption 
of the drug on the nanohybrid. The developed 
drug-loaded PVP-PEG@ZnO nanohybrid indicated 
significant behavior due to the presence of PVP 
polymer as an ionic- and pH-responsive polymer. 

MATERIALS AND METHODS
Materials

Poly (vinyl pyrrolidone) PVP K130 and poly 
(ethylene glycol) (PEG) (MW=6000,10000) were 
purchased from Sigma Aldrich. Zinc nitrate 
hexahydrate Zn(NO3)2.6H2O, zinc acetate dihydrate 
Zn(COO)ammonia solution (25% Scharlau) 
were obtained from Merck. Daroupakhsh 
Pharmaceutical Company, Iran, provided 
enrofloxacin, ciprofloxacin, and metronidazole 
(purity of 99.7%). Phosphate buffered saline (PBS) 
(pH: 1.7, 2.5, and 6.8) was prepared using sodium 
phosphate monobasic, two basic crystals, and 
phosphoric acid. 

Preparation of CFMZ-ZnO/PVP-PEG nanohybrid
The drug-loaded PVP-PEG@ZnO hybrid system 

was synthesized using a modified sol-gel and co-
precipitation method following the procedure 
shown in Fig. 2 [19]. Briefly, (150 mL) of polymeric 
(0.2% w/v) solution was prepared by dissolving 
PEG (MW=6000) and PVP in 150 mL of deionized 
water. The solution was stirred, and 1 g zinc nitrate 
(Zn(NO3)2) was added. Both the drugs, CF and MZ, 
were dissolved in this solution at varying drug: 
polymer ratios of 0.3, 0.6, and 1. After that, 1.7 
mL of ammonia solution (NH4OH) was added drop-
wise into the solution under vigorous and constant 
stirring at room temperature until colloidal 
particles appeared. The colloidal solution was 
refluxed at 70 -90 °C for 2-3h. After cooling down, 
the formed precipitates were centrifuged and 
washed with deionized water and ethanol three 
times to remove impurities. The final product was 
dried in a hot air oven at 85 °C. For comparison, 
drug-free PVP-PEG@ZnO hybrid systems were 
prepared using the same procedure. The following 
formulations are mentioned in the table1: (PVP/
PEG)-(CF/MZ)1.25-ZnO, (PVP/PEG)-(CF/MZ)1.11-ZnO, 
(PVP/PEG)-(CF/MZ)2-ZnO.

Preparation of EFX- PEG@ ZnO hybrid system
Spherical assemblies of ZnO nanoparticles 

were prepared in poly (ethylene glycol) (PEG) 
(MW=10000) solution incorporated with 
enrofloxacin (EFX) using sol-gel method. Briefly,  
mol of poly(ethylene glycol) (PEG) and 30 mg EFX 
were dispersed into 20 mL deionized water and 
stirred with a magnetic stirrer to obtain a clear 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. The formation of CFMZ@ZnO hybrid in PVP and PEG network
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homogeneous solution. 5.48 g of zinc acetate 
dihydrate was dissolved in 50 mL ethanol at 50 
°C and mixed with the above 20 mL of EFX-PEG 
solution. 10 mL of 1M sodium hydroxide solution 
was added dropwise to the mixture under 
vigorous stirring at room temperature for 2h. The 
solid product was separated by centrifugation at 
14000 rpm for 2min, washed with ethanol and 
distilled water several times to remove unreacted 
materials, and air-dried at ambient temperature 
for 24 h. The polymeric-zinc oxide-EFX materials 
were denoted as EFX-PEG@ZnO. 

Characterization techniques
Fourier transform infrared spectroscopy (FT-

IR) (Bruker, Equinox 55, Germany) was recorded 
between 550 and 3900 cm-1 using a KBr wafer to 
investigate the chemical interactions between 
drugs polymers and the ZnO matrix. The spectra 
of drugs (CF and MZ), polymer, drug-free-loaded 
nanoparticles, and drug-loaded nanoparticles 
were recorded.

The morphology of the drug-loaded hybrids 
was investigated using field emission scanning 
electron microscopy (FESEM, MIRA3 TESCAN) at 
135kx, after sputter coating the samples with gold.

The particle size analysis and size distribution 
were determined using dynamic laser scattering 
(DLS) equipment (Horiba, SZ-100, Japan). The 
nanohybrids were dispersed in distilled water by 
probe ultrasonic for 1 min before analysis. The 
particle size evaluation was carried out at 25 °C by 
He-Ne laser at 90º scattering angle.

Thermal gravimetric analysis (TGA) was carried 
out using a PL thermo-gravimetric analyzer (SDT 
Q600 V20.9 Build 20). The samples were heated 
from 20 to 800 °C at a heating rate of 10 °C/min 
under air.

Antimicrobial activity assay
Antibacterial efficacy of drug-free, drug-loaded 

PEG@ZnO, and PVP-PEG@ZnO hybrids was 
evaluated against two Gram-positive bacteria, 
Staphylococcus aureus (ATCC 25923) and Bacillus 
subtilis (ATCC 6633), and one Gram-negative 
bacteria, Escherichia coli (ATCC25922) using agar 
diffusion method in sterile Petri dishes [20]. Stock 
bacterial cultures were prepared by inoculating 
the strains in Tryptone Soya Agar (TSA), followed 
by incubation at 35 °C for 24 h. These cultures 
were at 4 °C until use. Working cultures were 
obtained by transferring a loopful from the stock 

culture into 5 mL of Brain Heart Infusion broth 
(BHI) and incubating at 35 °C for 24 h.

Subsequently, 50 µL of an aqueous working 
culture (at approximately CFU/mL) was added 
to the agar plates. The plates were kept at 37 °C 
incubator for 24h. The respective solvent and 
tetracycline (1mg.mL-1) were served as negative 
and positive controls, respectively. Antimicrobial 
activity of the nanohybrids was evaluated by 
measuring their inhibition zones due to subsiding 
bacterial growth around each sample. 

Drug –loading content
The efficacy of drug encapsulation was 

determined by shaking (60rpm) 100 mg of drug-
loaded hybrid in 10 mL PBS solution (0.2M, pH=1.7) 
at 37 ºC for 24 h, followed by centrifugation (11,000 
rpm for 2 min) and evaluation of released drugs 
in the diluted supernatant. The amount of CF and 
MZ in the supernatant (encapsulated drug) was 
determined using a UV-Vis spectrophotometer 
(Optizen 3220UV, Korea) at a maximum wavelength 
of 280 nm and 320 nm using the calibration curve. 
Drug loading (DL) content was calculated by the 
following equations:
 

%𝐷𝐷𝐷𝐷 = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑𝑤𝑤 𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑑𝑑𝑒𝑒𝑒𝑒𝑡𝑡𝑤𝑤𝑑𝑑
𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑒𝑒𝑑𝑑𝑡𝑡𝑤𝑤𝑒𝑒𝑒𝑒𝑤𝑤𝑒𝑒 × 100 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                    
                                                                                    

 (1)

TGA instrument (New Castle, DE, USA) was also 
employed to calculate the drug payload efficiency. 

In vitro release experiments
The in vitro drug release studies were 

conducted at the physiological temperature of 37 
°C and in different pH environments (pH 1.7, pH 
2.5 and pH 6.8) using batch-based methods. The 
buffer solution with different pH was provided 
using PBS and phosphoric acid. Typically, 100 mg 
of the drug carrier was soaked in 10 mL dissolution 
media: enzyme-free simulated gastric fluid (SGF, 
10 mM, pH 1.7 and pH 2.5) and enzyme-free 
simulated intestinal fluid (SIF, 10 mM, pH 6.8) in a 
test tube. The test tubes were placed in an orbital 
shaker- incubator (Rotator 2000, Behdad) at 37 °C 
with a shaking speed of 65 rpm. At different time 
intervals, the samples were centrifuged at 11,000 
rpm for 2 min. UV-Vis (Optizen 3220UV, Korea) 
spectrophotometer was used to determine the 
amounts of released CF and MZ at two separate 
wavelengths of 270 nm and 320 nm. The impact of 
ionic strength on the drug release was investigated 
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following the same procedure in SIF buffer solution 
(20 mM, pH 6.8).

Mathematical modeling of drug release
Seven different kinetic models, mainly non-

Fickian diffusion-controlled process, two empirical 
exponential equations and three semi-empirical 
models derived from Fickian diffusion, were 
fitted to the drugs’ release data using non-linear 
regressions. The Akaike’s information criterion 
(AIC) was calculated for each model as an indicator 
to investigate the best model for a given dataset 
[21].

Error analysis
It is essential to use error analysis to verify 

the fit quality of fit of the best drug release data 
model. The four error functions employed in this 
work are residual root mean square error (RMSE), 
sum of the absolute error (SAE), average relative 
error (ARE), and average relative standard error 
(ARS). The smaller the error function value, the 
better the fit of the curve fit. The expressions of 
error functions are as follows [22]:

(i) Residual root mean square error (RMSE):
  

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = √ 1
𝑛𝑛 − 2∑ (𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐)2
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             (2)

Where n is the number of experimental data 
points, is the calculated data,  is the experimental 
data.

(i) Sum of the absolute error (SAE):
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 Average relative error (ARE):
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(ii) Average relative standard error (ARS): 

𝐴𝐴𝐴𝐴𝐴𝐴 = 100 × √∑ ((𝑞𝑞𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒)/𝑞𝑞𝑒𝑒𝑒𝑒𝑒𝑒)2𝑛𝑛
𝑖𝑖=1

𝑛𝑛 − 1  
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Computational details
In order to study interactions between drugs 

with polymers and matrix, the electronic structures 
of molecules and the prepared nanoparticles 

were investigated by density functional theory 
(DFT) at B3LYP/LanL2DZ level of theory. Gaussian 
09 program package was applied to optimize the 
complexes [23].

Molecular dynamic simulations
Molecular dynamic (MD) simulations were used 

to compare the interactions of CF and MZ drugs 
with the PVP-PEG@ ZnO hybrid. These interactions 
were also studied in an aqueous phase, where the 
release of the drugs was compared in water. MD 
simulations were carried out using the Forcite 
module of Materials Studio. The bonded and 
non-bonded interactions were modeled based 
on the DREIDING force field [24]. This force field 
has been widely used to describe the structures 
and dynamics of organic and biological molecules. 
The size of the simulation box was set at 31.70 
Å × 31.70 Å × 31.70 Å, and periodic boundary 
conditions were applied to avoid any arbitrary 
boundary effects. Simulations were performed in 
the NVT (constant number of particles, consistent 
volume, and constant temperature) ensemble 
with a time step of 1 fs and 3500 ps simulation 
time. 

First, the ZnO nanoparticles with a diameter of 
14 Å along with the proper amount of the drug 
molecules, PVP and PEG (based on their molar 
ratios in the experimental section), were placed 
in the unit cell. Before MD simulation calculations, 
the configuration of the unit cell was optimized 
using the Smart algorithm. After the equilibration 
process, the interaction energy of the drugs and 
PVP-PEG@ZnO in the resulted solid hybrid (drug-
loaded PVP-PEG@ZnO hybrid) was evaluated 
according to the following equation:
 

 

 

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝐻𝐻+𝐷𝐷𝐻𝐻𝐷𝐷𝐷𝐷 − (𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝐻𝐻 + 𝐸𝐸𝐷𝐷𝐻𝐻𝐷𝐷𝐷𝐷) 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

        (6)

Where ,  and  are the obtained average energies 
from the MD simulations of the drug-loaded 
PVP-PEG@ZnO hybrid, drug-free PVP-PEG@ZnO 
hybrid, and the drugs, respectively.

In the next step, the interaction of the drug-
loaded PVP-PEG@ZnO hybrid (obtained in the 
previous step) with water molecules was studied. 
For this purpose, the H2O molecules were added 
to the unit cell (about 700 H2O molecules) so that 
water molecules completely surrounded the drug-
loaded PVP-PEG@ZnO hybrid.

The interaction energy of drugs with PVP-PEG@
ZnO hybrid in aqueous solution was obtained 
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according to the following equation:
 

 

 

  𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎 = 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝐻𝐻+𝐷𝐷𝐻𝐻𝐷𝐷𝐷𝐷+𝐻𝐻2𝑂𝑂 − (𝐸𝐸ℎ𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝐻𝐻+𝐻𝐻2𝑂𝑂 + 𝐸𝐸𝐷𝐷𝐻𝐻𝐷𝐷𝐷𝐷) 
                                                                                     (7)

 

 

  𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎 = 𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝐻𝐻+𝐷𝐷𝐻𝐻𝐷𝐷𝐷𝐷+𝐻𝐻2𝑂𝑂 − (𝐸𝐸ℎ𝐻𝐻𝐻𝐻𝐻𝐻𝑖𝑖𝐻𝐻+𝐻𝐻2𝑂𝑂 + 𝐸𝐸𝐷𝐷𝐻𝐻𝐷𝐷𝐷𝐷)   
Where  and  are the obtained average energies 

from the MD simulations of the drug-loaded PVP-
PEG@ZnO hybrid and drug-free PVP-PEG@ZnO 
hybrid in the aqueous solution, respectively.

RESULTS AND DISCUSSION
Physico-chemical characterization of the prepared 
PVP-PEG@ZnO hybrids

Fig. 2 shows the synthesis procedure of 
polymeric drug-loaded PVP-PEG@ZnO hybrid 
designed for a broad-spectrum antimicrobial 
activity that possesses not only fluoroquinolone, 
but also metronidazole, in order to study its 
effectiveness against both Gram-negative and 
Gram-positive bacteria. Moreover, studies have 
indicated the excellent antimicrobial potential 
of ZnO nanoparticles when used in combination 
with beta-lactams and amino glycosides against 

different pathogenic microbes [20]. Therefore, 
here we combined ZnO with antibiotics to offer 
synergistic  activity of drugs and nanoparticles and 
pave the way for suitable design of drug carriers. 
The deprotonation/protonation switchability of 
PVP devotes the nanohybrids with good pH- and 
ionic strength- dual sensitivity in the drug delivery.

FT-IR spectroscopy analysis
The FT-IR spectroscopy was applied to affirm 

the intermolecular bonds of drugs into ZnO 
nanoparticles (Fig. 3). FTIR spectra of pure PVP-
PEG@ZnO system (shown with (a)) illustrates an 
IR peak at 547 cm-1 due to the stretching vibration 
of ZnO conjugation with polymer. The appearance 
of a broad absorption band at 3377 cm-1 is due 
to absorption of ˗OH group in ZnO and PEG in 
drug-free and drug-loaded CFMZ-PVP-PEG@ZnO 
composite, which indicates binding of PEG with ZnO 
and intermolecular bonds through encapsulation 
process [25]. The characteristic bands at 1367 cm-

1and 1271 cm-1 in the FTIR spectrum of 2c and 2d 
are due to N-O stretching vibration and C-F group 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. FT-IR spectra of a) pure ZnO/PEG-PVP, b) drug loaded- ZnO/PEG-PVP, c) Metronidazole, d) 
Ciprofloxacin, e) PEG, f)PVP
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stretching that appeared at 1373 cm-1and 1259 
cm-1 in FTIR spectrum of drug-loaded PVP-PEG@
ZnO composite (spectrum b). It might be due to the 
interaction of the electron-doner fluorine atom in 
ciprofloxacin with the Zn atom. The bands at 1708 
cm-1 and 1623 cm-1 in the spectrum of CF were 
attributed to the carbonyl C=O stretching and the 
quinolones. Instead, the strong peak at 1623 cm-1 

emerged, and the band at 1708 cm-1 vanished due 
to the interaction between CF and ZnO in drug-
loaded nanohybrids. A peak at 1186 cm-1 (due to 
C-O stretching) was shifted to 1178 cm-1, and its 
intensity was decreased. The bands at 2933 cm-1 in 
the spectrum of CF, 2933 cm-1, 3097 cm-1 assigned 
to stretching =CH and 3224 cm-1 to stretching –OH 
in the spectrum of MZ, were changed to 2920 cm-1 
and 3209 cm-1 (corresponding to H-bonding) in 
drug-loaded PVP-PEG@ZnO nanoparticles. These 
observed changes in the IR spectrum of drug-
loaded PVP-PEG@ZnO nanohybrid confirm the 
successful co-encapsulation of CF and MZ in ZnO 
hybrid system. As reported in the literature [26-
28], CF has two metal binding sites coordinated 
through two carbonyl oxygen atoms in all the 
complexes. As well, MZ has four sites for metal 

bonding.

Field emission scanning electron microscopy (FE-
SEM)

FE-SEM images of the CFMZ-PVP-PEG@ZnO 
and EFX-PEG@ZnO hybrid system are shown in Fig. 
4a-d. These images were captured to investigate 
morphological changes in the shape and size 
of the composites. The CFMZ-PVP-PEG@ZnO 
composite prepared by the prob sonicator showed 
hexagonal structures with an average size of about 
300 nm (Fig. 4b). This size was in agreement with 
the obtained size determined via dynamic light 
scattering (DLS, 180-321 nm). It could be seen 
from the SEM images that the heterogeneity 
surface of composite in Fig. 4a had transformed 
to uniform particles with homogeneous surfaces. 
Fig. 4a and 4c present typical FE-SEM images of 
CFMZ-PVP-PEG@ZnO composites prepared by a 
magnetic stirrer with different surface morphology 
and heterogeneity surfaces. Fig. 4a exhibits a 
smooth and layered lamellar surface of hybrids 
at low magnification. At higher magnification (Fig. 
3c), the hybrid particles show agglomerates with 
connected cylindrical particles and small structured 
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Fig. 4. FE-SEM images of the drug-loaded CFMZ-PVP-PEG@ZnO hybrids a) sample1, (b) 
sample 2 prepared under prob sonicator, (c) sample 3 and (d) EFX- PEG@ZnO  
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particles of irregular morphology. However, there 
is a dense aggregate of primary ZnO nanoparticles. 
The incorporation of PVP into the hybrid network 
resulted in the formation of larger-sized particles. 
Fig. 4d shows FE-SEM images of EFX-PEG@ZnO 
composite. This figure shows that drug-loaded 
PEG@ZnO nanoparticles were spherical in shape, 
with a diameter of ~36-76 nm. Clear and uniform 
morphology was observed for the drug-loaded 
ZnO nanoparticles in the presence of PEG. 

Thermogravimetric analysis (TGA)
TGA, differential thermal analysis (DTA), and UV 

spectrometry were applied to quantify actual drug 
loading. The TGA and DTA curves of drugs, drug-

free hybrid system (PVP-PEG@ZnO), and drug-
loaded hybrid system (CF-MZ-PVP-PEG@ZnO) 
are illustrated in Fig. 5a and 5b. The drug loading 
amount using two techniques is presented in Table 
1.

The percentage of drug entrapment was 
determined from the mass loss with respect to 
the total initial mass between 20 and 800 ºC. The 
DTA curve of MZ shows two endothermic and 
exothermic peaks from 163 ºC to 280.78 ºC. In 
TGA curve of MZ, the mass loss percentage from 
159 ºC to 271 ºC is due to the elimination of NO2 
and C2H5OH groups. The decomposition from 272 
ºC to 306 ºC is assigned to the loss of C3H3N2 [29]. 
In DTA curve of CF, one endothermic peak at 157 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Zone of inhibition (mm) against bacterial strains  

Sample S. Aureus B. Subtilis E. Coli Drug/Polymer LC (%) (CF) LC (%) (MZ) 

PVP-PEG@ZnO 30 45 43 - - - 

1 23 40 40 0.3 28.07 24.18 

2 31 45 45 0.6 31.69 24.39 

3 32 46 50 1 22.23 30.97 

Tetracyclin (Standard) 38 30 37 - - - 

PEG@ZnO 22 - 20 0.3 14 - 

Table 1. Characterization and antibacterial activity of zinc oxide hybrids

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. TGA (a), DTA (b) curves of CFMZ-PVP-PEG@ZnO and (c) EFX- PEG@ZnO
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ºC is due to the removal of C2H2 group. The two 
peaks at 302 and 361 ºC are related to the mass 
loss of drug residuals [30].

The decomposition of pure PVP-PEG@ZnO and 
drug-loaded CFMZ-PVP-PEG@ZnO hybrid system 
starts at 30 ºC. The decrease in the curve from 
30 ºC to 100 ºC may be due to the evaporation 
of absorbed water by the hybrid system. The mass 
loss difference between pure PVP-PEG@ZnO and 
drug-loaded CFMZ-PVP-PEG@ZnO nanohybrids 
in TGA curves resulting from drug loading was 
approximately 22.95%. In TGA and DTA curves of 
drug-loaded CFMZ-PVP-PEG@ZnO, the decline in 
the curve at the temperature range of 136 to 203 
ºC may be primarily attributed to the loss of MZ 
that is accompanied by weight loss of 11%. The 
weight loss between 200 and 250 ºC, is related to 
the removal of the residual ethoxy groups (-OEt) 
and MZ residue [29]. The one endothermic peak 
at 304 ºC and the decomposition event on the 
related TGA curves in the temperature range of 
257 ºC to 422 ºC may be due to the mass loss of CF 
which is almost equal to 10.25%.

In vitro antibacterial activity evaluation of PVP-
PEG@ZnO hybrids

The antibacterial activity of all the four types 
of PVP-PEG@ZnO hybrids and EFX-PEG@ZnO 
nanoparticles is shown in Table 1 in terms of the 
inhibition zone (mm) of the synthesized PVP-PEG@
ZnO hybrids and EFX-PEG@ZnO nanoparticles. The 
images of the antibacterial performance of hybrids 
after 24 h of incubation are displayed in Fig. 6. 
According to the results, it is clear that all of the 
hybrid formulations have antimicrobial activity. 
More activity was demonstrated by hybrids against 
Gram-positive bacteria (Bacillus subtilis) and 
Gram-negative bacteria (Escherichia coli) with an 
inhibition zone of 46 mm and 50 mm, respectively. 
Drug-free PVP-PEG@ZnO hybrid showed more 
growth inhibition than from that of tetracyclin 
control. This confirms the potential of PVP-PEG@
ZnO composite to kill bacteria. However, by 
increasing the amount of antibiotics in drug-loaded 
CFMZ-PVP-PEG@ZnO hybrids, the inhibition zone 
has been further enhanced. As shown in Fig. 6, the 
growth inhibition ranged between 30 and 50 mm   
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Fig. 6. Antimicrobial activity of drug-loaded CFMZ-PVP-PEG@ZnO hybrids: 1) drug/polymer: 1, 2) drug/polymer:0.6, 3) 
drug/polymer:0.3, 4) drug-free PVP-PEG@ZnO hybrid against three bacterial strains
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with the hybrid concentration of 50 µg/mL, as the 
minimum inhibitory concentration (MIC). These 
results reveal a good activity and better growth 
inhibitory effect of PVP-PEG@ZnO as compared 
to EFX-PEG@ZnO nanohybrids and those reported 
in other studies for capped ZnO nanoparticles 
with surfactants having 10-26 mm of antibacterial 
activity [24, 36].

In vitro drug release studies
The in vitro study was performed at 37 ± 0.5 

°C in the buffer solution (pH 1.7, 2.58, and 6.8). 
Fig. 7a displays the release patterns of CF and MZ 
from the different drug-loaded CFMZ- PVP-PEG@
ZnO hybrids in (10 mM, pH=6.8) buffer solution 
as a function of time. An initial burst release was 
observed, followed by a slow sustained release. 
The initial release of CF and MZ from hybrids 
with drug/polymer ratios of 0.3, 0.6, and 1 was 

approximately 48%, 53%, and 53% after 2 h, 
respectively. Sample1 with the drug/polymer ratio 
of 0.3 showed a lower and distinct release pattern. 
The release of CF from sample1, was 64% and 
69% at the sampling time of 6h and 14h, which 
was slower than the MZ release (68% and 74%), 
simultaneously. Such a burst release of the drug 
can be attributed to the surface adsorption of the 
drug in which a weak interaction would lead to the 
faster release. As shown in Fig. 7b, the release of 
CF and MZ from sample1 was very fast in pH=2.58. 
It reached 41% and 36% after 10 min, and 67% 
and 63%, within 2h. To study the effect of pH on 
drug release profile, we tested SIF buffer solution 
(pH=1.7) (Fig. 8a). pH-responsive behavior with an 
increase in the drug release rate by decreasing the 
pH of the dissolution medium. The elevated drug 
release at low pH can be attributed to the higher 
swelling ratio of PVP at a low pH value. Calibration 
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curves of drugs are presented in supporting 
information, Fig. S2.

Ionic strength, pH, and particle surface 
chemistry are major parameters that significantly 
affect drug release behavior and mobility of 
nanoparticles [31, 32]. In order to evaluate the 
impact of dissolution medium ionic strength, the 
release studies were conducted in SGF buffer 
solution (0.2 M, pH=6.8). The ionic strength-
sensitive characteristic of nanoparticles is 
depicted in Fig. 8b and 7c. It is evident that with 
an increase in the ionic strength of the dissolution 
medium, the cumulative release percentage was 
gradually enhanced. As reported in the literature 
the medium ionic strength can affect hybrids using 
multiple mechanisms by which carriers decrease 
their excess surface energy. To achieve this goal, 
nanoparticles may cluster into dense aggregates 
or dissolve according to the DLVO theory and 
Noyes-Whitney relationships [32].

Drug release kinetics
The main objective of this work was to study 

the release kinetics and transport mechanisms 
of the drug release from drug-loaded CFMZ-PVP-
PEG@ZnO hybrid system. Three different models 
including Higuchi square root plot, Ritger-Peppas, 

and Peppas-Sahlin equations, were used to fit the 
experimental data [33-35]. In order to study the 
quality of fit and kinetics of release, the correlation 
coefficient (R2), AIC values, error analysis and other 
parameters of equations were calculated by linear 
and non-linear least-squares regression (Tables 
2 and 3) and (supporting information, Table S1). 
According to the correlation coefficients, the 
smaller AIC values, and error analysis functions, 
the best fit was observed with Peppas-Sahlin 
equation. The graphical representation of these 
kinetic models for three release systems with drug/
polymer ratios of 0.3, 0.6, and 1 are illustrated in 
Fig. 9 and (supporting information, Fig. S3). All of 
the kinetic models are valid, only for the first 60% 
of drug release. Therefore, for all three samples, 
the drug release was considered up to 60%. Table 
2 presents the diffusional exponent (n) and the 
release constant (k) for MZ and CF release from 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. (a) Effect of pH on drug release in two formulations and (b) The impact of ionic strength on drug release rate
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hybrids. All the samples shown values around 0.2-
0.3. As reported in the literature, in Ritger and 
Peppas equation, when n=0.43, the drug release is 
managed by Fickian diffusion, and when 0.43< n < 
0.85 it is anomalous (non-Fickian) transport. These 
values are correct for the monodispersed polymer 
composites, but here polydispersed hybrids have 
been prepared. In polydisperse samples, Fickian 
diffusion mechanism can be recognized by n 
values < 0.43. This fact could explain, the drug 
release mechanism was governed by both non-
Fickian diffusion and case II relaxations. As well as, 
non-Fickian diffusion overcame the drug release 
mechanism from nanoparticles. It was found that 
this is a two-stage process in which the Fickian 

contribution decreased over time. The results 
indicated that MZ release kinetics from hybrids is 
different from CF. The release mechanism of MZ is 
more controlled by Fickian diffusion than polymer 
relaxation. 

Computational analysis
In this section, the interactions between the 

MZ and CF with PEG and PVP in a drug-loaded 
CFMZ- PVP-PEG@ZnO system as a basic model 
are investigated. The density functional theory 
(DFT) with B3LYP level and lanl2dz as a basis set 
was applied to all of the electronic structure 
calculations. To calculate BSSE value, counterpoise 
(CP) and non-counterpoise corrected geometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Release system K1 K2 m R2 AIC RMSE SAE ARE ARS 

Drug/Polymer: 0.3          

Ciprofloxacin 53.18 -10.86 0.38 0.9735 36.83 2.26 14.41 0.05 6.88 

Metronidazole 48.51 -7.58 0.38 0.9833 35.87 2.15 13.62 0.04 5.59 

Drug/Polymer: 0.6          

Ciprofloxacin 54.57 -10.82 0.38 0.9958 23.31 1.54 6.39 0.03 8.32 

Metronidazole 54.48 -11.32 0.45 0.9970 21.18 1.32 5.63 0.02 4.25 

Drug/Polymer: 1          

Ciprofloxacin 72.83 -20.27 0.32 0.9930 47.11 2.95 19.78 0.04 6.33 

Metronidazole 81.35 -23.69 0.4 0.9834 47.48 2.81 19.00 0.05 16.48 

 

 

Release system K1 n R2 AIC RMSE SAE ARE ARS 

Drug/Polymer:0.3         

Ciprofloxacin 40.87 0.26 0.9733 39.23 2.68 16.50 0.06 9.39 

Metronidazole 40.11 0.29 0.9824 34.75 2.22 14.88 0.04 6.7 

Drug/Polymer:0.6         

Ciprofloxacin 42.88 0.26 0.9932 24.63 2.18 9.20 0.03 4.72 

Metronidazole 41.98 0.29 0.9922 25.99 2.41 9.78 0.03 4.67 

Drug/Polymer:1         

Ciprofloxacin 50.97 0.17 0.9917 48.89 3.56 22.21 0.05 8.83 

Metronidazole 54.53 0.17 0.9850 54.61 5.20 35.83 0.08 12.69 

Table 2. The release parameter values obtained by fitting the in vitro release data to Peppas- Sahlin 
(Mt/M∞= K1t

m+K2t
2m ) model.

Table 3.The release parameter values obtained by fitting the in vitro release data to Ritger-Peppas (Mt⁄M∞ =Ktn ) model.
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optimizations were conducted. The energy minima 
on the potential energy surface were confirmed 
by performing the vibrational frequency analysis 
for all the optimized stationary points without 
imaginary frequency. The optimized structures of 
PVP-CF, PEG-CF, PEG-MZ, and PVP-MZ are shown 
in supporting information, Fig. S4. According to 
the calculated complexation energy of PVP-MZ 
(-17.51 kcal.mole-1), PEG-MZ (-16.60 kcal.mole-1), 
PVP-CF (-17.61 kcal.mole-1) and PEG-CF (-15.53 
kcal.mole-1), it is observed that the intramolecular 
interaction between CF and PVP is stronger than 
MZ with PVP. As well as the PEG-MZ molecule is 
more stable than PEG-CF. In addition, as is shown 
in Fig. S4, the corresponding bond lengths (H…O) 
values of all the complexes, 1.59, 1.73, 1.71, and 
1.75, confirm the formation of the hydrogen bond. 

Meanwhile, hydrophobic effects have the main 
role in the binding strength in supramolecular 
complexes. These results are due to the presence 
of several functional groups, such as fluorine and 
carboxyl groups, that are associated with high 
electronegative atoms. The computational results 
were in accordance with some drug loading 
capacity and encapsulation efficiency studies.

MD simulations
MD simulation was employed to modeled drug 

interaction with the PVP-PEG@ZnO hybrid system. 
In the first stage, after the energy minimization of 
the unit cell containing ZnO nanoparticles, PVP, 
PEG, and drug molecules, the annealing process 
was carried out. It was done by several simulations, 
in NVT ensemble, and in 1200 ps, so that initially 
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the temperature increased gradually from 100 K 
to 700 K, and then decreased gradually from 700 K 
to 298 K. The last simulation was done in 298 K for 
3500 ps. The drug-loaded CFMZ-PVP-PEG@ZnO 
hybrid structure resulted from this simulation is 
shown in Fig. 10a. This Figure clearly indicates that 
PVP and PEG polymers trap the ZnO nanoparticles 
and prevent the nanoparticles from sticking to 
each other. After equilibration, the molecules, as 
expected, showed only vibrational motions. The 
calculated interaction energies between MZ and 
CF with ZnO/PVP-PEG hybrid were -11.13 and 
-16.28 Kcal.mol-1, respectively, as evaluated by 
equation (7). These values show that the loaded 
drug in this matrix has proper interaction with 

polymers as well as ZnO nanoparticles. Also, the 
more interaction energy of CF molecules with PVP-
PEG@ZnO hybrid justifies that more of this drug is 
trapped in the hybrid. 

In the next step, the drug-loaded hybrid was 
placed in water to investigate the interactions in an 
aqueous solution (Fig. 10b and 10c). Furthermore, 
this simulation helps to compare the release of 
drug molecules in water. The interaction energy 
of the drug molecules with PVP-PEG@ZnO hybrid 
and H2O molecules was -38.24 and -269.45 Kcal.
mol-1, respectively, as obtained using equation (8). 
These results show that the interaction between 
functional groups of CF with hybrid is significantly 
increased in the aqueous phase.
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Fig. 10. (a) Solid drug-loaded hybrid and the aqueous solution of (b) CF- and (c) MZ-loaded ZnO/PEG-PVP hybrid 
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The mean square displacement (MSD) analysis 
was done for embedded drugs when the solid 
hybrid was placed in the water. The MSD is a 
measure of the movement of molecules relative to 
a reference position over time. Fig 11, shows the 
MSD plot vs time for two drugs. The displacement 
of drug molecules eventually results in the release 
of them in the solution. A comparison of the two 
drugs’ displacement in this plot shows that MZ 
molecules had more movement during this time. 
The surveying of the molecules’ trajectory in the 
simulation also clearly shows more movement 
and faster release of MZ molecules. This is entirely 
consistent with our experimental results and could 
be due to the smaller size of the MZ molecules 
and their weaker interaction with PVP-PEG@ZnO 
hybrid.

CONCLUSION
In this study, non-toxic, biodegradable, 

multifunctional nanohybrids were successfully 
fabricated by self-assembly of a pH-sensitive PVP 
and PEG onto ZnO nanoparticles for encapsulation 
and controlled release of two model antibiotics in 
the absence of any organic solvent. Three different 
ratios of drug-loaded ZnO hybrid conjugates 
were prepared by a facile sol-gel-precipitation 
procedure with 22%-31% drug entrapment 
efficiency. The drug-loaded ZnO hybrid showed 
broad-spectrum antimicrobial activity against 
Gram-negative E. coli and Gram-positive B. Subtilis, 
during which sample 3 of drug-loaded ZnO hybrids 

with higher drug concentration indicated the best 
antibacterial activity. The release of drugs from 
intelligent hybrid system indicated pH - and ionic-
strength-sensitive behavior. MZ and CF release 
from hybrids was increased by lowering the pH 
from 6.8 to 2.6 and 1.2 at 37 °C. When the ionic 
strength concentration was increased to 0.2M, the 
release of MZ and CF increased to 95% and 75%, 
respectively after 5h. In addition, the interaction 
of these hybrids with drugs was modeled by 
molecular dynamics simulations in solid and water 
environments. The experimental data and the 
MD simulation results are in complete agreement 
with each other. These data indicate that the 
interaction between polymers and CF is stronger 
than that with MZ. 
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