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The global state of antibiotic resistance highlights the necessity for new drugs that can treat a wide range of
microbial infections. Drug repurposing has several advantages, including lower costs and improved safety
compared to developing a new compound. The aim of the current study is to evaluate the repurposed
antimicrobial activity of Brimonidine tartrate (BT), a well-known antiglaucoma drug, and to potentiate its
antimicrobial effect by using electrospun nanofibrous scaffolds. BT-loaded nanofibers were fabricated in
different drug concentrations (1.5, 3, 6, and 9%) via the electrospinning technique using two biopolymers
(PCL and PVP). Then, the prepared nanofibers were characterized by SEM, XRD, FTIR, swelling ratio, and in
vitro drug release. Afterward, the antimicrobial activities of the prepared nanofibers were investigated in vitro
using different methods against several human pathogens and compared to the free BT. The results showed
that all nanofibers were prepared successfully with a smooth surface. The diameters of nanofibers were
reduced after loading of BT compared to the unloaded ones. In addition, scaffolds showed controlled-drug

release profiles that were maintained for more than 7 days. The in vitro antimicrobial assessments revealed
Received 4th April 2023

Accepted 8th May 2023 good activities for all scaffolds against most of the investigated human pathogens, particularly the one

prepared with 9% BT which showed superiority in the antimicrobial effect over other scaffolds. To conclude,
DOI: 10.1039/d3ra02244g our findings proved the capability of nanofibers in loading BT and improving its repurposed antimicrobial

rsc.li/rsc-advances efficacy. Therefore, it could be a promising carrier for BT to be used in combating numerous human pathogens.

The current state of antibiotic resistance on a global scale, as
well as the pharmaceutical industry's reduced investment in

1 Introduction
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Over the past few decades, multi-resistant pathogen-caused
bacterial infections have become a serious global concern.*
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antibiotic research, points to the need for specific cost-effective
approaches to identify drugs for the action of many microbial
infections.” In addition, the process of developing new antimi-
crobials is extremely slow, and it is difficult to keep up with the
evolution of bacterial resistance. As a result, there is a critical
need for new medications, treatments, and alternative methods
for battling multidrug-resistant bacterial pathogens, which are
becoming an increasing clinical problem. Repurposing already-
accepted medications, which is defined as using medications
for conditions other than their primary indication and has
a known pharmacology and toxicity, is an alternate method for
hastening the development of new antimicrobials.®* The
advantage of this trend to complete clinical data, which guar-
antees the safety profile of the repositioned drug on organs and
cells. Furthermore, unlike traditional drug discovery, identi-
fying new applications for existing medications is a proven
shortcut that decreases the entire conditions and parameters
associated with antibiotic development.

BT is a hydrophilic drug employed to treat glaucoma.* Its
pharmacological classification is an alpha 2 adrenergic agonist,
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which decreases aqueous humor production and increases
uveoscleral outflow while promoting prostaglandin synthesis.?
It also has neuroprotective effects and reduces ischemia-
induced optic nerve damage.®*” It also has the benefit of
working efficiently in normal-tension glaucoma,®® where the
intraocular pressure (IOP) is less than 21 mm Hg but typical
glaucomatous structural and functional optic nerve defects
exist." It doesn't have any cardiovascular or pulmonary adverse
effects that other glaucoma medications do such as Timolol" or
Betaxolol.”” New findings about the anti-microbial efficacy of
antipsychotics® cardiovascular' anti-inflammatory,' and anti-
neoplastic drugs are reported in the literature.'>'” Nevertheless,
only one alpha-2 adrenergic receptor agonist, where Guana-
benz, was reported to have antiparasitic activity by selectively
inhibiting dephosphorylation of the parasite eukaryotic initia-
tion factor 2 alpha subunit, which is required for translation.*®

The critical issues in drug delivery applications are poor drug
stability and bioavailability, low drug loading, uncontrolled
drug molecule release, and unsustainable drug delivery.
Regarding this, electrospinning can alleviate some of these
issues due to its unique characteristics, such as ease of use with
tailored-made fiber properties and applicability to a variety of
materials, including polymers with fiber sizes ranging from
nanometers to micrometers.'>** Additionally, electrospun fibers
have gained recent attention due to their broad range of
biomedical uses. Fibers with diameters in the nanometer range
are called nanofibers, in which the specific surface area
increases intensely. Polymeric nanofibers are suitable for many
applications with high specific surface area requirements
because of this inherent property. Natural polymers like chito-
san, fibronectin, and gelatin,** as well as synthetic polymers like
poly lactic-co-glycolic acid (PLGA), polycaprolactone (PCL), and
polyvinyl pyrrolidone (PVP) can be used for nanofibers synthesis
or their various combinations.”** Among these synthetic poly-
mers, PCL and PVP have both been employed extensively as
biomaterials for medicinal applications. They are both
biocompatible, biodegradable, and eco-friendly (non-
hazardous) synthetic polymers. In comparison to other biode-
gradable polymers like PLGA, which exhibit very slow drug
release, higher degradation times, and a highly acidic envi-
ronment after degradation, PCL has the advantages of
a moderate drug release rate, a lower absorbable time in vivo,
and the creation of a minimal acidic environment during
degradation.> On the other hand, PVP is a water-soluble poly-
mer with low toxicity and better adhesiveness that has been
widely used to manufacture fibers using the electrospinning
process due to its spinnability and fiber extraction.**

Lancina et al., fabricated BT loaded dendrimer nanofibrous
mats, and the results showed that the safety of the platforms in
vitro and in vivo examinations but there was an accumulation of
the BT directing to very fast of its release and out-control of its
use daily.”®

It's worth mentioning that no previous research on the
antimicrobial activity potential of BT has been reported. Inter-
estingly, no previous efforts for loading BT into nanofiber
system was reported in literature for prolonging the release
profile, and the current study is the first report in this regard.
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This study aims to formulate BT in different nanofiber formu-
lations using combination of polymeric biomaterials based on
PCL/PVP with different drug concentrations for the repurposed
BT. The prepared BT nanofibers were explored for their poten-
tial antibacterial activity, as well as the spectrum of their activity
against various clinical isolates of multidrug-resistant Gram-
positive and Gram-negative pathogens.

2 Materials and methods

2.1. Materials

Polycaprolactone (PCL, Mwt 14 KDa) was purchased from
Sigma-Aldrich, Japan, and polyvinyl pyrrolidone (PVP, Mwt 40
KDa) was bought from Thermo-Fisher, Germany. Dichloro-
methane (DCM purity = 99%) and methanol (90%) were ob-
tained from Fisher Scientific, UK. Orchidia Pharmaceutical Co.
in Egypt kindly supplied Brimonidine tartrate (BT). The human
pathogens that were employed in this work were Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumonia, Staphylococcus
aureus, Staphylococcus epidermidis, Bacillus cereus, Candida
albicans, Candida tropicals, and Candida glabrata were collected
from Bioprocess Development Department, GEBRI, SRTA-City
Alexandria, Egypt.

2.2. Preparation of BT-loaded PCL/PVP nanofibers

Different concentrations of BT (1.5, 3, 6, 9% w/v) were well
dispersed into PCL/PVP solutions. After that, the solutions were
electrospun to obtain PCL/PVP composite nanofibrous scaf-
folds. Typically, the different composition was set as follows;
5% PCL (w/v) prepared by dissolving exact weight into a mixture
of DCM and methanol with a ratio (3: 1) (w/v, i.e. 0.5 g/10 ml),
and 30% PVP (w/v, i.e. 3 g/10 ml methanol). The ratio of blended
polymers solution was fixed to be (1:1), and PCL:PVP total
volume solution was 10 ml ready for electrospinning. PCL/PVP-
BT solutions were kept under stirring at ambient conditions
overnight to get a uniform and well-dispersed BT-loaded PCL/
PVP blend solutions. The BT-loaded PCL/PVP solutions were
electrospun (applied voltage of 23 kV, feed rate of 0.6 ml h™*)
and collected on a width of 40 mm on a rectangle plate collector
fixed at a distance of 15 cm from 22G needle. All electrospinning
experiments were carried out at ambient conditions with
a relative humidity of 45%.

2.3. Physicochemical properties of NFs

2.3.1. Drug content. BT content in PCL/PVP NFs was
determined by spectrophotometric method via absorbance at
248 nm using UV-spectrophotometer (Cary 5000 UV-vis-NIR
spectrophotometer, Thermo-Fisher Scientific, USA). To calcu-
late the amount of BT entrapped in each mat, fibrous scaffold
discs (1 x 1 cm) were dissolved in a known volume of an organic
solvent composed of DCM and methanol. Consequently,
different concentrations were calculated from standard cali-
bration curve of BT which is dissolved in the same organic
solvent.”* The amount of BT and the productivity of drug
loading is outlined as percent of drug content to the weight of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the sample and as percent of calculated drug to the initial
amount of drug added as shown in the following equations.

Drug Loading (DL) = amount of drug/amount of fibers x 100(1)

Encapsulation Efficiency (EE) = amount of drug/initial amount of
drug x 100 (2)

2.3.2. Swelling ratio of BT loaded-PCL/PVP NFs. The
swelling ratio of BT/NFs was determined by the concept of water
uptake capacity. NFs with known weights (denoted as M) were
put in a weighing bottle containing 20 ml of PBS (pH 7.4) and
incubated for 7 days at 37 °C. Afterward, NFs were placed on
filter paper to remove the excess water on the surfaces and then
weighted in wet condition (denoted as M,). The swelling ratio
(%) of each sample was calculated by using the following
equation.”®
M, - M,
—=x

2

Swelling ratio(%) = 100. (3)

2.3.3. In vitro release profile of BT loaded-PCL/PVP NFs.
The in vitro release studies for 7 days were carried out in 20 ml of
PBS (pH 7.4) using shaking water bath at 37 + 0.2 °C at 50 rpm.
At predetermined time intervals, 2 ml samples were withdrawn
from each vial and replaced with an equal volume of the release
medium. The concentrations of BT released were determined by
spectrophotometric method at 248 nm, as above discussed.**

2.4. Instrumental characterization

2.4.1. FTIR. FTIR analysis (Bruker Vertex 70, Germany), was
used to establish the chemical binding among nanofiber
components at the spectrum of 4000 to 400 cm ™" by revealing in
a transmittance mode.

2.4.2. XRD. X-ray spectra were collected using (Malvern
Panalytical, Empyrean 3, UK), a Bruker D8 Advance using a tube
with a copper anode at 40 keV and 30 mA. The diffraction
patterns were obtained in the 26 scan range of 5-70 with a step
size of 0.05° and at the rate of 0.2 s per step.

2.4.3. Scanning electron microscopy (SEM). Scanning
electron microscopy (FS SEM, Quattro S, Thermo-Scientific,
USA) was performed to examine the surface morphology of
nanofibrous scaffolds. The specimens were sputtered with
a thin layer of Pt to reduce the surface charging of the samples.
The SEM was operated using a backscattered electron detector
at 5.0-7.0 kv and a working distance range of 7-13 mm to
observe the surface features of the nanofibers. Image-Pro Plus
(Media Cybernetics, Rockville, MD, U.S.A.) was used to quanti-
tatively measure fiber diameter and distribution.”” The average
diameter of different scaffolds was calculated using Image ]
software by detecting and analyzing of random 100 nanofibers.

2.5. Assessment of antimicrobial activity of BT and BT-
loaded PCL/PVP NFs

In this work, the antimicrobial sensitivity of the evaluated
formulations was investigated using several antimicrobial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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techniques, including the agar-well-diffusion procedure and the
macro-dilution strategy.

2.5.1. Evaluation of antibiotic susceptibility for examined
human pathogens. In accordance with the CLSI (Clinical and
Laboratory Standards Institute) procedure, disc-diffusion was
used to test the investigated human pathogens for antibiotic
susceptibility tests.”® One colony of each of the pathogens under
investigation was picked at the log phase and seeded in tubes
with 5 ml of sterile 0.85% saline solution. These tubes were then
vortexed briefly. This was followed by an adjustment to
McFarland standards of 0.5. Separately, 100 ml of the obtained
cell suspensions were equally sprayed onto the surface of
nutrient agar plates. Subsequently, these plates were allowed to
dry before being topped with antibiotic discs. In these trials, ten
antibiotic discs, including ciprofloxacin (CIP-5 mcg), oxacillin
(OX-1 mcg), ampicillin (AP-10 g), fluconazole (FLC-25 mcg),
clotrimazole (CC-10 mcg), ketoconazole (KT-30 mcg), aztreo-
nam (ATM-30 g), and chloramphenicol (C-30 g), were investi-
gated against each human pathogen individually. Finally, the
zones of inhibition were detected after 24 hours of incubation at
37 °C, and these plates were classified as resistant (R, clear zone
=5 mm) or sensitive (S, inhibitory zones >5 mm).

2.5.1.1Preparation of the microbial pre-inoculum. In 10 ml of
LB (Luria-Bertani) broth medium, which was prepared by dis-
solving 10 g of peptone and 5 g of yeast extract in 1000 ml of
distilled water, a single colony from each pathogen was inocu-
lated. These inoculums were then cultivated overnight at 37 °C
and 200 rpm. The cell yield was separated out using centrifu-
gation for 15 min at a speed of 10000 rpm. To achieve
a homogeneous cell suspension, the collected pellets were re-
suspended in a 0.85% NacCl saline solution and gently mixed.
The concentration of this microbial suspension was adjusted to
10° CFU ml " using a saline solution.?® Two milliliters of each of
these microbial suspensions were inoculated into 98 ml of the
nutrient broth medium (0.5 g peptone, 1.5 g beef extract, 1.5 g
yeast extract, 0.5 g sodium chloride, and 100 ml of distilled
water). After inoculation, these flasks were placed in an incu-
bator and kept at 37 °C for 24 hours.

2.5.1.2 Well-diffusion assay. The tested formulations were
labeled as (N3) for PCL/PVP/1.5% BT, (N4) for PCL/PVP/3.0%
BT, (N5) for PCL/PVP/6.0% BT, (N7) for PCL/PVP/9.0% BT, (N8)
for PCL/PVP and (D) for 1.5% BT. Briefly, the prepared nutrient
agar plates were smeared with 100 pl of the freshly prepared
microbial pre-inoculum using a sterile cotton swab. The next
step was to drill wells through a sterile Cork borer with a 6 mm
diameter, then add each tested formulation to its own well (each
holding 50 ul). These plates were then kept at 37 °C for 24 h.
After this incubation period, the diameter of inhibition zone
that developed around the well was determined to evaluate
antimicrobial efficacy of tested materials.>*°

2.5.1.3 Anti-biofilm assay. This assay was applied in our
study to evaluate the ability of each formulation to inhibit or
prevent pathogenic microbial growth. A macro-dilution
approach was used to evaluate the microbial turbidity in this
experiment. In all these experiments, our formulations (N3, N4,
N5, and N7) were examined against several human pathogens.
In brief, the prepared pre-inoculum was diluted (10° CFU ml ™)
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and cultivated using a shaker incubator at 37 °C and 180 rpm
until it reached exponential growth (OD range: 0.2-0.3 at
ODggg)- Then, 50 pl of each of the tested formulations were
added individually. These treated tubes were aerobically incu-
bated at 37 °C for 48 hours.>*** All of the studied pathogens
were tested against each formula in triplicate. Additionally, the
control cultures were generated using diluted cultures that ob-
tained no treatment. Firstly, with the aid of a spectrophotom-
eter, the turbidity at ODgg, was calculated using the average of
six readings with the standard deviation (SD). Furthermore,
using the controls’ OD, the growth inhibition rate (% =+ SD) was
computed.

Secondly, the spread plate technique was applied to the anti-
biofilm analysis. The colonies that formed biofilms were
counted by swabbing 100 pl of each diluted culture onto a solid
nutrient agar medium.** Colony-forming units per milliliter
(CFU ml ") were used to calculate the results. To evaluate the
level of biofilm inhibition, the logarithmic reduction of path-
ogen cells exposed to various formulations was determined. The
computed percentage of biofilm inhibition was determined
using counts of untreated control plates and treated plates to
accurately predict the efficacy of the antimicrobial effects. The
following formula, which used the CFU ml ' readings of each
control (Cyngreated) and its treated pathogen (Cireatea), Was used
to calculate the percentage of biofilm suppression:

Cuntrezlted - Ctrealed

Biofilm inhibition(%) = x 100. (4)

Cumreated

2.5.2. Time-kill kinetics assay. In our experiments, we used
pour-plates and macro-broth dilution methods to evaluate time-
kill kinetics. A freshly prepared pre-inoculum of some of the
pathogens was utilized to generate a pathogenic cell suspension
containing 10° CFU ml~'. These tubes were incubated at 37 °C
with 200 rpm shaking for 2 hours to confirm that microbial
growth was in the early logarithmic (exponential) phase. Then,
9 ml of fresh nutrient broth medium, 1 ml of tested formula-
tions, and 1 ml of this exponentially growing microbial culture
were mixed. These tubes were then incubated at 37 °C while
being shaken at 200 rpm. Following that, the generated
microbial growth was monitored at various periods of incuba-
tion (0, 6, 12, 18, 24, 30, 36, 42, and 48 h). The samples (100 pl)
were diluted ten times in sterile saline (0.9% NaCl) under
aseptic conditions. The final dilution was then swabbed at
a volume of 100 pl onto nutrient agar plates. Colonies on each
plate were counted after 24 hours of aerobic incubation at 37 °C,
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and the data was expressed as CFU ml ™. As a control, a culture
setup without formulae was generated. Each experiment was
carried out three times. For each time period, the percentage of
logarithmic reductions for controls and pathogenic cells treated
with different formulations was calculated. By charting the log;,
CFU ml ™" of surviving pathogens with cultivation times, the
time-kill curve for each pathogen was created.***

2.6. Statistical analysis

Experiments in this work were repeated three times. Statistical
analysis was performed using the software Minitab® 18 statis-
tical software. Statistical significance was considered at a P
value <0.05.

3 Results and discussion

3.1. Fabrication of BT loaded-PCL/PVP NFs

Several spinning conditions were tested and optimized to ach-
ieve the accepted morphological nanofibers, in terms of smooth
and bead-less nanofiber production. Herein, various concen-
trations of the BT (1.5, 3, 6, 9%, v/v) were embedded into the
polymeric solution composed of PCL (5%) and PVP (30%) with
a ratio (1:1) in 10 ml a total volume. These spinning solutions
were loaded into a 10 ml plastic syringe connected to Teflon
tube ended with 22G nozzle fixed into the clip spinneret. The
high voltage affected each injected solution at different feed
rates but all the solutions remained at the same distance from
the collector almost 15 c¢m, as described in Table 1. All nano-
fiber scaffolds were collected on a conductive plate collector
dressed with aluminum foil on a width 50 mm. The scaffolds
were dried in a vacuum oven overnight to eliminate any residual
solvent and then were stored till further investigation.

3.2. Drug content

The mean loading of BT (DL, %) and encapsulation efficiency
(EE, %) in different NFs scaffolds were calculated. All fabricated
scaffolds showed high encapsulation efficiency of BT ranging
from 97-99%, while the loading capacity of BT was average from
8 to 50%. These results recognized that the absence of drug loss
during the electrospinning process and regular distribution of
the drug through BT-loaded nanofibrous scaffolds. The high
efficiency of loading BT may be due to using a polymeric
composition of PCL and PVP with high concentrations of 5 and
30%; respectively, which allowed a high entrapment of BT in
accordance with the reported findings of Amer et al.*

Table 1 Optimization of the spinning conditions of PCL/PVP & BT @ PCL/PVP scaffolds

Feed rate Distance between tip &
Sample Voltage (kV) (mL h™) collector (cm) Fiber morphology observation
PCL/PVP 20 0.6 15 Smooth, no beads formed and good NFs
PCL/PVP/1.5% BT 23 0.5 15
PCL/PVP/3% BT 23 0.5 15
PCL/PVP/6% BT 25 0.5 15
PCL/PVP/9% BT 25 0.5 15
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3.3.
NFs

Instrumental characterization of BT loaded-PCL/PVP

3.3.1. FTIR analysis. The spectrum of PCL (Fig. 1G), shows
the absorbance peaks of C=0 and C-O at » 1724 and 1174 cm ™%,
respectively. On the other hand, PVP absorption spectrum in
(Fig. 1H) revealed the vibration peaks of C=0 and C-N at » 1664
and 1441 cm™ ', respectively’** A broad peak was detected at »
3408 cm " which is associated with O-H group. The index peaks
of PCL and PVP were observed in the blending PCL/PVP scaffold
as shown in Fig. 1F. Moreover, no change was perceived in the
peak at » 2950 cm™ ' that is related to the alkanes group of the
polymer backbone.’” In Fig. 1A, the characteristics vibration
peaks of BT were observed at v 1482, 1574, 1648, 3200 cm "
related to stretching C-C, N-H;, N=C, and NH stretching;
respectively.*” As showed in the Fig. 1D and E, the characteristics
vibration peaks located at » 1729 and 1180 cm™ " were observed in
PCL/PVP NFs loaded with high concentration of BT (6 and 9%, v/
v) which related to tartrate (stretching vibrations of the C=0 in
carboxylate group).*® The scaffolds loaded with (1.5 and 3%, v/v)
BT showed weak peak at » 1185 cm ™" and this can be explained as
the low concentration of drug and capsulation of drug into fibers
as represented in Fig. 1B and C. These observations thus desig-
nate that BT was successfully embedded into PCL/PVP NFs.

3.3.2. XRD analysis. The crystallographic structure of plain
and drug-loaded nanofibers scaffolds was investigated by XRD
patterns (Fig. 2). The diffraction patterns show that the
embedded drug made changes in the crystallinity of NFs** The
diffraction scan of BT powder presented various sharp intensity
bands at diffraction angles (26) of 11.9°, 16.9°, 18.7°, 21.3°,
24.1°, 26.6°, 29.3°, 34.1°, and 34.6°, indicated the crystallinity
structure of BT.** As shown in Fig. 2F, two strong bands at 20 =
21.5 and 23.8° were recorded accredited to the diffraction of the
(110) lattice plane and the (200) lattice plane of semi-crystalline
PCL; respectively. The electrospinning method decreased the
crystallinity of PVP so displaying no bands. Moreover, blending

®

I

PCL/PVP/15% BT

Transmittance (%)
Transmittance (%)
Transmittance (%)

G
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PCL with PVP was exhibited to mask the crystalline structure of
PCL, this observation is completely coupled with Nagiah et al.**
All loaded NFs scaffolds with different concentrations of BT
showed halo diffractogram patterns that confirm the complete
conversion of BT to an amorphous arrangement and its uniform
embedding into PCL/PVP scaffolds as represented in Fig. 2B-E.
It is proved that, the absence of intense sharp bands attributed
to crystalline drug molecules in the diffractogram of the loaded
scaffold validates that the drug which is present in an amor-
phous state in PCL/PVP NFs.*"*

3.3.3. SEM investigation. SEM images of the PCL/PVP scaf-
folds with different concentrations of BT (1.5, 3, 6, and 9%, v/v),
are shown in Fig. 3A. Scaffolds with high concentrations of BT
(6 and 9% BT) revealed the encapsulation of the drug into the
fibers in a spindle form due to the hydrophilicity of the drug.
Fig. 3B shows the average diameter of the NFs. The mean diam-
eter of plain nanofiber was 650 nm, which was then reduced to
(450, 360, 100, 80 nm) by the addition of (1.5, 3, 6, and 9%, v/v of
BT); respectively. This could be attributed to the pulling-down
effect of the threads towards the collecting plate.** Moreover, the
diameter reduction of the loaded nanofibers could be due to the
improvement of the electrical conductivity. These results agree
with Afrashi et al., who observed that the diameter of PCL/PVP NFs
decreased by adding the antifungal drugs (fluconazole and keto-
conazole), where the diameter of the plain scaffold was 656 nm
then dropped to 439 and 416 nm by adding 15% of fluconazole
and ketoconazole, respectively.*® Moreover, Zamani et al. recorded
that, increasing metronidazole benzoate dose showed an
enhancement in the polymeric solution conductivity, which led to
a reduction of viscosity, and hence in the diameter of nanofibers.*

3.4. Physicochemical measurements of BT loaded PCL/PVP
NFs

3.4.1. Swelling ratio (%). The swelling ratio has a signifi-
cant effect on the released drug from nanofibers.*® Fig. 4 shows

®
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Transmittance (%)
Transmittance (%)
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Fig.1 FTIR spectra of (A) Brimonidine tartrate (BT), (B) PCL/PVP/1.5% BT, (C) PCL/PVP/3% BT, (D) PCL/PVP/6% BT, (E) PCL/PVP/9% BT, (F) PCL/
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Fig. 2 XRD diffractometry patterns of (A) Brimonidine tartrate (BT), (B) PCL/PVP/1.5% BT, (C) PCL/PVP/3% BT, (D) PCL/PVP/6% BT, (E) PCL/PVP/

9% BT, and (F) PCL/PVP.

the degree of swelling of BT-loaded PCL/PVP nanofibers at room
temperature for 7 days. The degree of swelling reached 1%
(PCL/PVP/1.5% BT), 2% (PCL/PVP/3% BT), 4% (PCL/PVP/6%
BT), and 6.5% (PCL/PVP/9% BT), after 7 days. It was noticed

that, as the proportion of BT in PCL/PVP nanofibers increased,
the degree of swelling also increased. This phenomenon could
be attributed to the hydrophilicity of BT which resulted in

Fig.3
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a higher degradation rate of the PCL/PVP nanofibers and thus,
released BT enhanced, as well.*

Therefore, NFs scaffolds exhibit moderate weight loss%
manners in PBS; where (PCL/PVP/9% BT) demonstrate the
maximum degree of degradation; because it records the greatest
swelling ratio, compared to scaffold loaded with the lowest
concentration of BT (PCL/PVP/1.5% BT). This can be attributed
to the amorphous structure of different loaded scaffolds as
abovementioned were proven by XRD investigation, which thus
permit water to diffuse through pores and expand the scaffolds
even further.

3.4.2. Invitro release study. The drug release profiles of the
BT-loaded PCL/PVP nanofibrous scaffolds are shown in Fig. 5. It
was observed that BT was released from the nanofibers by 21%
(PCL/PVP/1.5% BT), 25% (PCL/PVP/3% BT), 30% (PCL/PVP/6%
BT), and 60% (PCL/PVP/9% BT) during the first 5 h, followed by
a sustained release during the subsequent 7 days. It was noticed
that, as the BT concentration increased, the drug release was
enhanced which might be owing to the accumulated drug
molecules on the NFs surfaces, leading to a higher initial burst
release.”® Also, it could be due to that the release profile
depends mostly on polymer degradation and drug diffusion.* It
is worth mentioning that swelling ratio results were in good
harmony with the drug release outcomes. As displayed, the PCL/
PVP nanofiber scaffolds demonstrated typical biphasic release
profiles and this result is in agreement with Yu et al. who re-
ported a biphasic release behavior of vancomycin hydrochloride
from PVP/PCL core/sheath fiber mat.*®

3.5. Antimicrobial activity of BT and BT-loaded PCL/PVP NFs

The antimicrobial sensitivity of the formulations under evalu-
ation was examined using a variety of antimicrobial techniques,
such as the diffusion strategy (agar-well-diffusion test) to survey
the antimicrobial activities (clear zones). Furthermore, the
dilution strategy (macro-dilution tests) was employed to
examine the damaged microbial biofilms, as well as the time-
kill curve was determined by counting viable colonies.

3.5.1. Antibiotics susceptibility analysis. The results of
evaluating the studied pathogens' susceptibility to antibiotics

Table 2 Results of an antibiotic susceptibility test for human pathogens employing ciprofloxacin (CIP-5 mcg), oxacillin (OX-1 mcg), ampicillin
(AP-10 g), fluconazole (FLC-25 mcg), clotrimazole (CC-10 mcg), ketoconazole (KT-30 mcg), aztreonam (ATM-30 g), and chloramphenicol (C-30

9)

Human pathogens

Antibiotic sensitivity discs

FLC-25 mcg C-30 pg E-15 pg ATM-30 pg  AP-10 pg  CIP-5 mcg KT-30 mcg OX-1 mcg T-30 ug CC-10 mceg

Escherichia coli
Pseudomonas aeruginosa
Klebsiella pneumoniae
Staphylococcus aureus
Staphylococcus epidermidis

Bacillus cereus

Candida albicans
Candida tropicals
Candida glabrata

[N IR I ISl VR e

N N
R R
R R
R R
S S
R S
R S
R S
N R

I Lam v

[ I I V- V- ISR V- VI
NI LY LYY
R R RS
Ny n
Uyl nx
MmUY Y

¢ Resistant (R, clear zone =5 mm) or sensitive (S, inhibitory zones >5 mm).
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Images and charts for measured inhibition zones against (I): Escherichia coli, (ll): Pseudomonas aeruginosa, (lll): Klebsiella pneumoniae,

(IV): Staphylococcus aureus, (V): Staphylococcus epidermidis, (VI): Bacillus cereus, (VIl): Candida albicans, (VIll): Candida tropicals, and (IX)
Candida glabrata recorded by (N3) for PCL/PVP/1.5% BT, (N4) for PCL/PVP/3% BT, (N5) for PCL/PVP/6% BT, (N7) for PCL/PVP/9% BT, (N8) for
PCL/PVP and (D) for 1.5% BT. (*) Indicates the strongest inhibitory zones.

are shown in Table 2. A startling prevalence of antibiotic resis-
tance to seven different types was discovered when the patho-
gens Klebsiella pneumoniae, Bacillus cereus, and Candida
tropicalis were tested for antibiotic susceptibility. Five of the
tested antibiotics were subsequently found to be ineffective
against Escherichia coli, Candida albicans, and Staphylococcus
aureus. Four of the studied antibiotics were ineffective against
Staphylococcus epidermidis, compared to only three were recor-
ded against Candida glabrata and Pseudomonas aeruginosa.
Finally, most pathogens possess a significant resistant to at
least three altered types of antibiotics. According to previous
reports, multidrug-resistant human pathogens were defined as
human pathogens that were resistant to three or more types of
antibiotic.>*** Therefore, all of the pathogens we investigated
were classified as multidrug-resistant human pathogens.

3.5.2. Antimicrobial activities survey. The results of the
formulations’ antimicrobial activity tests against nine
multidrug-resistant human pathogens are shown in Fig. 6 and
Table 3. The results indicated that, the tested formulations had
a range of antimicrobial activities against all the pathogens
tested, from weak to strong. Different pathogens responded
differently to our formulations. The (PCL/PVP/9% BT) showed

the widest zone of inhibition (potent activity), which was fol-
lowed by the (PCL/PVP/6% BT) moderate activity. The formula
(PCL/PVP/9% BT) under test was more efficient against Gram-
positive bacteria than it is against Gram-negative bacteria.
Bacillus cereus was the pathogen that the (PCL/PVP/9% BT)
inhibited with the widest zone of inhibition (29.12 + 3.65 mm),
followed by Staphylococcus epidermidis (25.89 + 4.21 mm).
Additionally, the largest zone of inhibition for Gram-negative
bacteria was exhibited by Klebsiella pneumoniae (12.96 + 2.47
mm). Only (PCL/PVP/9% BT) formulation shows a high activity
against Candida glabrata of (11.09 £+ 4.64 mm), compared to
other formulations. While, neither Candida albicans nor

Candida tropicalis are inhibited by any of the tested
formulations.
3.5.3. Anti-biofilm activities. In this study, both the

microbial turbidity (ODgo, nm + SD) and viable cell count (log,
CFU ml ™" + SD) were used to evaluate each formulation's ability
(N3, N4, N5, and N7) to limit or prevent the growth of microbial
pathogens. Significantly, N7-formula shows more powerful
antimicrobial abilities than the N5-formula, maintaining the
same results of the antimicrobial activities screened in the zone
of inhibition test.

Table 3 Recorded inhibitory zones that produced by: (N3) for PCL/PVP/1.5% BT, (N4) for PCL/PVP/3% BT, (N5) for PCL/PVP/6% BT, (N7) for PCL/
PVP/9% BT, (N8) for PCL/PVP and (D) for 1.5% BT against tested multidrug-resistant human pathogens”

Zone of inhibition (mm =+ SD)

Multidrug-resistant human pathogens N3 N4 N5 N7 N8 D
Escherichia coli 2.16 + 0.54" 3.69 + 0.58" 5.34 + 0.97%° 8.31 4+ 1.81% 0 obe
Pseudomonas aeruginosa 2.34 + 0.09" 6.25 + 0.48 7.06 + 1.05%° 9.12 + 2.35° 0 3.05 + 1.54°
Klebsiella pneumoniae 3.91 £ 0.11°° 5.37 £ 0.97*° 8.06 =+ 2.25%° 12.96 + 2.47° 0 3.21 £ 1.35°
Staphylococcus aureus 0 2.56 + 0.34"° 9.65 + 1.36%" 15.17 + 2.41° 0 2.14 + 0.08"
Staphylococcus epidermidis 0 5.97 + 0.19" 9.22 + 1.89%° 25.89 + 4.21% 0 1.2 + 0.52"¢
Bacillus cereus 3.54 + 1.07° 6.45 + 0.68™ 8.47 + 0.16%° 29.12 + 3.65° 0 0

Candida albicans 0 0 0 0 0 0

Candida tropicals 0 0 0 0 0 0

Candida glabrata 3.25 £ 0.78"° 5.47 + 1.02%° 7.12 £ 0.97%° 11.09 + 4.64° 0 3.54 £ 1.06™

“ Different letters signify significant variations among treatments (p < 0.05).
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Fig. 7 Illustrations charts for reported turgidities (A) as well as percentage of microbial growth reduction rates (B) of tested multi-drug human
pathogens Escherichia coli (l), Pseudomonas aeruginosa (ll), Klebsiella pneumonia (ll1), Staphylococcus aureus (IV), Staphylococcus epidermidis
(V), Bacillus cereus (VI1), Candida albicans (VIl), Candida tropical (VIll), and Candida glabrata (IX) that treated with N3: PCL/PVP/1.5% BT, N4: PCL/
PVP/3% BT, N5: PCL/PVP/6% BT, and N7: PCL/PVP/9% BT. (*) Indicates the most effective formula.

Table 4 Recorded absorbance (ODgoo Nm =+ SD) of the untreated (control) and the treated multidrug-resistant human pathogens with N3: PCL/

PVP/1.5% BT, N4: PCL/PVP/3% BT, N5: PCL/PVP/6% BT, and N7: PCL/PVP/9% BT*

Absorbance (ODggo Nm =+ SD)

Multidrug-resistant human pathogens Control N3 N4 N5 N7

Escherichia coli 3.25 + 0.45% 3.09 + 0.56% 2.56 + 0.35°° 2.09 + 0.38"° 0.68 + 0.62°
Pseudomonas aeruginosa 2.98 + 0.56% 2.06 + 0.23% 1.56 =+ 0.64%° 1.21 + 0.61>° 0.24 + 0.61°¢
Klebsiella pneumoniae 3.89 £+ 0.11% 3.54 £+ 0.31% 3.07 £ 0.63%° 2.56 + 0.42°° 0.89 % 0.09°
Staphylococcus aureus 3.97 £+ 1.52% 3.25 £+ 0.14* 3.09 + 0.23%° 2.32 + 0.92"° 1.65 £ 0.02¢
Staphylococcus epidermidis 2.97 £+ 0.34% 2.45 £+ 0.57% 2.09 + 0.67°" 1.56 + 0.65™ 1.09 £ 0.24¢
Bacillus cereus 3.98 + 0.03% 3.23 + 0.64% 2.97 + 0.97°° 1.55 + 0.46"° 1.29 + 0.25°¢
Candida albicans 4.09 + 2.04% 3.84 + 0.92° 3.43 + 0.24%° 2.08 + 0.41%¢ 1.95 + 0.62¢
Candida tropicals 3.56 + 0.32° 3.05 + 0.97° 2.45 + 0.68%° 2.21 + 0.32% 1.95 + 0.91¢
Candida glabrata 4.25 + 0.98° 4.15 + 0.51° 4.09 + 0.83%" 3.25 + 0.36™ 2.24 + 0.97°

“ Significant differences between treatments are denoted by different letters (p < 0.05).

© 2023 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2023, 13, 14943-14957 | 14951


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02244g

Open Access Article. Published on 16 May 2023. Downloaded on 4/29/2026 12:28:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper

Table 5 Growth inhibition % rates for the multidrug-resistant human pathogens treated with N3: PCL/PVP/1.5% BT, N4: PCL/PVP/3% BT, N5:
PCL/PVP/6% BT, and N7: PCL/PVP/9% BT

Growth inhibition rate (% =+ SD)

Multidrug-resistant human pathogens N3 N4 N5 N7

Escherichia coli 4.92 + 3.07¢ 21.23 + 7.69¢ 35.69 + 2.31° 79.07 + 6.92%
Pseudomonas aeruginosa 30.87 £ 2.48¢ 47.65 £ 1.67¢ 59.39 + 5.97° 91.94 £+ 6.31%
Klebsiella pneumoniae 8.99 + 0.74° 21.07 + 9.69¢ 34.19 + 2.31° 77.12 + 8.22°
Staphylococcus aureus 18.13 + 6.02°¢ 22.16 £ 6.24° 41.56 + 1.71° 58.43 + 8.28%
Staphylococcus epidermidis 17.50 + 8.41° 29.62 + 9.62¢ 47.45 + 11.75° 63.29 + 9.66%
Bacillus cereus 18.84 + 4.22° 25.37 £ 6.88¢ 61.05 + 5.27° 67.58 £+ 7.93%
Candida albicans 6.11 £ 2.46° 16.13 + 6.91° 49.14 + 4.25" 52.32 £ 2.74%
Candida tropicals 14.32 + 5.84° 31.17 £ 9.77¢ 37.92 + 1.34° 45.22 + 4.71°
Candida glabrata 2.35 £ 2.94° 3.76 £ 4.70° 23.52 + 9.41° 47.29 + 4.12%

“ Different letters (p < 0.05) are used to indicate significant differences between treatments.

Significantly, it was determined that all the tested formula- pathogens that had been studied (Fig. 7A and Table 4). As
tions' reported turgidities (ODgoo nm) could prevent or slow the indicated in (Table 5 and Fig. 7B), the tested N7-formula shows
growth of biofilms in all the multi-drug-resistant human a higher percentage of microbial growth reduction rate on
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Fig. 8 Charts of reported viable cell count (A) as well as the percentage of biofilm inhibition rates (B) of tested multi-drug human pathogens e.g.
Escherichia coli (1), Pseudomonas aeruginosa (ll), Klebsiella pneumonia (Ill), Staphylococcus aureus (IV), Staphylococcus epidermidis (V), Bacillus
cereus (Vl), Candida albicans (VIl), Candida tropical (VIll), and Candida glabrata (IX) that untreated (control) and treated with N3: PCL/PVP/1.5% BT,
N4: PCL/PVP/3% BT, N5: PCL/PVP/6% BT, and N7: PCL/PVP/9% BT. (*) designates the most efficient formula.
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Table 6 Viable cell count for the multidrug-resistant human pathogens that treated with N3: PCL/PVP/1.5% BT, N4: PCL/PVP/3% BT, N5: PCL/

PVP/6% BT, and N7: PCL/PVP/9% BT*

Viable cell count (log;, CFU ml™")

Multidrug-resistant human pathogens Control N3 N4 N5 N7

Gram -ve Escherichia coli 2.51 + 1.88° 2.41 + 0.42%° 2.26 + 0.55°° 2.06 + 0.83° 1.37 4 0.65¢
Pseudomonas aeruginosa 2.47 + 0.42° 2.23 + 0.85% 2.05 + 0.45" 1.83 4 0.97° 0.92 + 0.04¢
Klebsiella pneumoniae 2.58 + 0.99° 2.47 + 0.28%° 2.34 + 0.44> 2.15 + 0.64° 1.49 + 0.34¢

Gram +ve Staphylococcus aureus 2.59 + 0.87° 2.43 + 0.61%° 2.34 + 0.72"° 2.11 + 0.36° 1.08 + 0.81¢
Staphylococcus epidermidis 2.47 + 0.27° 2.31 + 0.34%° 2.17 + 0.74>° 1.94 + 0.13° 0.49 + 0.08¢
Bacillus cereus 2.59 + 0.98° 2.43 + 0.34%° 2.33 + 0.08™ 1.93 4 0.08° 0.82 + 0.28¢

Yeast cells Candida albicans 2.61 + 0.17° 2.50 + 0.86%" 2.39 + 0.26™ 2.06 + 0.62° 1.52 4+ 0.17¢
Candida tropicals 2.55 + 0.14° 2.40 + 0.85%° 2.24 + 0.64" 2.09 + 0.25¢ 1.52 4+ 0.17¢
Candida glabrata 2.62 + 0.83° 2.54 + 0.23%° 2.46 + 0.90° 2.26 + 0.07° 0.92 + 0.42¢

“ Different letters (p < 0.05) are used to indicate significant differences

Gram-negative bacteria such as Pseudomonas aeruginosa (91.94
+ 6.31), Escherichia coli (79.07 & 6.92) and Klebsiella pneumoniae
(77.12 £ 8.22). Additionally, Bacillus cereus showed the largest
percentage of microbial growth reduction rates (67.58 £ 7.93%)
among Gram-positive bacteria, followed by Staphylococcus epi-
dermidis (63.29 + 9.66%). Finally, the yeast cells under study
had the lowest proportion of microbial growth decrease rates
(Table 5 and Fig. 7B). These can be arranged in descending
order of their percentages of microbial growth reduction rates
as follows: Candida albicans (52.32 £ 2.74%), Candida glabrata
(47.29 + 4.12%), and Candida tropicals (45.22 + 4.71).
Significantly, it was shown that all tested formulations (N3,
N4, N5, and N7) could reduce the severity of biofilms in all
tested multi-drug-resistant human pathogens compared with D-
treatment (1.5% BT) based on the reported viable cell counts
Fig. 8A and percentages of biofilm inhibition rates in Fig. 8B.
Notably, N7-formula still outperforms the N5-formula in anti-
microbial activity against all of the tested multi-drug-human
pathogens. It's interesting to note that N7-formula is semi-
toxic to yeast cells and Gram-negative bacteria but extremely
toxic to Gram-positive bacteria when evaluated by the number
of viable colonies Table 6 and Fig. 8A. Among Gram-positive
bacteria, Staphylococcus epidermidis had the lowest viable cell
count, going to drop from 2.47 + 0.27 to 0.49 + 0.08 CFU ml™*

between treatments.

after being treated with N7-formula. When compared to other
Gram-positive bacteria, Staphylococcus epidermidis and Bacillus
cereus both had high levels of biofilm inhibition (79.84 £+ 7.97%
and 68.35 + 15.90%; respectively), as shown in Table 7 and
Fig. 8B. Candida glabrata (64.83 + 4.75%) and Pseudomonas
aeruginosa (62.64 + 3.55%) both had nearly equivalent
moderate levels of biofilm inhibition among the tested yeast
cells and Gram-negative bacteria, as shown in Table 7 and
Fig. 8B. Thus, these four human pathogens (Staphylococcus
epidermidis, Bacillus cereus, Candida glabrata, and Pseudomonas
aeruginosa) were extensively examined using N7-formula to
determine the time-kill kinetics in the following section.

3.5.4. Evaluation of time-kill kinetics. In the current study,
time-kill analyses were used to compare the killing rates of the
tested human pathogens that treated with N7-formula to
untreated cells (control), as shown by the curves in Fig. 9 and
the tabulated results in Table 8. The maximum growth reduc-
tion value for Staphylococcus epidermidis treated with N7-
formula was found to be 80.26 + 1.11% after 42 incubation
hours Fig. 9A and Table 8. Additionally, the highest percentage
of growth reduction for Bacillus cereus was observed to be 73.98
=+ 2.35% after 36 h of incubation periods Fig. 9B. After 48 h of
incubation, the best growth reduction value for Candida glab-
rata was found to be 69.21 + 7.07% Fig. 9C, followed by

Table 7 Biofilm inhibition % (% + SD) for the multidrug-resistant human pathogens that treated with N3: PCL/PVP/1.5% BT, N4: PCL/PVP/3% BT,

N5: PCL/PVP/6% BT, and N7: PCL/PVP/9% BT*

Biofilm inhibition (% + SD)

Multidrug-resistant human

pathogens N3 N4 N5 N7

Escherichia coli 3.88 + 7.34° 9.80 + 5.82™ 17.65 + 8.02° 45.19 + 7.41°
Pseudomonas aeruginosa 9.54 + 1.19¢ 17.12 + 7.05™ 25.99 + 7.84° 62.64 + 3.55%
Klebsiella pneumoniae 4.50 + 4.67° 9.47 + 8.12"° 16.73 + 8.61° 42.33 + 6.40°
Staphylococcus aureus 6.25 + 7.82¢ 9.67 + 3.56™ 18.66 + 9.33" 58.12 £ 9.13%
Staphylococcus epidermidis 6.44 + 2.65° 11.94 + 1.23% 21.49 + 1.95° 79.84 + 7.97%
Bacillus cereus 6.43 + 0.64° 10.37 + 0.71%¢ 25.43 + 8.19° 68.35 + 15.90°
Candida albicans 3.94 + 0.80° 8.38 + 0.89™° 20.88 + 5.51° 41.73 £ 2.27°
Candida tropicals 5.59 + 0.95¢ 11.95 + 2.82"° 17.98 + 4.63" 40.35 + 5.81°
Candida glabrata 3.27 £ 0.43¢ 6.06 + 2.71>° 14.01 + 3.53° 64.83 + 4.75°

“ To indicate significant differences between treatments, different letters (p < 0.05) were used.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 The growth patterns of the untreated (control) and treated multi-drug resistant human pathogens Staphylococcus epidermidis (A), Bacillus
cereus (B), Candida glabrata (C), and Pseudomonas aeruginosa (D) with N7 (PCL/PVP/9% BT) which was used to calculate time-kill kinetics.

Table 8 The results of the time-kill kinetics of the tested multidrug-resistant human pathogens (Staphylococcus epidermidis, Bacillus cereus,
Candida glabrata, and Pseudomonas aeruginosa) that treated with N7 (PCL/PVP/9% BT) that was used to evaluate the time-kill kinetics. Every
data point is a mean + standard deviation of the mean that was determined using three different tests

Multidrug-resistant human pathogens treated with N7-formula

Cultivation Viable cell count Growth Viable cell count Growth
period (h) (log1o CFU ml™* 4 SD) reduction (% + SD) (log1o CFU ml™* 4 SD) reduction (% + SD)
Staphylococcus epidermidis Bacillus cereus
0 0.52 £+ 0.01 1.88 £ 0.67 0.25 £+ 0.09 13.66 + 6.67
6 1.26 £ 0.09 39.51 £ 14.65 1.96 £ 0.12 12.61 £ 8.51
12 1.94 £ 0.51 42.93 £ 5.61 2.35 £ 1.42 37.38 £ 8.08
18 2.11 +£ 0.22 53.90 £ 6.67 2.29 +1.08 46.67 + 2.26
24 2.18 &+ 1.42 58.27 £ 12.36 2.28 £ 0.82 56.85 £ 3.88
30 1.82 £ 0.07 69.61 £ 8.82 2.02 £+ 1.05 63.60 £ 7.21
36 1.62 £ 0.14 73.05 £ 9.45 1.45 £ 0.014 73.98 £ 2.35
42 1.21 4+ 0.09 80.26 £+ 1.11 1.44 £+ 0.054 72.88 £ 1.35
48 1.25 £ 0.87 79.02 £ 6.84 1.41 £ 0.58 72.93 £ 6.26
Candida glabrata Pseudomonas aeruginosa

0 0.42 £+ 0.01 2.32 £ 0.55 0.42 £ 0.12 20.75 £ 4.71
6 1.36 £ 0.95 26.20 £ 8.79 1.06 £ 0.32 14.72 £+ 5.23
12 1.87 £ 0.97 33.13 £ 4.96 1.15 £ 0.92 44.06 + 8.65
18 2.11 £ 0.52 46.42 + 3.24 1.11 £ 0.65 62.17 £ 1.69
24 2.28 £ 1.02 50.27 £ 2.05 1.02 £ 0.94 66.97 £ 9.65
30 2.42 + 0.68 54.77 £10.13 1.01 £ 0.97 68.54 £+ 1.32
36 2.15 £ 0.52 62.48 £ 7.45 1.01 £+ 0.51 66.51 £ 7.21
42 1.94 £ 0.35 67.93 £ 3.84 1.02 £ 0.65 65.42 £ 3.72
48 1.85 £ 1.02 69.21 £+ 7.97 1.01 £ 0.02 64.88 £ 3.62
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Pseudomonas aeruginosa (68.54 + 1.32) which was recorded after
30 h of N7-formula treatment Fig. 9D and Table 8. Finally, each
of our tested antimicrobial analyses proves that applying N7-
formula effectively inhibits the growth of multi-drug resistant
human pathogens.

4 Conclusions

The outcomes of this work could support the assumption that
using BT in a newly repurposed use as an antimicrobial agent
might be auspicious. Herein, BT-loaded PCL/PVP NFs were
successfully prepared with different drug concentrations via
electrospinning technique. The BT-PCL/PVP NFs showed
smooth surfaces and the one prepared with 9% BT which have
the smallest diameter of about 80 nm, compared to other
nanofibers. All scaffolds’ release profiles confirmed their pro-
longed manners that lasted for 7 days. They also demonstrated
satisfactory antimicrobial activities against several human
pathogens. Based on the viable cell counts results, it was
observed that all the fabricated BT-loaded scaffolds could
reduce the biofilm formation in all tested multi-drug-resistant
human pathogens when compared to the free BT (1.5%).
However, the BT-loaded nanofibers fabricated with 9% BT
showed the maximum growth reduction value of 80% for
Staphylococcus epidermidis after 42 h, 74% for Bacillus cereus
after 36 h, 69% for Candida glabrata after 48 h, and 68% for
Pseudomonas aeruginosa after 30 h. In conclusion, BT-loaded
PCL/PVP NFs and particularly 9% BT loaded PCL/PVP NFs one
could be as an efficient biomaterials candidate for antimicro-
bial applications which would endow eligibility for upcoming
pre-clinical and clinical researches.

Data availability

The datasets generated or analyzed during the current study are
available from the corresponding author upon reasonable
request.

Author contributions

All authors contributed to the study's conception and design.
Material preparation, data collection, and analysis were per-
formed by all authors. All authors participated in the writing of
the manuscript. All authors read and approved the final
manuscript.

Conflicts of interest

All authors declare they have no financial or non-financial
interests. The authors have no relevant financial or non-
financial interests to disclose.

Acknowledgements

The authors declare that no funds, grants, or other support were
received during the preparation of this manuscript. The authors
are thankful to Nanotechnology Research Center at the British

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

University in Egypt for carrying out all experimental and char-
acterization parts.

References

1 C. J. L. Murray, K. S. Ikuta, F. Sharara, L. Swetschinski,
G. R. Aguilar, A. Gray, C. Han, C. Bisignano, P. Rao and
E. Wool, Global burden of bacterial antimicrobial
resistance in 2019: a systematic analysis, Lancet, 2022, 399,
629-655.

2 C. M. Morel, O. Lindahl, S. Harbarth, M. E. A. de Kraker,
S. Edwards and A. Hollis, Industry incentives and
antibiotic resistance: an introduction to the antibiotic
susceptibility bonus, J. Antibiot., 2020, 73, 421-428.

3 M. F. Kabil, M. Nasr, I. T. Ibrahim, Y. A. Hassan and I. M. EIl-
Sherbiny, New repurposed rolapitant in nanovesicular
systems for lung cancer treatment: Development, in-vitro
assessment and in-vivo biodistribution study, Eur. J.
Pharm. Sci., 2022, 171, 106119

4 A. Emad Eldeeb, S. Salah and M. Ghorab, Proniosomal gel-
derived niosomes: an approach to sustain and improve the
ocular delivery of brimonidine tartrate; formulation, in-
vitro characterization, and in-vivo pharmacodynamic study,
Drug Deliv., 2019, 26, 509-521.

5 S. Nizari, L. Guo, B. M. Davis, E. M. Normando, J. Galvao,
L. A. Turner, M. Bizrah, M. Dehabadi, K. Tian and
M. F. Cordeiro, Non-amyloidogenic effects of «2 adrenergic
agonists: Implications for  brimonidine-mediated
neuroprotection, Cell Death Dis., 2016, 7, e2514.

6 A. Galanopoulos and I. Goldberg, Clinical efficacy and
neuroprotective effects of brimonidine in the management
of glaucoma and ocular hypertension, Clin. Ophthalmol.,
2009, 3, 117

7 F. Conti, G. L. Romano, C. M. Eandi, M. D. Toro, R. Rejdak,
G. Di Benedetto, F. Lazzara, R. Bernardini, F. Drago and
G. Cantarella, Brimonidine is neuroprotective in animal
paradigm of retinal ganglion cell damage, Front.
Pharmacol., 2021, 1858.

8 S. A. Gandolfi, L. Cimino and P. Mora, Effect of brimonidine
on intraocular pressure in normal tension glaucoma: a short
term clinical trial, Eur. J. Ophthalmol., 2003, 13, 611-615.

9 T. Tsumura, K. Yoshikawa, T. Kimura, H. Suzumura,
M. Kawashima, M. Nanno, K. Ishijima and R. Takeda, The
efficacy and safety of add-on 0.1% brimonidine tartrate
preserved with sodium chlorite in on-treatment Japanese
normal-tension glaucoma patients, Clin. Ophthalmol., 2014,
8, 1681.

10 J. Mallick, L. Devi, P. K. Malik and ]J. Mallick, Update on
normal tension glaucoma, J. Ophthalmic Vis. Res., 2016, 11,
204.

11 T. Nieminen, T. Lehtimaki, J. Mdenpid, A. Ropo, H. Uusitalo
and M. Kidhonen, Ophthalmic timolol: plasma
concentration and systemic cardiopulmonary effects,
Scand. J. Clin. Lab. Invest., 2007, 67, 237-245.

12 E. F. Erkin, P. Celik, O. Kayikcioglu, H. M. Deveci and
A. Sakar, Effects of latanoprost and betaxolol on

RSC Adv, 2023, 13, 14943-14957 | 14955


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02244g

Open Access Article. Published on 16 May 2023. Downloaded on 4/29/2026 12:28:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

cardiovascular and respiratory status of newly diagnosed
glaucoma patients, Ophthalmologica, 2006, 220, 332-337.

13 S. Ray and J. H. R. Maunsell, Different origins of gamma
rhythm and high-gamma activity in macaque visual cortex,
PLoS Biol., 2011, 9, €1000610.

14 K. A. Kumar, K. Ganguly, K. Mazumdar, N. K. Dutta,
S. G. Dastidar and A. N. Chakrabarty, Amlodipine:
a cardiovascular drug with powerful antimicrobial
property, Acta Microbiol. Pol., 2003, 52, 285-292.

15 R. C. Paes Leme and R. B. da Silva, Antimicrobial activity of
non-steroidal anti-inflammatory drugs on biofilm: Current
evidence and potential for drug repurposing, Front.
Microbiol., 2021, 12, 707629.

16 M. Y. Cruz-Muiiz, L. E. Lopez-Jacome, M. Hernandez-Duran,
R. Franco-Cendejas, P. Licona-Limon, J. L. Ramos-Balderas,
M. Martinéz-Vazquez, J. A. Belmont-Diaz, T. K. Wood and
R. Garcia-Contreras, Repurposing the anticancer drug
mitomycin C for the treatment of persistent Acinetobacter
baumannii infections, Int. J. Antimicrob. Agents, 2017, 49,
88-92.

17 H. Quezada, M. Martinez-Vazquez, E. Lopez-Jacome,
B. Gonzalez-Pedrajo, A. Andrade, A. M. Fernandez-Presas,
A. Tovar-Garcia and R. Garcia-Contreras, Repurposed anti-
cancer drugs: the future for anti-infective therapy?, Expert
Rev. Anti-Infect. Ther., 2020, 18, 609-612.

18 M. Antczak, K. Dzitko and H. Dlugonska, Human
toxoplasmosis-Searching for novel chemotherapeutics,
Biomed. Pharmacother., 2016, 82, 677-684.

19 T. Nitanan, P. Akkaramongkolporn, T. Ngawhirunpat,
T. Rojanarata, S. Panomsuk and P. Opanasopit,
Fabrication and evaluation of cationic exchange nanofibers
for controlled drug delivery systems, Int. J. Pharm., 2013,
450, 345-353.

20 M. Khodadadi, S. Alijani, M. Montazeri, N. Esmaeilizadeh,
S. Sadeghi-Soureh and Y. Pilehvar-Soltanahmadi, Recent
advances in electrospun nanofiber-mediated drug delivery
strategies for localized cancer chemotherapy, J. Biomed.
Mater. Res. A, 2020, 108, 1444-1458.

21 M. L. Leite, D. G. Soares, G. Anovazzi, I. P. Mendes Soares,
J. Hebling and C. A. de Souza Costa, Development of
fibronectin-loaded nanofiber scaffolds for guided pulp
tissue regeneration, J. Biomed. Mater. Res. Part B Appl.
Biomater., 2021, 109, 1244-1258.

22 M. Wang, D. Li, J. Li, S. Li, Z. Chen, D.-G. Yu, Z. Liu and
J. Z. Guo, Electrospun Janus zein-PVP nanofibers provide
a two-stage controlled release of poorly water-soluble
drugs, Mater. Des., 2020, 196, 109075.

23 S. Zarayneh, A. A. Sepahi, M. Jonoobi and H. Rasouli,
Comparative antibacterial effects of cellulose nanofiber,
chitosan nanofiber, chitosan/cellulose combination and
chitosan alone against bacterial contamination of Iranian
banknotes, Int. J. Biol. Macromol., 2018, 118, 1045-1054.

24 S. A. Salim, E. A. Kamoun, S. Evans, S. H. El-Moslamy,
E. M. El-Fakharany, M. M. Elmazar, A. F. Abdel-Aziz,
R. H. Abou-Saleh and T. A. Salaheldin, Mercaptopurine-
loaded sandwiched tri-layered composed of electrospun
polycaprolactone/poly (Methyl methacrylate) nanofibrous

14956 | RSC Adv, 2023, 13, 14943-14957

25

26

27

28

29

30

31

32

33

34

35

View Article Online

Paper

scaffolds as anticancer carrier with antimicrobial and
antibiotic features: Sandwich configuration nanofibers,
release study and i, Int. J. Nanomed., 2021, 16, 6937-6955,
DOI: 10.2147/IJN.S332920.

M. G. Lancina III, S. Singh, U. B. Kompella, S. Husain and
H. Yang, Fast dissolving dendrimer nanofiber mats as
alternative to eye drops for more efficient antiglaucoma
drug delivery, ACS Biomater. Sci. Eng., 2017, 3, 1861-1868.
S. A. Salim, S. A. Loutfy, E. M. El-Fakharany, T. H. Taha,
Y. Hussien and E. A. Kamoun, Influence of chitosan and
hydroxyapatite incorporation on properties of electrospun
PVA/HA nanofibrous mats for bone tissue regeneration:
Nanofibers optimization and in-vitro assessment, J. Drug
Deliv. Sci. Technol., 2021, 62, 102417, DOI: 10.1016/
j.jddst.2021.102417.

S. A. Salim, E. A. Kamoun, S. Evans, T. H. Taha, E. M. El-
Fakharany, M. M. Elmazar, A. F. Abdel-Aziz, R. H. Abou-
Saleh and T. A. Salaheldin, Novel oxygen-generation from

electrospun  nanofibrous scaffolds with anticancer
properties:  Synthesis of = PMMA-conjugate  PVP-
H202nanofibers, characterization, and: In vitro bio-

evaluation tests, RSC Adv., 2021, 11, 19978-19991, DOI:
10.1039/d1ra02575a.

M. P. Weinstein, J. B. Patel, A. M. Bobenchik, S. Campeau,
S. K. Cullen and M. Galas, Performance standards for
antimicrobial susceptibility testing performance standards
for antimicrobial susceptibility testing, CLSI Suppl. M100,
2019, 1-25.

A. K. Kashyap, A. Kashyap, L. Deshmukh
D. Vishwakarma, Biosynthesis and biophysical elucidation
of CuO nanoparticle from Nyctanthes arbor-tristis Linn
Leaf, Appl. Microbiol. Biotechnol., 2022, 106, 5823-5832.

O. Bakhshi and G. Bagherzade, Biosynthesis of organic
nanocomposite using Pistacia vera L. hull: an efficient
antimicrobial agent, Bioinorg. Chem. Appl, 2021, 2021,
4105853.

F. Khan, J.-W. Lee, D. N. T. Pham, M. M. Khan, S.-K. Park,
1.-S. Shin and Y.-M. Kim, Antibiofilm action of ZnO, SnO2
and CeO2 nanoparticles towards grampositive biofilm
forming pathogenic bacteria, Recent Pat. Nanotechnol.,
2020, 14, 239-249.

A.N. Hawkins, S. J. Licea, S. A. Sleeper and M. C. Swearingen,
Calcium sulfate beads made with antibacterial essential oil-
emulsions exhibit growth inhibition against
Staphylococcus aureus in agar pour plates, PLoS One, 2022,
17, €0271209.

R. Guo, J. Wen, Y. Gao, T. Li, H. Yan, H. Wang, B. Niu and
K. Jiang, Effect of the adhesion of Ag coatings on the
effectiveness and durability of antibacterial properties, J.
Mater. Sci., 2018, 53, 4759-4767.

Y. Y. Loo, Y. Rukayadi, M.-A.-R. Nor-Khaizura, C. H. Kuan,
B. W. Chieng, M. Nishibuchi and S. Radu, In vitro
antimicrobial activity of green synthesized silver
nanoparticles against selected gram-negative foodborne
pathogens, Front. Microbiol., 2018, 9, 1555.

A. M. Shehabeldine, B. H. Amin, F. A. Hagras,
A. A. Ramadan, M. R. Kamel, M. A. Ahmed, K. H. Atia and

and

water

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.2147/IJN.S332920
https://doi.org/10.1016/j.jddst.2021.102417
https://doi.org/10.1016/j.jddst.2021.102417
https://doi.org/10.1039/d1ra02575a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02244g

Open Access Article. Published on 16 May 2023. Downloaded on 4/29/2026 12:28:54 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

S. S. Salem, Potential Antimicrobial and Antibiofilm
Time-Kill
Kinetic Essay and Ultrastructure of Pathogenic Bacterial

Properties of Copper Oxide Nanoparticles:

Cells, Appl. Biochem. Biotechnol., 2022, 1-19.

36 S.S. Amer, W. Mamdouh, M. Nasr, A. ElShaer, E. Polycarpou,
R. T. A. Abdel-Aziz and O. A. Sammour, Quercetin loaded
cosm-nutraceutical electrospun composite nanofibers for

and

acne alleviation: Preparation, characterization

experimental clinical appraisal, Int. J. Pharm., 2022, 612,

121309.

37 A. S. Alvarez-Suarez, S. G. Dastager, N. Bogdanchikova,
D. Grande, A. Pestryakov, J. C. Garcia-Ramos, G. L. Pérez-
Gonzalez, K. Juarez-Moreno, Y. Toledano-Magainia and

and sorbents as

a possible basis for effective composite wound dressings,

E. Smolentseva, Electrospun fibers

Micromachines, 2020, 11, 441.

38 M. Afrashi, M. Nasari, D. Semnani, P. Dehghan and
M. Maheronnaghsh, Comparison of the antifungal activity
PCL/PVP

of fluconazole-and ketoconazole-loaded
nanofibrous mat, Bull. Mater. Sci., 2021, 44, 1-9.

39 Y. Zhao, C. Huang, Z. Zhang, J. Hong, J. Xu, X. Sun and

J. Sun, Sustained release of brimonidine from
BRI@SR@TPU implant for treatment of glaucoma, Drug
Deliv., 2022, 29, 613-623, DOL 10.1080/

10717544.2022.2039806.

40 J. Sun, Y. Lei, Z. Dai, X. Liu, T. Huang, J. Wu, Z. P. Xu and
X. Sun, Sustained release of brimonidine from a new
composite drug delivery system for treatment of glaucoma,

ACS Appl. Mater. Interfaces, 2017, 9, 7990-7999.

41 M. H. Aburahma and A. A. Mahmoud, Biodegradable ocular

inserts for sustained delivery of brimonidine tartarate:
AAPS
PharmSciTech, 2011, 12, 1335-1347, DOI: 10.1208/s12249-

Preparation and in vitro/in vivo evaluation,

011-9701-3.

42 N. Nagiah, G. Ramanathan, L. Shobana, S. Singaravelu,
Preparation and
characterization of electrospun poly(3-hydroxybutyric acid)-
and poly(caprolactone)-poly(N-
vinylpyrrolidone) fibers as potential scaffolds for skin
regeneration, J. Biomater. Tissue Eng., 2013, 3, 624-629,

T. S. Uma and T. S. Natarajan,

poly(N-vinylpyrrolidone)

DOI: 10.1166/jbt.2013.1130.

43 A. R. Chandak and P. R. P. Verma, Development and
evaluation of HPMC based matrices for transdermal

patches of tramadol, Clin. Res. Regul. Aff., 2008, 25, 13-30.

44 G.-M. Kim, K. H. T. Le, S. M. Giannitelli, Y. J. Lee, A. Rainer
and M. Trombetta, Electrospinning of PCL/PVP blends for

© 2023 The Author(s). Published by the Royal Society of Chemistry

45

46

47

48

49

50

51

52

53

View Article Online

RSC Advances

tissue engineering scaffolds, J. Mater. Sci.: Mater. Med.,
2013, 24, 1425-1442.

M. Zamani, M. Morshed, J. Varshosaz and M. Jannesari,
Controlled release of metronidazole benzoate from poly &-
caprolactone electrospun nanofibers for periodontal
diseases, Eur. J. Pharm. Biopharm., 2010, 75, 179-185.

S. Mirzaeei, S. Taghe, K. Asare-Addo and A. Nokhodchi,
Polyvinyl alcohol/chitosan single-layered and polyvinyl
alcohol/chitosan/eudragit rl100 multi-layered electrospun
nanofibers as an ocular matrix for the controlled release of
ofloxacin: An in vitro and in vivo evaluation, AAPS
PharmSciTech, 2021, 22, 1-13.

P. Huo, X. Han, W. Zhang, J. Zhang, P. Kumar and B. Liu,
Electrospun nanofibers of polycaprolactone/collagen as
a sustained-release drug delivery system for artemisinin,
Pharmaceutics, 2021, 13, 1228.

C. T. Chen, C. H. Chen, C. Sheu and J. P. Chen, Ibuprofen-
loaded hyaluronic acid nanofibrous membranes for
prevention of postoperative tendon adhesion through
reduction of inflammation, Int. J. Mol. Sci., 2019, 20(20),
5038.

S. Liu, C. Hu, F. Li, X. Li, W. Cui and C. Fan, Prevention of
peritendinous adhesions with electrospun ibuprofen-
loaded poly (L-lactic acid)-polyethylene glycol fibrous
membranes, Tissue Eng., Part A, 2013, 19, 529-537.

H.Yu, P. Yang, Y. Jia, Y. Zhang, Q. Ye and S. Zeng, Regulation
of biphasic drug release behavior by graphene oxide in
polyvinyl pyrrolidone/poly (e-caprolactone) core/sheath
nanofiber mats, Colloids Surf., B, 2016, 146, 63-69.

D. A. Permatasari, A. M. Witaningrum, F. J. Wibisono and
M. H. Effendi, Detection and prevalence of multidrug-
resistant Klebsiella pneumoniae strains isolated from
poultry farms in Blitar, Indonesia, Biodiversitas, 2020,
21(10), 4642-4647.

S. Hayat, A. Ashraf, M. Zubair, B. Aslam, M. H. Siddique,
M. Khurshid, M. Saqgalein, A. M. Khan, A. Almatroudi and
Z. Naeem, Biofabrication of ZnO nanoparticles using
Acacia arabica leaf extract and their antibiofilm and
antioxidant potential against foodborne pathogens, PLoS
One, 2022, 17, €0259190.

R. K. Kunkalekar, M. M. Naik, S. K. Dubey and A. V Salker,
Antibacterial activity of silver-doped manganese dioxide
nanoparticles on multidrug-resistant bacteria, J. Chem.
Technol. Biotechnol., 2013, 88, 873-877.

RSC Adv, 2023, 13, 14943-14957 | 14957


https://doi.org/10.1080/10717544.2022.2039806
https://doi.org/10.1080/10717544.2022.2039806
https://doi.org/10.1208/s12249-011-9701-3
https://doi.org/10.1208/s12249-011-9701-3
https://doi.org/10.1166/jbt.2013.1130
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ra02244g

	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation

	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation

	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation
	Novel long-acting brimonidine tartrate loaded-PCL/PVP nanofibers for versatile biomedical applications: fabrication, characterization and antimicrobial evaluation


