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Synergistic antibacterial activity of chitosan-
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Abstract

Background Antibiotic resistance is a growing global threat due to antibiotic overuse and limited treatment
options. Multidrug-resistant bacteria, like Staphylococcus aureus and Escherichia coli, increase infection complexity
and mortality. This study explores nanocomposite films of ZIF-8 nanoparticles and Doxycycline (Dox) to enhance
antibacterial efficacy. In this study, nanocomposite films composed of chitosan (CS) and polyethylene glycol (PEG),
incorporating zeolitic imidazolate framework-8 (ZIF-8) nanoparticles and DOX, were developed. These films were
characterized by their morphological, mechanical, antibacterial, and drug-release properties. Antibacterial efficacy
was evaluated using disk diffusion, broth microdilution, and checkerboard assay methods to determine MICs and
potential synergistic effects.

Results The nanocomposite films demonstrated flexibility, semi-transparency, and a yellowish-brown hue, with
films containing ZIF-8 nanoparticles being thicker (79+0.2 um) than those without (54 +0.5 um). The tensile strength
was enhanced with the incorporation of ZIF-8, peaking at 53.12 MPa for the CS-PEG-G-10% DOX-4% ZIF-8 film. XRD
analysis confirmed the crystallinity of the ZIF-8 and DOX, with distinct peaks observed for each material. The drug
release studies revealed an initial burst followed by sustained release, with higher release rates in acidic environments
compared to neutral and alkaline media. The CS-PEG-G-10% DOX-4% ZIF-8 nanocomposite film demonstrated
significantly higher antibacterial activity, achieving the lowest MIC values, particularly against S. aureus (22.5 mm
inhibition zone) compared to E. coli (14 mm inhibition zone). Additionally, a notable synergistic effect was observed
between CS-PEG-G-10% DOX and CS-PEG-G-10% DOX, with FICI values below 0.5.

Conclusions The CS-PEG-G-10% DOX-4% ZIF-8 nanocomposite exhibits enhanced antibacterial efficacy and optimal
properties, positioning it as a strong candidate for developing effective treatments against multidrug-resistant
pathogens.
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Introduction

The emergence of resistant bacteria poses a significant
global threat, primarily due to the widespread mis-
use of antibiotics and the scarcity of new antibacterial
drugs. This issue is further exacerbated by the continu-
ous appearance of bacterial isolates resistant to multiple
antibiotics, greatly reducing their effectiveness in treating
infections [1]. Bacterial isolates resistant to two distinct
classes of antibiotics are classified as multidrug-resistant
(MDR) bacteria. Infections caused by MDR bacteria are
associated with a significantly higher mortality risk than
those caused by non-MDR bacteria [2, 3].

Staphylococcus aureus, a Gram-positive bacterial
pathogen, is a major cause of severe infections, par-
ticularly with the rise of methicillin-resistant S. aureus
(MRSA), which is resistant to many antibiotics. MRSA is
a notorious cause of hospital-acquired infections and is
linked to significant morbidity and mortality [4, 5]. Simi-
larly, Gram-negative bacteria like Escherichia coli have
become prominent MDR pathogens due to the limited
availability of effective antibiotics against them [3].

Currently, significant efforts are directed towards
developing innovative formulations by combining new
biomaterial-derived excipients with existing antibacterial
drugs to enhance safety, efficacy, and cost-effectiveness
in both production and disposal [6—-10]. Chitosan (CS),
a natural biopolymer, has gained widespread use in drug
delivery due to its biocompatibility, biodegradability, low
cost, and abundance of amine and hydroxyl groups. It also
exhibits nontoxicity, antibacterial properties, and hemo-
static capabilities [11-13]. Additionally, as a cationic bio-
polymer containing amino groups, CS can interact with
the anionic components of microbial cell membranes,
leading to membrane disruption and the leakage of intra-
cellular contents [14]. Metal-organic frameworks (MOFs)
represent an emerging class of porous materials made
from inorganic metal ions connected by organic linkers
[15, 16], among various metals used to synthesize MOFs,
those containing zinc and iron show promise for clinical
applications, including drug delivery. These outstanding
properties are attributed to characteristics such as high
biodegradability, biocompatibility, pH-sensitive dissolu-
tion, a broad range of pore sizes, significant porosity, a
large surface area, thermal stability, and diverse chemical
composition [17, 18].

Over the past decades, controlled drug delivery tech-
nology has advanced significantly, allowing therapeu-
tic drugs to be delivered at a predetermined rate, either
locally or systemically, over a specified period to achieve
desired effects safely [19, 20]. Significant advancements
have been made in developing drug delivery systems that
offer improved efficacy, safety, bioavailability, controlled
release, and prolonged therapeutic effects [10]. Drug
release from pharmaceutical systems can be regulated
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through various mechanisms that involve their physico-
chemical properties. One strategy for controlling drug
release is the incorporation of a drug into a substrate
with specific biological, chemical, and mechanical prop-
erties [21]. Zeolitic imidazolate framework-8 (ZIF-8), a
subclass of MOFs composed of zinc ions and 2-methyl-
imidazole ligands, has shown chemical stability in aque-
ous and basic media and reported surface areas of up to
approximately 1800 m?*/g [21, 22]. ZIF-8 nanoparticles
have been successfully used for the controlled release
of the 6-mercaptopurine drug against cancer cells [23].
Additionally, Another study highlights the antibacterial
properties of ZIF-8 nanoparticles, revealing increased
effectiveness against gram-positive bacteria when paired
with Vancomycin, along with significant photoinacti-
vation capabilities under light exposure [24]. Another
investigation on ZIF-8 emphasizes its antibacterial prop-
erties, showing its effectiveness in inhibiting the growth
of Staphylococcus aureus and Pseudomonas aeruginosa
when used in combination with the antibiotic Ciprofloxa-
cin [25]. The synthesis and coating of ZIF-8 with sodium
alginate were explored as a green and bioactive platform
for the controlled release of Metformin [26]. Addition-
ally, the natural Physcion was encapsulated within ZIF-8
and examined for its antimicrobial potential through the
release of the encapsulated drug [27].

Doxycycline (Dox), a semi-synthetic antimicrobial drug
derived from oxytetracycline, has been widely used since
1967 to treat a broad spectrum of bacterial infections. Its
versatility extends to antiviral, antiparasitic, anticancer,
neuroprotective, anti-inflammatory, and wound-heal-
ing applications [28]. Dox may benefit from COVID-19
treatment due to its antiviral and anti-inflammatory
properties, which help mitigate the cytokine storm and
prevent lung damage [29]. Despite its extensive thera-
peutic potential, Dox faces challenges such as instability
in physiological environments, poor cellular penetration,
and adverse gastrointestinal effects. Additionally, bacte-
ria can develop resistance to Dox, complicating its effi-
cacy. Pharmaceutical nanotechnology offers a promising
solution to these limitations by enhancing drug delivery,
targeting specific tissues, organs, or cells, reducing dos-
age requirements, and minimizing side effects [30, 31].

Nanostructured Drug Delivery Systems (NDDS) are
designed to protect their cargo and ensure excellent cel-
lular penetration [32]. Positively charged nanostructures,
for example, enhance electrostatic interactions with neg-
atively charged bacterial walls, improving the bactericidal
action of antibiotics. Moreover, nano structuration can
prevent microbial resistance against specific drug classes,
making Dox-loaded NDDS a potent alternative for boost-
ing efficacy. Standard nanoparticle matrices for drug
delivery include polymeric, lipid, and inorganic materials,
with the choice depending on the drug’s physicochemical
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properties and intended application. Studies have shown
an increasing trend in the use of Dox-loaded nanopar-
ticles, peaking in 2020, highlighting the growing interest
in this drug and its nanotechnological delivery platforms
[30, 33].

The current study investigates the antibacterial prop-
erties of ZIF-8 nanoparticles and Dox, explicitly target-
ing the challenge of antibiotic resistance. The application
of nanotechnology and nanocomposites is pivotal, as it
enhances the effectiveness of the mentioned compounds,
reduces the required dosage, and helps prevent the devel-
opment of drug resistance. By evaluating the antibacterial
effects of nanocomposite films made of ZIF-8 and Dox
against E. coli and S. aureus—known for their resistance
to various antibiotics—this research aims to uncover
innovative strategies to combat bacterial infections.
Enhancing the antibacterial properties of ZIF-8 and DOX
through nanocomposite films could significantly lower
the necessary drug dosage, thereby minimizing potential
side effects and toxicity, ultimately improving outcomes.

Materials and methods

Materials

High molecular weight CS, with a deacetylation degree of
at least 75% and a viscosity range of 200—-800 cps, along
with polyethylene glycol (PEG) with an average molec-
ular weight of 400,000, were procured from Sigma-
Aldrich. Additional reagents, including zinc nitrate
hexahydrate (Zn(NO;),-6 H,0), 2-methylimidazole, and
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), were also sourced from Sigma—Aldrich.
Other chemicals, such as methanol, acetic acid, sodium
chloride (NaCl), potassium chloride (KCl), sodium
hydroxide (NaOH), hydrochloric acid (HCI), potassium
dihydrogen phosphate (KH,PO,), disodium hydrogen
phosphate (Na,HPO,), and glycerin (G) were obtained
from Merck, Germany. The antibiotic DOX (Hyclate) 500
was provided by Pars Dopharma Pharmaceutical Com-
pany, Tehran, Iran. All materials were used as supplied
without any additional purification. Commercial antibi-
otic discs of DOX (30 pg) and Gentamicin (30 pg) were
sourced from Thermo Fisher Scientific Inc., USA. Blank
paper discs were procured from Padtan-Teb Company,
Iran, and all culture media were obtained from Merck.
Distilled water was utilized in all experiments to main-
tain purity and consistency in the preparation of solu-
tions and formulations.

Synthesis of ZIF-8 nanoparticles

ZIF-8 nanocrystals were synthesized using the pre-
cipitation method as described in prior studies [34, 35].
Initially, a solution of Zn(NOj),-6 H,O (2 mmol) in meth-
anol was added to a methanolic solution of 2-methyl-
imidazole (16 mmol) while stirring continuously. The
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mixture gradually became turbid, indicating the for-
mation of nanocrystals. After 1 h, the resulting milky
dispersion was subjected to centrifugation to collect
the nanocrystals. The collected nanocrystals were then
washed with fresh methanol and dried at 40 °C in air. The
synthesis resulted in a yield of approximately 50%, based
on zinc?* nitrate hexahydrate.

Fabrication of nanocomposite films

Nanocomposite films were fabricated using techniques
such as solution casting, ultrasonic-assisted mixing, and
nanoparticle dispersion [34, 36]. A solution of CS and
PEG was created in a 5% aqueous acetic acid solution by
subjecting the mixture to sonication for 30 min, main-
taining a weight ratio of 70:30 for CS to PEG. Glycerin
(G) was then added to this mixture at 5 wt% relative to
the total weight of the CS and PEG polymers, serving as
a plasticizer. Next, DOX was introduced into the poly-
mer solution at a concentration of 10 wt% based on the
total weight of CS-PEG. In the subsequent stage, ZIF-8
nanoparticles were added to the CS-PEG-G-DOX solu-
tion at a concentration of 4 wt% relative to the CS-PEG
polymers. A control solution was also prepared without
the addition of nanoparticles. All mixtures were sub-
jected to ultrasonication for 1 h to ensure homogeneous
dispersion of ZIF-8 and DOX nanoparticles. Afterward,
the nanoparticle suspensions were continuously stirred
for 24 h to ensure even dispersion.

For the preparation of the final nanocomposite films,
the homogeneous mixtures were poured into plates and
placed in a furnace at 50 °C for 12 h to allow for solvent
evaporation and the formation of the desired films. The
resulting films included CS-PEG-G, CS-PEG-G-4% ZIF-
8, CS-PEG-G-10% DOX, and CS-PEG-G-10% DOX-4%
Z1F-8.

Characteristics of nanocomposite films

To examine the morphology and size of the CS-PEG-
G-10% DOX-4% ZIF-8 nanocomposite film and ZIF-8
Nanoparticles, scanning electron microscopy (SEM)
was conducted using a Philips XL30 instrument. The
samples were gold-coated and analyzed under vacuum
at an acceleration voltage of 20 kV. X-ray diffraction
(XRD) patterns of the films were recorded using an INEL
EQUINOX 3000 X-ray diffractometer. The measure-
ments were taken in the range of 20 =2-120° with Cu-Ka
radiation (wavelength =1.537472 A), operating at 40 kV
and 30 mA with a scan rate of 2°/min. The d-spacing val-
ues were calculated using Bragg’s equation, n\ =2dsin6,
where A=15.41874 nm and 0 stands for the diffraction
angle (in degree) assigned to the peak with the highest
intensity. The tensile strength of the films was evalu-
ated using an Instron 5566 Universal Testing Machine
(UTM) at a crosshead speed of 1 mm/min. The release
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profile of DOX from the CS-PEG-G-10% DOX-4% ZIF-8
and CS-PEG-G-10% DOX was analyzed using a UV-vis-
ible spectrophotometer (Perkin Elmer). Each film sample,
weighing 30 mg, was immersed in 8 mL of various media
(acidic pH=4.2, PBS solution at pH=7.4, and alkaline
pH=12.5) and incubated at 25 °C for 100 h with shak-
ing. To monitor the cumulative release of DOX, 1 mL of
the solution was withdrawn at predetermined intervals
and replaced with an equal volume of fresh medium. The
absorbance of the collected samples was measured at
approximately 194 and 261 nm to determine the amount
of DOX released over time [34, 36].

Microorganisms

The antibacterial activity of the ordered nanocompos-
ites was evaluated using two bacterial strains: S. aureus
ATCC?® 29,213™, a Gram-positive bacterium, and E. coli
ATCC" 35,218™, a Gram-negative bacterium. Lyophilized
cultures were obtained from Liofilchem (Roseto Degli
Abruzzi, Italy). All bacterial strains were preserved at
- 70 °C and sub-cultured on blood agar at 37 °C overnight
before the assay.

In vitro antibacterial activities

The antibacterial activity of nanocomposite films was
evaluated against the mentioned bacterial strains. Muel-
ler Hinton Broth (MHB) and Mueller Hinton Agar
(MHA) were used as test media following standard pro-
cedures, as described below. The thickness of the agar
medium was kept equal in all Petri dishes. All experi-
ments were conducted in triplicate.

Disk diffusion

The antibacterial activity of nanocomposite films was
evaluated using a disc diffusion method adapted from the
Clinical and Laboratory Standards Institute (CLSI) stan-
dard [37]. A standardized inoculum of 1.5 x 10® CFU/mL
was prepared by suspending three colonies from an over-
night culture at 37 °C on MHA into 5 mL of sterile 0.85%
NaCl solution, followed by a 1:100 dilution with MHB.
Then, 100 pL of the standardized inoculum was spread
across the surface of MHA Petri dishes. 0.004 g of each
nanocomposite film was cut into 3 mm x 3 mm pieces
and sterilized using 70% alcohol. Subsequently, they were
carefully placed onto MHA Petri dishes that had been
pre-inoculated and air-dried to eliminate surface mois-
ture. To measure the film extract, which was prepared
in PBS under sterile conditions, 10 ul of nanocomposite
film extracts were separately applied to blank paper discs.
These discs facilitated the release of antibacterial sub-
stances into the culture medium containing the targeted
bacteria. They were then gently placed on MHA Petri
dishes previously inoculated with 100 ul of the standard
bacterial inoculum. A blank disc served as the negative

Page 4 of 16

control. After placing the specific nanocomposite films
and discs at each stage, the Petri dishes were incubated
at 37+ 1 °C for 24 h. After incubation, the inhibition zone
diameters were measured. For each sample, the average
of three measurements was calculated.

Assessing strain sensitivity to DOX

Based on the guidelines of CLSI M02, the sensitivity of
bacterial strains to DOX (30 pg) commercial antibiotic
disks was investigated by disk diffusion method [37].

Broth microdilution

The antibacterial activity was assessed using the broth
microdilution method, following adapted CLSI guide-
lines [38], to determine the minimum inhibitory concen-
tration (MIC) and minimum bactericidal concentration
(MBCQ). In this procedure, film extracts were prepared in
PBS under sterile conditions.

Volumes of 130 pL of fresh MHB and 20 pL of bacte-
rial inoculation with a concentration of 1.5 x 10° CFU/mL
during the logarithmic growth phase were added to the
wells of sterile 96-well microplates. Then, 20 uL of suc-
cessive dilutions of the nanocomposite film extracts (It
began at a concentration of 3 mg/ml) were added to each
designated well. Gentamicin at the same concentration
range was used as the positive control, while a culture
medium without any antibacterial agent served as the
negative control. After 24 h of incubation at 35 °C, cell
growth in each well was assessed by measuring the opti-
cal density with a microplate reader (Thermo, Madison,
WI, USA). The MIC was defined as the lowest concentra-
tion of nanocomposite film extracts at which no appar-
ent growth (turbidity) was observed, measured by OD at
600 nm. The assays were conducted in triplicate, and the
MIC for each antimicrobial material was determined in
at least three experiments. Additionally, 0.02 mL from
each well was inoculated onto nutrient agar plates to
determine the MBC. The MBC was considered the lowest
concentration, with no colonies observed on the plates
after incubation.

Checkerboard assay

The checkerboard technique was employed to evaluate
the synergistic effect of CS-PEG-G-4% ZIF-8 and CS-
PEG-G-10% DOX against S. aureus and E. coli following
established methods [39, 40]. These strains were cultured
overnight in tryptic soy broth (TSB) at 37 °C to achieve
the desired growth phase for further testing.

The Checkerboard Assay was conducted in 96-well
microtiter plates. Each well in the plate contained a
total volume of 100 pl, consisting of 50 ul of one antimi-
crobial agent (CS-PEG-G-4% ZIF-8 or CS-PEG-G-10%
DOX) with two-fold serial dilutions of the nanocompos-
ite film extracts. These dilutions covered a wide range
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of concentrations, starting from the MIC of each agent.
Additionally, 50 ul of bacterial suspension, adjusted to
1x10° CFU/ml, was added to each well. In the assay, the
first row of wells contained decreasing concentrations
of CS-PEG-G-4% ZIF-8 or CS-PEG-G-10% DOX, while
the first column contained decreasing concentrations
of the second antimicrobial agent. Each well, therefore
contained a combination of varying concentrations of
the two agents, allowing for different ratios to be tested
against the bacterial strains. The positive control con-
sisted of wells containing only bacterial suspension with-
out any antimicrobial agents, while the negative control
included wells with antimicrobial agents but no bacte-
rial inoculation. The plates were incubated at 37 °C for
24 h to allow for bacterial growth and interaction with
the antimicrobial agents. Afterward, the effects were
assessed based on growth inhibition, indicating potential
synergistic, additive, or antagonistic interactions.

After incubation, the MIC was determined by visual
inspection and confirmed via optical density at 600 nm
using a microplate reader. The fractional inhibitory con-
centration index (FICI) was calculated to assess the
nature of the interaction between CS-PEG-G-4% ZIF-8
and CS-PEG-G-10% DOX. The FICI for each combina-
tion was calculated as follows: FICI = (MIC of CS-PEG-
G-4% ZIF-8 in combination / MIC of CS-PEG-G-4%
ZIF-8 alone) + (MIC of CS-PEG-G-10% DOX in com-
bination / MIC of CS-PEG-G-10% DOX alone). FICI
values were interpreted as synergistic (<0.5), additive
(0.5<FICI<1), indifferent (1<FICI<4), or antagonistic
(>4), providing insights into the potential enhancement
of antibacterial activity when the two nanocomposites
were used in combination.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
10.3.1 software. All experiments were conducted in trip-
licate, and the data were presented as mean *standard
deviation. The differences between the means of the
experimental groups were evaluated using ANOVA fol-
lowed by Tukey’s post-hoc test for multiple comparisons.
A p-value of less than 0.05 was considered statistically
significant. Additionally, the FICI values were calculated,
and their interactions (synergy, additive, indifferent, or
antagonistic effects) were categorized accordingly [2, 41,
42].

Results

Results of nanocomposite film characteristics

Regarding the physical properties, the nanocompos-
ite films produced were flexible, semi-transparent,
and had a yellowish-brown color. The thickness of the
layers containing ZIF-8 nanoparticles was approxi-
mately 79+0.2 pm, whereas the films without ZIF-8
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nanoparticles (CS-PEG-G-10% DOX and CS-PEG-G)
had a thickness of 54+0.5 um. Additionally, the ten-
sile strength (MPa) was 32.46 for the CS-PEG-G film,
50.68 for the CS-PEG-G-4% ZIF-8 film, 33.16 for the
CS-PEG-G-10% DOX film, and 53.12 for the CS-PEG-
G-10% DOX-4% ZIE-8 film. The SEM micrographs of
ZIF-8 nanoparticles, as well as CS-PEG-G film compris-
ing ZIF-8 nanoparticles and DOX, are presented in Fig. 1.
The ZIF-8 nanoparticles appear to be nearly spherical
with an average size of 80 nm, showing signs of agglom-
eration structure composed of clusters of nanoscale
particles, making it challenging to identify individual
particles (Fig. 1-e). The micrograph shows spherical and
cauliflower-like morphologies, characteristic of ZIF-8
crystalline formation. The SEM micrographs of the CS-
PEG-G-10% DOX-4% ZIF-8 film exhibit a heterogeneous
surface morphology featuring needle-like and rod-
shaped crystalline structures. The needle-like ZIF-8 crys-
tals have an average length ranging from approximately 1
to 5 um. The surface is interspersed with smaller granular
particles, likely indicating the presence of DOX, with par-
ticle sizes generally below 500 nm. In the micrograph at
10,000x magnification, the larger clusters of needle-like
structures are more visible, with individual clusters span-
ning areas of approximately 10 to 20 pm in diameter. The
lower magnification images show a uniform distribution
of these crystalline and granular structures across the
surface, suggesting a consistent morphology throughout
the film.

The XRD analysis of CS revealed two peaks at 20.47°
(with 25% intensity) and 23.93° (with 100% intensity),
indicating the presence of inter- and intramolecu-
lar hydrogen bonding between its amino and hydroxyl
groups. This pattern aligns with those reported in the
literature, confirming the sample’s purity [43]. The low-
angle XRD pattern of ZIF-8 nanoparticles displayed
sharp characteristic peaks at 4.28° (with 100% intensity),
9.43°, 15.7°, and 19.4°, consistent with the ZIF-8 struc-
ture. These observations confirmed the high crystal-
linity and successful synthesis of the ZIF-8 particles, as
the presence of these sharp peaks without any additional
signals indicates the formation of a pure phase [34, 44].
The XRD pattern for PEG powder showed a crystalline
structure with two sharp peaks at 9.39° (100% intensity)
and 14.52°, along with weaker peaks at around 22.31°,
26.45° 35.64°, 39.00°, 44.23°, and 46.71°. The DOX drug
exhibits a pattern of sharp peaks, indicating its high crys-
tallinity, with notable peaks at 20 =4.35° (100% intensity)
and 7.25°. For the CS-PEG-G-10% DOX film, the XRD
pattern exhibited a broad peak centered at 31.42°, attrib-
uted to the combined presence of CS, PEG, and the drug
DOX. The XRD patterns of the two nanocomposite films
with ZIF-8 nanoparticles display broad peaks, with a peak
centered at 23.06° for CS-PEG-G-4% ZIF-8 and another
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Fig. 1 SEM images showing the morphology and surface characteristics of the nanocomposite films. (a) and (b) depict the overall structure and dis-
tribution of ZIF-8 nanoparticles within the polymer matrix, revealing a crystalline and layered morphology at magnifications of 20,000x and 10,000,
respectively. (c) illustrates a higher magnification (50,000x) view of the film, highlighting the dispersed nanoparticle clusters and their integration with the
polymer matrix. (d) provides an even closer look at the surface morphology at 20,000, displaying a more uniform dispersion of ZIF-8 particles. (e) focuses

on the detailed morphology of individual ZIF-8 nanoparticles, showing their almost spherical shape and tendency to form agglomerates, with an average
size around 80 nm at a magnification of 200,000x
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Fig. 2 XRD patterns of CS, PEG, DOX, ZIF-8, and their nanocomposite films

at 21.12° for CS-PEG-G-10% DOX-4% ZIF-8, as shown in The d-spacing values for CS, PEG, and DOX are 44.56,
the figure. The CS-PEG-G film exhibited a pattern similar ~ 37.56, and 123.90 nm, respectively. Based on the cen-
to that of the CS-PEG-G-10% DOX film, both featuring ter of the peaks with the highest intensity in the films,
broad peaks centered around 26 = 32° (Fig. 2). the inter-chain distances were calculated as follows:



Jamiri et al. BMC Biotechnology (2025) 25:19

38.76 nm for CS-PEG-G, 39.23 nm for CS-PEG-G-10%
DOX, 43.62 nm for CS-PEG-G-4% ZIF-8, and 44.12 nm
for CS-PEG-G-10% DOX-4% ZIF-8.

During the UV-Vis analysis, the release of DOX from
the CS-PEG-G-10% DOX-4% ZIF-8 and CS-PEG-G-10%
DOX nanocomposite films was evaluated over 24 h for
films in acidic solution and over 100 h for those in neu-
tral and alkaline media, as shown in Fig. 3. An initial
burst release of the drug was observed within approxi-
mately 3 h in acidic media, 8 h in neutral media, and 10 h
in alkaline media. Following this rapid release, the DOX
was gradually released over time, indicating a sustained
release phase. As illustrated in Fig. 3, films immersed in
PBS (pH 7.4) and alkaline media demonstrated slower
release rates compared to those in an acidic solution. In
neutral and alkaline conditions, about 40% of the drug

Page 7 of 16

was released quickly, followed by a more controlled
release over the following days. In contrast, the drug
release in acidic conditions reached 65% within the first
4.5 h. Notably, in the acidic environment, the film with-
out nanoparticles showed the highest release rate. It is
important to note that CS-PEG-G-10% DOX, which
lacked ZIF-8 nanoparticles, exhibited a higher release
rate compared to CS-PEG-G-10% DOX-4% ZIF-8.

Antibacterial activities results

In terms of comparison of the antibacterial effects of
nanocomposite films on S. aureus and E. coli, the most
effective was CS-PEG-G-10% DOX-4% ZIF-8, followed
by CS-PEG-G-10% DOX, and then CS-PEG-G-4%
ZIF-8 (p<0.05). Both strains examined in the present
study demonstrated sensitivity to DOX based on the
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release percentages observed at lower pH values
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antimicrobial sensitivity test conducted using the disk
diffusion method.

The statistical analysis of the inhibition zones for S.
aureus and E. coli across the different nanocompos-
ite films shows a clear trend of increasing antibacterial
efficacy with the addition of ZIF-8 and DOX to the CS-
PEG-G matrix. The CS-PEG-G-4% ZIF-8 formulation
exhibited a moderate antibacterial effect. The addition
of 10% DOX further enhanced the antibacterial activ-
ity, particularly for S. aureus, resulting in an inhibition
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zone of 22 mm. The most effective combination was CS-
PEG-G-10% DOX-4% ZIF-8, which produced the most
significant inhibition zones of 22.5 mm for S. aureus
and 14 mm for E. coli (Fig. 4). In the disk diffusion assay,
nanocomposite films exhibited a more potent antibacte-
rial effect on S. aureus compared to E. coli (p <0.05).

The inhibition zone for S. aureus increased from 0 mm
(CS-PEG-G) to 22.5 mm (CS-PEG-G-10% DOX-4% ZIF-
8), representing a 2250% improvement. For E. coli, the
inhibition zone increased from 0 mm (CS-PEG-G) to

Fig. 4 The antibacterial activity of nanocomposite films (marked by different letters) was tested against S. aureus (a, b) and E. coli (c, d) using the disc
diffusion method. P: CS-PEG-G-4% ZIF-8, N: CS-PEG-G, D: CS-PEG-G-10% DOX, ND: CS-PEG-G-10% DOX-4% ZIF-8
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14 mm (CS-PEG-G-10% DOX-4% ZIF-8), corresponding
to a 1400% improvement. Comparing the performance of
CS-PEG-G-4% ZIF-8 with CS-PEG-G-10% DOX-4% ZIF-
8, the inhibition zone for S. aureus increased from 20 mm
to 22.5 mm, indicating a 12.5% improvement. For E. coli,
the inhibition zone increased from 10 mm to 14 mm,
reflecting a 40% improvement (Fig. 5).

No inhibition of bacterial growth was observed for
CS-PEG-G up to the maximum concentration evalu-
ated (3 mg/mL). However, the incorporation of 4% ZIF-8
into the CS-PEG-G matrix significantly enhanced its
antimicrobial properties, with MIC values of 0.48 mg/
mL for S. aureus and 0.96 mg/mL for E. coli and MBC
values of 0.96 mg/mL and 1.92 mg/mL, respectively. Fur-
ther improvement was observed with the addition of 10%
DOX, particularly for S. aureus, which showed an MIC
of 0.03 mg/mL and an MBC of 0.06 mg/mL. For E. coli,
the MIC was 0.48 mg/mL, and the MBC was 0.96 mg/
mL. The combination of 10% DOX and 4% ZIF-8 exhib-
ited the most potent antibacterial activity, with MIC val-
ues of 0.00375 mg/mL for S. aureus and 0.24 mg/mL for
E. coli and MBC values of 0.0075 mg/mL and 0.48 mg/
mL, respectively (Fig. 5). These results demonstrate that
CS-PEG-G-10% DOX-4% ZIE-8 is the most effective for-
mulation, showing superior bacterial inhibition at lower
concentrations.

For S. aureus, the most synergistic interaction was
observed at a concentration of 0.03 mg/mL for CS-PEG-
G-10% DOX and 0.12 mg/mL for CS-PEG-G-4% ZIF-8.
This combination yielded a FICI value below 0.5, sug-
gesting a strong synergistic effect between the two nano-
composite films. Synergy was further observed over a
range of concentrations, where the color gradient indi-
cated enhanced antibacterial activity as the concentra-
tion of the two compounds increased (Fig. 6). Similarly,
for E. coli, the green star on the heatmap marks the most
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synergistic interaction, with a combination of 0.12 mg/
mL CS-PEG-G-10% DOX and 0.24 mg/mL CS-PEG-
G-4% ZIF-8. This combination also resulted in a FICI
value below 0.5, confirming the synergistic effect against
E. coli. Overall, the results demonstrate that the combi-
nation of CS-PEG-G-10% DOX and CS-PEG-G-4% ZIF-8
is highly synergistic against both S. aureus and E. coli
(p<0.05), particularly at the concentrations indicated in
the heatmaps (Fig. 6).

Discussion

The findings of the current study show that incorpo-
rating DOX and ZIF-8 into the CS-PEG-G matrix sig-
nificantly improves the antibacterial performance of
the nano composite films against both S. aureus and E.
coli. These innovative polymer nanocomposites are cost-
effective and straightforward to produce [36]. The syner-
gistic interaction between DOX and ZIF-8 observed in
this study underscores their potential to combat bacterial
resistance and offers a promising approach for creating
more efficient antimicrobial treatments.

The nanocomposite films fabricated were uniform,
flexible, and nearly transparent, with their thickness
increasing as the concentration of ZIF-8 was raised. The
structural, physical, and mechanical properties observed
in the current investigation are consistent with findings
from similar research, confirming the precise synthesis
of these nanocomposite films [36, 45, 46]. The incorpo-
ration of ZIF-8 nanoparticles resulted in a reduction in
the thickness of the layers containing these particles.
The effect of ZIF-8 on the d-spacing (interatomic spac-
ing) between polymer chains, and consequently on layer
thickness, can be interpreted in two ways: first, interac-
tions like intercalation between ZIF-8 nanoparticles and
polymer chains may reduce the d-spacing. On the other
hand, the formation of specific phases in the polymer
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matrix surrounding the ZIF-8 nanoparticles can lead to
an increase in d-spacing. This is due to the filler’s ability
to disrupt the packing of polymer chains, a phenomenon
more pronounced with higher filler concentrations [47].
In the present study, the d-spacing results indicate that
the distance between polymer chains is more consid-
erable in CS compared to PEG, likely due to increased
hydration layers in CS and stronger entanglements and
interactions between PEG chains. Furthermore, the addi-
tion of ZIF-8 nanoparticles and the DOX drug increased
the d-spacing, suggesting decreased regularity and larger
spacing between chains. These findings are consistent
with the film thickness measurements observed in this
study [36].

The DOX release profiles showed an initial burst
release, followed by a sustained release in acidic, neutral,
and alkaline conditions. This behavior likely stems from
the rapid release of DOX from the polymer matrix caused
by film swelling, after which the DOX trapped within
the films was gradually released via diffusion. The rapid
swelling of polymer matrices allows for a quick release of
DOX, as observed in studies with pH-responsive micro-
beads [48]. After the initial burst, the remaining DOX
is released gradually through diffusion, as supported by
the findings on micelle-like aggregates where pH changes
significantly affect release rates [49]. The release kinet-
ics vary with pH; acidic conditions can enhance swelling
and initial release, while alkaline conditions may facili-
tate sustained release due to polymer chain conformation
changes [50]. Additionally, the steady increase in drug
release observed in the ZIF-8-containing film can be
attributed to the entrapment of DOX molecules within
the nanoparticle pores, as well as the enhanced hydrogen
bonding and electrostatic interactions between the drug

molecules and ZIF-8 nanoparticles. The dissolution of
ZIF-8 and CS in acidic conditions further contributes to
this release pattern [51-53].

It is noteworthy to highlight that the distinctive frame-
work of ZIF-8 offers a large surface area and uniform
porosity, along with exceptional biodegradability and
high chemical and thermal stability. These character-
istics, combined with the findings of this study, suggest
that ZIF-8 could be an ideal candidate for developing
drug delivery systems, particularly in the realm of anti-
biotics, aimed at combating antibiotic resistance and
enhancing the efficacy of antibiotic treatments [27, 53—
55]. ZIF-8 exhibits a high surface area, which allows for
significant drug-loading capacity. For instance, ZIF-8-de-
rived spherical porous carbon demonstrated a maximum
drug loading of 300 mg/g for metronidazole [56]. ZIF-8
uniform porosity enables controlled drug release, which
is essential for sustained therapeutic effects [57]. ZIF-8
is inherently biodegradable, which minimizes long-term
toxicity in biological systems [55].

The observed result in the current study, where CS-
PEG-G-10% DOX-4% ZIF-8 emerged as the most effec-
tive nanocomposite film against bacterial strains, can
be attributed to the synergistic interaction between the
components of the nanocomposite, particularly the ZIF-8
nanoparticles and DOX. ZIF-8, a type of MOF, exhibits
high surface area and porosity, facilitating the sustained
release of antimicrobial agents like DOX, thus enhanc-
ing the antibacterial effects. Several recent studies have
highlighted the efficacy of ZIF-8 in enhancing antibac-
terial properties due to its ability to disrupt bacterial
cell walls and its potential for encapsulating antibacte-
rial agents for a controlled release [58]. For instance, In
the study by Saif et al., zeolitic imidazole framework-8
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(ZIF-8) was combined with a novel Cordia myxa extract
to create a CME@ZIF-8 nanocomposite, which demon-
strated superior antibacterial activity against S. aureus
and E. coli. Their results indicated that CME@ZIF-8
was significantly more effective than ZIF-8 alone and
the commercially available antibiotic Ciprofloxacin. This
improvement was attributed to the generation of reactive
oxygen species (ROS) by CME@ZIF-8, which destroyed
bacterial cells [59]. In the referenced study, similar to the
current research, the nanocomposite was analyzed using
techniques such as UV-vis, XRD, and SEM. However,
a key distinction in the present study is the deliberate
effort to examine each component of the nanocompos-
ite separately, as thoroughly as possible. The 2024 study
by Sevimli-Yurttas et al. employed similar methodologies
to those used in the present research to examine ZIF-8
nanocomposites. It also emphasized the potential appli-
cations of these nanocomposites as effective antimicro-
bial delivery agents [60].

In the study by Raju et al., zeolitic imidazole frame-
work-8 (ZIF-L) was combined with Leucas aspera extract
to create an LA@ZIF-L nano framework. This compos-
ite was then evaluated for its antimicrobial and anti-
cancer properties. The results indicated that the LA@
ZIF-L nano framework showed significant antibacterial
potential against a variety of bacterial strains (Bacillus
subtilis, S. aureus, Klebsiella pneumonia, and Pseudo-
monas aeruginosa), with inhibition zones ranging from
17 mm to 21 mm. Additionally, it demonstrated potent
anticancer activity against A549 cells, with an IC50 value
of 42.61+0.05 pg/mL. Furthermore, its biocompatibility
was confirmed through a toxicity assay on Artemia salina,
with an LC50 value of 135.33+2.00 pg/ml, highlighting
the potential of ZIF-L as an effective drug delivery system
for both bacterial infection and cancer treatment. Simi-
larly, the present study showed that ZIF-8, when com-
bined with DOX, enhanced the antimicrobial potential,
particularly against S. aureus and E. coli. The use of ZIF-8
as a carrier for drug delivery in both studies reinforces its
effectiveness in enhancing antimicrobial activity, aligning
with the findings of Raju et al. [61].

In Wang et al’s study, the ZIF-8 was combined with
polydopamine (PDA) to create a ZIF-8@PDA compos-
ite. This combination enhanced the water stability, pho-
tocatalytic, and photothermal capabilities of ZIF-8. The
composite was further incorporated into carboxylated SC
(CCS) films, demonstrating excellent antibacterial perfor-
mance with a 99% bacterial inhibition rate in vitro. Addi-
tionally, these ZIF-8@PDA-CCS films were influential
in completely suppressing bacteria in infected wounds,
suggesting their potential use as antibacterial dressings.
In the present study, a similar approach was taken by
incorporating ZIF-8 into CS-PEG-G films, which dem-
onstrated a significant antibacterial effect. Such findings
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highlight ZIF-8’s versatile role as an effective drug deliv-
ery system for treating infections, aligning with Wang et
al’s findings on its antimicrobial potential [62].

In the study by Sun et al., a Ciprofloxacin-loaded ZIF
(CI@ZIE-90) was created for pH-responsive drug deliv-
ery, with an emphasis on sepsis treatment. Drug release
was examined at various pH levels, revealing that 98% of
the drug was released within 72 h at pH 5.0. The study
included a variety of in vitro and in vivo tests such as
well-diffusion, MIC, and biofilm assays to verify CI@ZIF-
90’s antimicrobial efficacy against pathogens, as well as
biocompatibility evaluations. Compared to the present
study, both investigations leverage ZIF-based nanocom-
posites for antimicrobial purposes. In a manner similar
to the present study, Sun et al. observed the highest drug
release at a neutral pH level. This comparison indicates
that in both studies, the nanocomposites demonstrated
their most effective release of active agents under neutral
conditions, which is critical for optimizing drug delivery
in specific biological environments [63].

At the nanoscale, materials often exhibit increased sur-
face area, altered electronic properties, and enhanced
interactions with biological systems. In the case of C
CS-PEG-G-10% DOX-4% ZIF-8, the nanoscale formula-
tion likely enhances the contact between the antibacterial
agents and the bacterial cells, allowing for more efficient
penetration and interaction with bacterial membranes.
This increased surface area and the ability to deliver the
active components directly to the target site amplify
the synergistic effects of ZIF-8 and Dox. Moreover, the
nanoparticle formulation can improve the stability and
bioavailability of the active agents, ensuring that they
remain effective over a more extended period and at
lower concentrations [64—66]. The significant enhance-
ment of antibacterial activity in the nanoparticle state
highlights the importance of nanoscale formulation in
maximizing the therapeutic potential of combined agents
[67]. This finding is particularly relevant in the context of
developing new strategies to combat bacterial infections,
especially with the growing concern about antibiotic
resistance [68, 69].

In the current research, nanocomposite films demon-
strated a more substantial antibacterial impact on gram-
positive bacteria than gram-negative ones. This variation
in antibacterial effectiveness can be linked to the struc-
tural and chemical characteristics of both the bacteria
and the ZIFs. Gram-positive bacteria tend to exhibit a
greater affinity for metals compared to Gram-negative
bacteria due to differences in the molecular composition
of their cell walls. Gram-positive bacteria have a robust
and thick peptidoglycan layer, whereas Gram-negative
bacteria lack this structure. Instead, Gram-negative bac-
teria possess a 10 nm thick lipopolysaccharide (LPS) layer
covering the outer peptidoglycan layer. This LPS layer
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acts as a barrier, hindering the penetration of nanopar-
ticles into the cell wall [2, 55]. The findings of the present
study closely mirrored another study, where ZIF-8 dem-
onstrated a remarkable antibacterial effect, achieving a
99% inhibition rate against gram-positive bacteria while
showing comparatively lower efficacy against gram-
negative bacteria [62]. Such findings suggest that Gram-
negative bacteria exhibit more excellent nanoparticle
resistance than Gram-positive bacteria. According to
Ibraheem et al., nanomaterials incorporating Zinc Oxide
(ZnO) nanoparticles demonstrated more potent antibac-
terial effects against gram-positive bacteria than gram-
negative ones [2]. It is further noted that incorporating
ZIFs into polymeric matrices like CS enhances their sta-
bility and boosts their antibacterial effectiveness, particu-
larly against Gram-positive bacteria. While ZIFs show
significant potential as antibacterial agents, the inherent
resistance mechanisms of gram-negative bacteria, such
as their outer membrane barrier, may limit the effective-
ness of ZIFs against them. Further research is needed to
optimize formulations for broader antibacterial applica-
tions [55, 70].

The antibacterial mechanism is attributed to the release
of zinc ions, which compromise bacterial cell mem-
branes. Kermanshahi et al. revealed that ZIF-8 exhibited
superior antibacterial effectiveness compared to ZIF-4,
ZIF-7, and ZnO nanoparticles, primarily due to its zinc
ion release. In this study, ZIF-8 showed the most potent
antibacterial activity among the ZIFs tested, surpass-
ing both ZIF-7 and ZnO nanoparticles derived from the
framework [71]. These observations are consistent with
the present study’s findings, which also demonstrate that
ZIF-8-based nanocomposites are highly effective against
S. aureus and E. coli.

Nano-antibiotics are promising platforms for mitigat-
ing antibiotic resistance and their adverse side effects
[2]. Infectious diseases are the primary cause of death
globally. Nanotechnology offers a promising avenue for
combating drug-resistant microbial infections. While
traditional antibiotics have been effective in controlling
microbial growth and eliminating pathogens, their effec-
tiveness is increasingly hampered by the development
of resistance and associated side effects. The advent of
nanotechnology has revolutionized antimicrobial therapy
through the use of nanoparticles. These nanoparticles
play a crucial role in diagnosing and treating infectious
diseases by minimizing side effects and enhancing tar-
geted drug delivery to affected tissues [72].

The current study highlights the efficacy of CS-PEG-
G in generating DOX and ZIF-8 nanoparticle coat-
ings, with ZIF-8 showing significant promise as a drug
delivery system. However, for its practical application,
further modifications are required to optimize stabil-
ity, mitigate toxicity, and ensure the protection of drugs

Page 12 of 16

during delivery. These modifications are also essential
for enabling controlled and sustained drug release at tar-
geted sites or under specific conditions. The incorpora-
tion of such strategies significantly enhances the potential
of ZIF-8 as an effective drug delivery carrier. Commonly,
surface modification of ZIF-8 nanoparticles includes the
addition of PEG or carboxylated PEG (PEG2000-COOH),
which helps to minimize non-specific interactions with
plasma proteins, thereby prolonging circulation time
[73]. PEG, a polymer of natural or synthetic origin,
proved effective in this role, rendering ZIF-8 biologically
friendly and reducing their cytotoxicity. PEG serves as
an intermediary agent, acting as a molecular spacer and
linker to attach DOX molecules to the surfaces of ZIF-8
nanoparticles. Other biopolymers, such as hyaluronic
acid (HA), CS, and polyvinylpyrrolidone (PVP), are also
used for surface functionalization. Moreover, combin-
ing ZIF-8 nanoparticles with PEG broadens their utility
across various fields, including medicine, therapy, agri-
culture, and industry [2, 73, 74].

In the study by Mazloom-Jalali, the fabricated CS-PEG
containing ZIF-8 nanoparticles exhibited significant
mechanical strength, swelling behavior, and controlled
drug release, making them promising for wound dress-
ing applications. The sustained drug release of Cepha-
lexin in different pH environments (acidic, neutral,
alkaline) aligns with the present study’s findings, which
also observed the advantages of incorporating ZIF-8
nanoparticles into nanocomposite films for antibacterial
effectiveness and controlled drug delivery. Additionally,
the enhanced mechanical properties and cell viability
demonstrated in Mazloom-Jalali et al’s study further sup-
port the selection of films containing 4% ZIF-8 in cur-
rent research. This percentage of ZIF-8 was chosen for its
optimal performance, as it presented balanced mechani-
cal strength, swelling capacity, and drug release, making
it the best candidate for further applications. The ability
of ZIF-8 to improve these parameters reinforces the deci-
sion to include 4% ZIF-8 in present nanocomposite films,
especially for biomedical uses. The film’s superior charac-
teristics in drug release, swelling, and cell compatibility
underscore the broader potential of ZIF-8 as a key com-
ponent in medical applications [36].

The superior antibacterial performance of CS-PEG-
G-10% DOX-4% ZIF-8, as indicated by their MIC and
MBC values, aligns with findings from recent studies. For
instance, research by Ray Chowdhuri et al. demonstrated
that a ZnO-decorated chitosan-graphene oxide nano-
composite exhibited enhanced antimicrobial activity,
achieving low MIC values for both E. coli and S. aureus,
attributed to reactive ROS generation and oxidative dam-
age. This highlights the importance of combining ZnO
with other antimicrobial agents to boost efficacy [75].
Furthermore, a review by Sirelkhatim et al. emphasized
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the role of ZnO nanoparticles size, shape, and synthesis
methods in determining their antibacterial properties,
suggesting that incorporating ZnO with other active
agents, such as Dox, can enhance their antibacterial
effects against resistant pathogens [76].

The FICI values obtained in the current study reveal
the synergistic effects of the CS-PEG-G-10% DOX-4%
ZIF-8 nanocomposite films. These results suggest a more
potent antibacterial effect against S. aureus than E. coli,
as evidenced by the lower FICI and MIC values for S.
aureus. This observation aligns with the findings of other
studies indicating that the combination of antimicrobial
agents can significantly enhance antibacterial efficacy.
For example, a recent study on the synergistic action
between copper oxide nanoparticles and anthraquinone-
2-carboxylic acid against S. aureus demonstrated that the
combined use of nanoparticles and other antimicrobial
agents can reduce resistance and improve antibacterial
outcomes [77]. Additionally, research on the green syn-
thesis of ZIF-8 nanoparticles showed that incorporating
ZIF-8 with other antimicrobial agents improves effective-
ness against a broad spectrum of pathogens, including
MDR bacteria [78].

Furthermore, the investigations carried out on ZIF-8
nanoparticles highlighted the importance of nanoparti-
cles morphology, size, and combination with other agents
in enhancing antibacterial properties. The morphology
and size of nanoparticles significantly influence their anti-
bacterial efficacy. Smaller, well-distributed nanoparticles
exhibit enhanced interaction with bacterial membranes,
leading to improved antibacterial activity [79]. ZIF-8’s
unique structure allows for the effective loading of thera-
peutic agents, enhancing their release and activity against
resistant strains [80]. Multi-agent approaches, including
the use of bio-nanomaterials, are crucial in addressing
the global challenge of antimicrobial resistance. The inte-
gration of various agents can mitigate resistance mecha-
nisms, prolonging the effectiveness of existing antibiotics
and reducing side effects [81]. While the focus on ZIF-8
and DOX is promising, it is essential to consider the
potential cytotoxicity and environmental impact of these
nanocomposites, necessitating further research into their
safety profiles and regulatory considerations.

The emergence of bacterial resistance to antibiotics
is poised to become one of the most significant global
health challenges [1]. The efficacy of many antimicrobial
drugs is limited due to low solubility, toxicity to healthy
tissues, and rapid degradation and clearance from the
bloodstream. However, nanoantibiotics offer a promising
solution to these problems due to their higher surface-
to-volume ratio and unique physicochemical properties.
Specific nanoparticles possess inherent antimicrobial
properties, enabling them to address these limitations
effectively. Consequently, the scope of pharmaceutical
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nanotechnology is expanding rapidly, and it is anticipated
that more “nano drugs” will be developed and utilized in
the future [28, 72, 82, 83]. Incorporating DOX and ZIF-8
in CS-PEG-G nanocomposites significantly enhances
their antibacterial effects.

Conclusions

The present study highlights the remarkable antibacterial
potential of CS-PEG-G-ZIF-8-Dox nanocomposites, with
a particular effectiveness against Gram-positive bacteria
such as S. aureus. The synergistic integration of ZIF-8 and
Dox within the CS-PEG-G matrix significantly enhances
antibacterial activity, resulting in reduced MIC and MBC
values, thus improving overall efficacy. Based on the
comprehensive evaluation of morphological, mechani-
cal, antibacterial, and drug release properties, the CS-
PEG-G-10% DOX-4% ZIF-8 nanocomposite stands out
as a promising candidate for antibacterial applications.
These findings underscore the potential of this nanocom-
posite for developing more potent antibacterial therapies,
mainly targeting multidrug-resistant pathogens.
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MDR Multidrug-resistant

MRSA Methicillin-resistant Staphylococcus aureus
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NDDS Nanostructured Drug Delivery Systems
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XRD X-ray diffraction

ATCC American Type Culture Collection

MHB Mueller Hinton Broth

MHA Mueller Hinton Agar

CFU Colony Forming Unit

CLSI Clinical and Laboratory Standards Institute
MIC Minimum Inhibitory Concentration

MBC Minimum Bactericidal Concentration
ANOVA  Analysis of variance
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