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in stiffness, a ~41% decrease in MPa, and a ~34% decrease in 
elongation when compared with blank mats.

FTIR
To observe chemical changes or interactions between the drug 
and excipients, a FTIR study was performed. The FTIR spectra of 
the active moiety Ofx, PVA, CS, B-NF, and Ofx-NFs are depicted 
in Figure 3a. The existence of distinctive peaks of Ofx at 3426 
cm-1 is due to N-H stretching of the secondary amine group, C 
= O stretching of carboxylic acid at 1720 cm-1, 1620 cm-1 (C = O 
stretching of the quinolone group), 1287 cm-1 (CN stretching), and 

1057 cm-1 (C-F stretching). PVA showed distinctive absorption 
bands highlighting a broad peak at 3426 cm-1, indicating OH 
stretching brought by intermolecular hydrogen bonding, 2428 
cm-1 (CH stretching), and 1080–1140 cm-1 (CO, acetyl groups). 
At approximately 3469 cm-1 (OH and NH stretching), 1650 cm-1 
(amide I, CO stretching), and 1560 cm-1 (amide II, NH bending), 
CS exhibited distinct peaks. The strong peaks of both polymers 
were observed in the B-NFs spectra, with minor shifts and 
decreased intensities, indicating interactions and hydrogen 
bonding between PVA and CS. The main Ofx characteristic 

Figure 1. a, b) Contour and 3D response graph effect of the independent variable nanofiber diameter (nm), tensile strength 
(MPa), respectively. c) SEM images of 1,8 and 17 run numbers used in the design experiment show the nanofiber’s quality and 
density with a 200–400 nm diameter.
SEM, scanning electron microscopy.
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peaks were visible in the Ofx-NFs spectra, albeit slightly shifted 
or with diminished strength. This shows that the active moiety 
was successfully incorporated within the polymeric NF matrix 
without experiencing any notable disintegration or chemical 
reactivity. The lack of additional peaks suggested that the drug 
was loaded primarily through physical trapping and hydrogen 
bonding, rather than covalent chemical bonding.

DSC 
Differential scanning calorimetry was used to determine the 
thermal properties of Ofx-NF and its constituent parts. Figure 
3b shows the DSC temperature maps of Ofx, PVA, CS, B-NFs, 
and Ofx-NFs. As shown, OFX exhibits a distinct endothermic 
peak at 276.36 °C, attributed to the melting of the drug and 
indicating the substance’s crystallinity. At approximately 72.81 
°C, PVA exhibited an extended endothermic peak, indicating 
moisture loss. This was promptly followed by a thermal 
transition indicative of its semi-crystalline structure at 223.05 
°C. At 87.35 °C, CS showed an endothermic peak ascribed to 
structural relaxation and dehydration. Endothermic transitions 
were observed in the B-NFs at 72.81 °C and 223.05 °C, indicating 
partial disruption of crystallinity and polymer mixing. Pure Ofx 
did not exhibit a prominent melting peak, indicating that the 
drug was successfully entrapped in the polymeric matrix in 
an amorphous or molecularly dispersed condition. In contrast, 

the Ofx–PVA/CS NF had peaks at 72.81 °C and 232.75 °C. 
These results show that Ofx and the PVA/CS network exhibit 
significant intermolecular interactions, thereby enhancing the 
formulation’s heat stability.61

Drug loading and % EE
The theoretical content of the drug in a 2 × 2 cm2 sample of NFs 
was calculated to be about 0.25 mg. The drug content obtained 
was about 0.244 mg, corresponding to an encapsulation 
efficiency of 97.54 ± 0.89% (n = 3). The drug load in the NFs 
was 4–7%, depending on the weight of the NF sample. This 
indicates that nearly all of the active moiety incorporated during 
electrospinning was effectively retained within the NF matrix, 
resulting in efficient drug delivery. Appropriate drug loading 
and higher entrapment of Ofx within the NFs appear capable 
of providing prolonged and efficient release of it, making them 
suited for a localized drug delivery system. 

In vitro drug release and kinetics
According to the findings, NFs can regulate drug release for 
up to 216 hours (Figure 4a). The crosslinked Ofx-NFs showed 
95.61% drug release over 216 hours, and Ofx alone showed 
nearly 97% release within 12 hours in SUF at pH 6.8. 

An initial burst release of approximately 29% was observed 
within the first 2 hours, likely due to rapid drug release from the 

Figure 2. SEM image and frequency distribution curve of a) B-NF (optimised via CCD), b) Ofx-loaded NF; comparative graph 
of, c) Swelling index, and d) Tensile strength of both the formulations.
Ofx, ofloxacin; PVA, polyvinyl alcohol; CS, chitosan; NF, nanofiber; SEM, scanning electron microscopy; CCD, central composite design.
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NF surface. This was followed by a sustained-release phase, 
indicating controlled drug diffusion from the polymeric matrix.

The key factor influencing how long the Ofx remained on 
the NF was crosslinking the fiber with glutaraldehyde for 24 
hours. When PVA/CS NFs are immersed in uterine fluid, they 
dissolve instantly into a substance comparable to a gelatinous 
compound.59 This may limit the application of a PVA/CS coating 
in uterine tissues. The mechanical properties were improved 
due to the link created between the reactive side groups of CS 
(NH) and PVA (OH), achieved by chemical crosslinking with GA 
vapour.62 The GA caused the reaction to move from the exterior 
layer to the interior layer of NF. Therefore, the resulting 
intermolecular pressures cause both the swelling pace and the 
pharmaceutical delivery rate to decrease.37 

Four different mathematical models, along with their 
corresponding regression values, were employed to describe 
the release kinetics of Ofx and its release from NFs, as listed 
in Table 6. 

Table 6. Regression coefficient values of the different drug 
release models.

Model Ofloxacin Ofx-NF

Zero order 0.1138 0.113

First order 0.8308 0.2717

Higuchi model 0.9062 0.9062

Korsmeyer–Peppas 0.9492 (n=0.383) 0.9647 (n = 0.236) 

Ofx, ofloxacin; NF, nanofiber.

Four distinct mathematical models were employed to explain 
the release kinetics of Ofx and its release from NFs. However, 

the Korsmeyer–Peppas model fitted the curves of Ofx (R2  = 
0.9492, n = 0.383) and Ofx Nf (R2 = 0.9647, n = 0.236) very well, 
indicating a release mechanism regulated by Fickian diffusion. 
The dissolution mechanism in both instances was primarily 
controlled by diffusion through the hydrated polymeric medium, 
as further demonstrated by the strong correlation with the 
Higuchi model (R2 = 0.9062). The first-order (R2 = 0.8308 
and 0.2717) and zero-order (R2 = 0.1138 and 0.113) models did 
not fit the data well, suggesting that the release was neither 
concentration-dependent nor occurring at a steady rate over 
time. Instead, drug-polymer interactions, hydration, and 
swelling affected the release. Crucially, Ofx’s diffusion rate was 
decreased when it was incorporated into the PVA/CS NF matrix 
as opposed to when it was pure, indicating a sustained release 
behaviour of the drug delivery system.63,64

Ex vivo permeation
A sustained release of the active moiety was found to be 
released across the uterine mucosa of a goat in the ex vivo 
permeation testing. The cumulative permeation profile (Figure 
4b) reveals an initial lag phase, followed by a linear rise, and 
ultimately forms a plateau. Normalization versus membrane 
surface area was compared by the cumulative amount 
penetrated per unit area. The computed steady state flux (J) 
and apparent permeability coefficient (Papp) were 1.027 µg/
cm2/h and 0.01027 cm/h, respectively. These results correlate 
well with the sustained release profile, indicating that prolonged 
drug availability from the NFs supports continuous permeation 
across the mucosal barrier.65

It is worth noting that preserved mucosal samples in formalin 
were used in this experiment; therefore, the natural permeability 
might be affected by protein cross-linking and decreased 
fluidity of cell membranes. Thus, the presented outcomes can 
only be considered relative rather than actual data, since the 

Figure 3. a) FTIR spectra and b) DSC curve of ofloxacin, polymers alone, blank nanofibers, and drug-loaded
nanofibers.
Ofx, ofloxacin; PVA, polyvinyl alcohol; CS, chitosan; NF, nanofiber; FTIR, Fourier-transform infrared spectroscopy; DSC, differential scanning colorimeter.
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permeability of living tissues may differ. Identical results were 
achieved during multiple tests under the same conditions.

Mucoadhesion study
Using the manual modified glass-slide method, the mucoadhesive 
strength of the composed fiber was assessed on goat uterine 
mucosa. The detachment force and residence duration of B-NF 
were 0.72 ± 0.13 N and 65 ± 0.8 min, respectively, while drug-

loaded had somewhat lower values (0.45 ± 0.14 N; 40 ± 0.15 
min). This decrease in the range is explained by Ofx molecules 
interfering with the hydrogen bonding between polymers and 
mucin, which weakens adherence.66 NF formulations maintained 
strong adherence due to their large surface area, porous 
structure, and close penetration into the mucosal folds, which 
improve physical entanglement and adhesive interactions.67 

Figure 4. In vitro, (a-e) cell viability performed on HeLa cells after being treated for 24 h under a 40× inverted microscope: (a) 
control (DMSO), (b) Ofx, (c) B-NF, (d) Ofx-NF (100 µg/mL Conc.), and (e) graphical representation of % cell viability v/s drug 
and formulation at different concentrations (ns = statistically non-significant, p > 0.05) (f, g) antimicrobial study showing zone 
of inhibition on f) E. coli g) S. aureus.
Ofx, ofloxacin; NF, nanofiber; B-NF, black NF.
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Cell viability study 
The cytotoxicity test was used to determine cell viability of Ofx, 
B-NF, and Ofx-NF at doses ranging from 1 to 100 µg/mL against 
HeLa cells, and was evaluated by microscopic observation. 
All examined groups remained viable (> 90%), and there was 
no discernible difference between the Ofx, B-NF, and Ofx NF 
groups. Adding Ofx did not result in cytotoxic effects, and the 
NF matrix was non-toxic. Using DMSO as a control, microscopic 
pictures of the treated cells were taken at a concentration of 
100 μg/ml (Figure 5a). Neither the B-NF nor Ofx-NF exhibited 
any cytotoxic effects on HeLa cells when observed under a 
microscope. Cell viability was somewhat lower in pure Ofx at 
a 100 µg/ml dose. Figure 5e also shows the cytotoxic effects 
of several samples as a percentage plot of cell viability against 
concentration. Since there was no discernible 50% decrease 
in cell viability, the IC50 values for Ofx, B-NF, and Ofx NF were 
more than 100 µg/mL, respectively. Although cell viability 
reveals a negative impact on increasing the concentration 
for all treatment groups (Ofx, B-NF, and Ofx NF), statistical 
analysis using two-way ANOVA followed by Dunnett’s multiple 
comparison test revealed that the changes were not statistically 
significant (NS) (p > 0.05). These findings indicate that the 
developed nanoformulations exhibit good cytocompatibility and 
do not significantly affect mammalian cell viability under the 
studied conditions.

Antimicrobial study 
Using the disc diffusion agar method, the effectiveness of 
Ofx, NF, and Ofx-NF was evaluated against Gram-positive and 
Gram-negative bacteria (i.e., S. aureus and E. coli). Figure 5f 
and Figure 5g displays the antibacterial performance of each 
sample. The presence of innate antibacterial activity was 
confirmed by the B-NFs and Ofx-NFs exhibiting a 5 ± 1.68 mm 
and 25 ± 0.65 mm zone of inhibition (ZOI) in E. coli, respectively, 
in Figure 5f. The S. aureus culture plate in Figure 5g showed no 
ZOI by B-NFs, but the ZOI for OFX-NFs was 35 ± 0.08 mm. Due 
to the drug’s rapid accessibility in the medium, the drug-loaded 
NFs exhibited the largest ZOI, indicating strong antibacterial 

capabilities. Detecting an inhibitory zone in the NF blank in 
E. coli demonstrates that OFX-NFs function as a synergistic 
system. The presence of CS with antibacterial qualities, which 
results from the regulated release of the active moiety from the 
confined extracellular matrix of the NF, may be the source of 
this.68

In vivo study

Isolation and identification of bacteria 
To identify and isolate bacteria from the uterus of cattle with 
SE, a sample must be aseptically collected using cytobrush 
technology. MLA, BHI, SDA, and other selective and nonselective 
media are inoculated with the sample and incubated under the 
appropriate conditions. A critical step in identifying bacteria is 
the Gram stain technique, which distinguishes bacteria based 
on the arrangement of their cell wall’s membrane. 

Under a microscope, Gram-negative bacteria, such as E. 
coli, absorb the contrast dye (safranin), making them appear 
pink (Figure 6a), whereas Gram-positive bacteria, such as 
Staphylococcus species, retain the crystal violet pigment and 
appear purple (Figure 6b).69 E. coli was the most frequently 
isolated bacterium, followed by Staphylococcus spp., a hybrid 
infection (gram-positive and gram-negative rods), and Candida 
spp. The outcomes were analysed using statistics, and it 
was found that E. coli was a ubiquitous bacterium isolated 
from the uteri of the cattle under research.70 Meanwhile, the 
incidence of Staphylococcus sp. and a combined infection was 
also documented. Only Candida spp. was detected in uterine 
samples (Figure 6c).

Effect of treatment on bacterial load of uterine lavage samples 
The impact of therapy on the number of microorganisms 
present in uterine lavage samples was analyzed during oestrus. 
In Group 1 (control), normal saline was administered, and a 
slight reduction in CFU/mL was observed; however, this was 
not statistically significant, as it was similar to the pretreatment 
levels in Groups 2 and 3. In groups 2 and 3, the CFU count 

Figure 5. Graphical representation of a) in vitro release and b) ex vivo permeation studies of Ofx from Ofx NFs.
Ofx, ofloxacin; NF, nanofiber.
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decreased significantly (p ≤ 0.05) post-treatment, even though 
the values were numerically lower in group 3 than in group 
2; however, this difference was not significant (p ≤ 0.05), as 
depicted in Table 7.

pH of vaginal mucus 
The pH of cervicovaginal mucus in the control and treatment 
group (Ofx, Ofx-NFs) was recorded during oestrous. No 
significant difference (p < 0.05) was recorded between the 
mean pH value of cervicovaginal mucus of the control group 
and the positive control group, both at the pre-treatment and 
post-treatment stages. A significantly (p < 0.05) higher mean 
pH value of cervicovaginal mucus was observed in the Ofx-NF-
treated group as compared to the positive control group after 
post-treatment (Table 7). 

Endometrial cytology for the diagnosis of SE
The proportion of PMN cells, a marker of infection or 
inflammation, was assessed in three groups: the positive 
control group (group 2; Ofx-treated group), the control group 
(normal saline), and the Ofx-NFs group (Table 7)

before and after treatment. In groups 2 and 3, significant 
reductions in PMNs (p ≤ 0.05, one-way ANOVA) were observed 
both before and after treatment. The PMN count was lower in 
group 3 than in group 1, but the difference was not significant. 
Post-treatment, PMN cells decreased significantly in both 
groups 2 and 3; however, the incorporation of Ofx in NF 
showed greater effectiveness (Figures 7a and 7b). The Ofx-NF 
treatment was found equally efficient as that of Ofx even at 1/3rd 
doses (total 400 mg intrauterine) and single administration, 
compared to that of Ofx, given at comparatively high doses, i.e., 
total 1200 mg, which was administered for 3 days in divided 
doses (conventional treatment, i.e., 400 mg daily intrauterine), 
suggesting sustained release potential of the Ofx-NF.

Pregnancy diagnosis
Pregnancy rates in Groups I, II, and III were evaluated following 
artificial insemination during the subsequent estrus. The highest 
pregnancy rate was observed in Group III (Ofx-NF), followed by 
Group II, while the lowest was recorded in Group I (control) 
(Figure 7c). The differences among groups were statistically 
significant (p < 0.05, chi-square test). However, none of the 
animals in group 1 conceived, as previously reported, indicating 

Table 7. Effect of bacterial load in uterine samples, pH of cervicovaginal mucus in cattle, PMN cells, and pregnancy status of 
experimental animals (n = 8).

Type of treatment
Pre/post 
treatment

Group 1 (Control) Group 2 (positive control)
Group 3
(nanofiber)

Effect of bacterial load 
Pre 2.33×105 ± 47.06A 2.32X105 ± 89.57 A 2.33X105 ± 70.21A

Post 2.31X105 ± 71.23A 2.32X103 ± 12.09B 1.23X103 ± 20.86B

pH of cervicovaginal mucus 
Pre 7.13 ± 0.09A 7.52 ± 0.7A 7.2 ± 0.7A

Post 7.28 ± 0.06A 7.92 ± 0.1A 8.2 ± 0.9B

PMN cells 
Pre 7.57 ± 0.35A 7.52 ± 0.29A 7.66 ± 0.61A

Post 7.73 ± 0.36A 2.50 ± 0.32B 1.83 ± 0.30B

Pregnancy outcome Post 8 not conceived 4 pregnant 4 pregnant 

Data in an identical row containing various superscripts vary considerably (p ≤ 0.05).
PMN, polymorphonuclear cell.

Figure 6. Microscopic image of a) E. coli, b) Staphylococcus spp. and c) graphical representation of identified types of bacteria in uterine samples.
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that SE severely impacts reproductive performance.71 The NF 
was equally effective in treating SE, even at one-third the dose 
of the conventional treatment regimen. Thus, the NF-treated 
group achieved the highest pregnancy rates after insemination 
(Table 7). It was found that vaginal pH also affects the rate of 
conception.72 Thus, pH estimation can be an alternative, non-
invasive method for tracking cattle fertility and uterine health. 
While values around pH ≥ 8.0 are substantially associated with 
better conception and pregnancy outcomes, a threshold of pH 
≥ 7.0 is a reliable predictor of SE.73 Similar results support the 
use of vaginal pH monitoring as a reliable measure for both 
early disease identification and reproductive performance 
prediction, despite slight discrepancies across studies due to 
methodological variables.74

Pharmacokinetic study
Ofx concentrations in plasma samples were quantified using 
an RP-HPLC method. A calibration curve was constructed over 
the concentration range of 2-10 µg/mL, showing good linearity 
(R2 = 0.998). The LOD and LOQ were 0.54 µg/mL and 1.65 µg/
mL, respectively.

Ofx, Ofx-hydrogel (taken for a comparative study), and Ofx-NF 
were assessed for additional in vivo pharmacokinetic research. 
Figure 8 displays the graph against drug plasma concentration 
with time. Ofx, Ofx-hydrogel (used for comparative purposes), 
and Ofx-NF were assessed for additional in vivo pharmacokinetic 
studies. The animals treated with Ofx-NF (Group III) and Ofx-
hydrogel (Group IV) exhibited significantly higher plasma drug 
concentrations at various time points than those treated with 
pure Ofx (Group I) (p < 0.0001; two-way ANOVA).

Pharmacokinetic parameters were calculated using PK 
Solver software, and the results are summarized in Table 8. 
Ofx-NF and Ofx-hydrogel exhibited significantly higher mean 
residence times and Cmax values than pure Ofx. The clearance 
rate of the free drug was 10-15 times higher than that of the 
nanoformulation. This may be due to the high entrapment 
of Ofx into the nanoformulation, resulting in a low volume 
of distribution for Ofx-NF/Ofx-HG. The significance of the 
pharmacokinetic factors makes it clear that the production 
of Ofx (400 mg: dose at once) in the form of NF resulted in 
a sustained effect with a higher Tmax value and MRT, with a 
lower volume of drug distribution in comparison to pure Ofx 
(cumulative dose of 1200 mg : 400 mg for 3 consecutive days), 
which resulted in lower MRT, Tmax with higher clearance rate. 
These outcomes reinforce Ofx-NF as a potential drug delivery 
system, extending the drug’s biological half-life and increasing 
its bioavailability.37 These favorable data may suggest greater 
efficacy and the potential for dose reduction in veterinary 
treatment.

DISCUSSION 
The goal of the current study was to develop and statistically 
optimize Ofx-loaded PVA/CS NF via a CCD approach to deliver 
intrauterine in bovines during SE. This model enabled the 
systematic evaluation of formulation variables, such as the 
effect of the polymer (CS), applied voltage, and flow rate, on 
critical quality attributes, including fiber diameter and MPa. 
The statistical analysis indicated a quadratic fit model for both 
responses, with regression coefficient values (R2) of 0.979 and 
0.970 for NF diameter and MPa, respectively.

Table 8. Various pharmacokinetic parameters.

Parameter Unit Ofx Ofx-hydrogel Ofx-nanofiber

t1/2 D 4.54 ± 2.57 12.03 ± 1.93 9.39 ± 3.25

Tmax D 2 ± 1.07 10 ± 0.57 16 ± 1.12

Cmax μg/mL 2.68 ± 1.27 3.92 ± 2.97 8.14 ± 1.98

AUC0-∞ μg/mL*d 21.82 ± 2.46 86.60 ± 1.62 215.28 ± 1.63

MRT D 7.55 ± 1.03 20.35 ± 1.82 22.83 ± 2.51

Vz/F (mg)/(μg/mL) 180.68 ± 0.52 40.11 ± 2.29 12.59 ± 1.05

Cl/F (mg)/(μg/mL)/d 27.49 ± 1.87 2.30 ± 3.99 0.92 ± 0.89

AUC, area under the curve; Ofx, ofloxacin.

Figure 7. Plasma concentration time graph of drug and formulations.
Ofx, ofloxacin; NF, nanofiber.
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The predicted formulation, as per the CCD model, yielded bead-
free, smooth, and uniformly sized NFs with an average diameter 
of 256.504 ± 7.29 nm, as analysed by SEM, and a MPa of 1.833 
± 0.08 MPa, as analysed by the texture analyzer. The minimum 
discrepancy between the experimental and anticipated values 
supports the validity of the optimization procedure used in 
this investigation. The inclusion of the active moiety (Ofx) 
within the predicted NF structure (CCD) resulted in an overall 
decrease in MPa and a reduction of NF diameter from 120 nm 
to 50 nm, due to adequate encapsulation of the drug within the 
polymeric matrix system. The physicochemical properties of 
the drug, excipients, and formulation were verified using FTIR 
and DSC. FTIR reveals no incompatibility between the drug and 
excipients used in the formulation. In contrast, a slight shift 
or diminished strength of a sharp peak shows that the active 
moiety was successfully incorporated within the polymeric 
NF matrix without experiencing any notable disintegration or 
chemical reactivity. The absence of a prominent melting point 
peak of Ofx-NF in the DSC thermogram suggests that the drug 
is successfully entrapped in the polymeric matrix, either in an 
amorphous or molecularly dispersed condition. The higher 
encapsulation efficiency and lower swelling index of Ofx-NF 
result in efficient drug release. The in vitro release studies 
unveiled burst release of Ofx solution within a few hours, and in 
the case of Ofx-NF, a sustained release of Ofx from the polymeric 
matrix for more than 7 days. A polymeric matrix of PVA/CS 

encapsulated with Ofx acts as a diffusion barrier, enabling a 
slow release of the molecule. Thus, crosslinking of these PVA/
CS NFs with glutaraldehyde may lower the release rate. At the 
same time, strong electrostatic interactions and hydrogen bonds 
between both the polymers further contribute to a compact 
structure that restricts rapid drug diffusion.75 Furthermore, the 
Korsmeyer–Peppas kinetic model was well-fitted, suggesting 
the diffusion of Ofx from the NF through the hydrated polymeric 
medium. The antimicrobial study revealed that the Ofx-loaded 
NF effectively inhibited the growth of E. coli and S. aureus, 
the predominant pathogens associated with bovine metritis. 
The observed antibacterial effect can be correlated with the 
sustained availability of Ofx at the target site, which ensures 
prolonged exposure of bacteria to the therapeutic concentration 
of the drug. The mucoadhesive properties of the NF were 
significantly enhanced by incorporating CS into the PVA matrix. 
Mucoadhesion testing confirmed strong adherence of the NF to 
goat uterine mucosa, which is likely due to the cationic nature 
of CS and its interaction with negatively charged mucin. This 
property is particularly beneficial for intrauterine application, 
as it enhances retention time and prevents premature expulsion 
of the formulation. Similar findings have been reported for PVA/
CS-based systems used in vaginal and wound applications.76 
Experiments on the survival of HeLa cells have demonstrated 
that NFs are non-toxic and biocompatible, maintaining viability 
of over 80–90% after 24 hours of exposure. The lack of 

Figure 8. Microscopic picture (40X) of endometrial cytology showing PMNs (green arrows) in between endometrial cells (black arrows) A) pre-treatment b) 
post-treatment c) ultrasonography image of bovine pregnancy (red arrow showing embryo).
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cytotoxicity indicates that both the polymers (PVA and CS) 
and the incorporation Ofx are suitable for mucosal application. 
The ex vivo permeation investigation with excised goat mucosa 
revealed a progressive and regulated elimination of Ofx from 
the NF scaffold. The potential of the NF to maintain drug 
transport across the uterine epithelium was confirmed by its 
permeation flux and cumulative drug permeation. The intimate 
contact of mucoadhesive NFs with the mucosal surface and 
CS’s bioadhesive properties momentarily open epithelial tight 
junctions, promoting drug diffusion, which may be the cause 
of the enhanced permeation. However, the present study is not 
limited to in vitro and ex vivo evaluations. 

Future studies should include in vivo pharmacokinetic and 
pharmacodynamic investigations in bovine models to assess 
the real-time drug release, local absorption, and therapeutic 
efficacy. Isolation of bacteria from cattle uterus was identified 
using staining technique, which indicated the presence of E. 
coli > Staphylococcus spp. > mixed bacteria > Candida spp. in SE 
animals. The CFU count revealed a significant difference in Ofx 
and Ofx NF between treated cattle and controls. A similar result 
was observed in the case of cervico vaginal pH, which was 
brought up, i.e., shifting of neutral pH to slightly alkaline. The 
most crucial pharmacodynamic study to assess SE treatment 
efficacy is the endometrial cytology study for SE diagnosis. 
Since PMS cells are recognized as markers of inflammation, 
a significant reduction in PMN cells was observed after post-
treatment with Ofx NF compared to Ofx alone. The conventional 
treatment involved a cumulative dose of 1200 mg of Ofx (400 
mg administered over three consecutive days), whereas the 
Ofx-NF formulation was administered as a single intrauterine 
dose of 400 mg. Despite the lower total dose, the Ofx-NF 
formulation demonstrated comparable therapeutic efficacy, 
likely due to its sustained-release properties and enhanced 
local retention at the site of action. This study was designed to 
evaluate the sustained-release and localized delivery efficiency 
of the NF system rather than direct dose equivalence. Therefore, 
the findings should be interpreted in terms of improved drug 
retention, prolonged release, and localized bioavailability 
rather than in terms of cumulative dose comparisons. 
Furthermore, the therapeutic effectiveness was supported 
by pregnancy outcomes, with the NF-treated group exhibiting 
a higher conception rate than the conventional Ofx-treated 
group, indicating improved clinical efficacy of the developed 
formulation. This suggests that the NF was equally effective 
in treating SE, even at one-third the dose of the conventional 
treatment regimen. It was also found that animals with vaginal 
pH levels of 8 or higher have a higher chance of pregnancy or 
better conception than those with acidic or neutral pH levels. 
Thus, vaginal pH evaluation can also serve as an alternative 
diagnostic tool for identifying SE. A pharmacokinetic study 
further supported the controlled release and retention behavior 
of the optimized formulation. Drug concentration-time profiles 
were compared with those of pure Ofx, Ofx-NF, and Ofx-
Hydrogel, which showed notably greater mean residence times 
and maximum concentrations. The clearance rate of Ofx alone 
was 10–15 times higher than that of the nanoformulation. This 

might be due to a lower volume of distribution of the formulation 
compared to a larger trapping of Ofx within it. Ofx-NF produced 
prolonged effects, with enhanced Tmax and MRT, following a 
single 400 mg dose; however, pure Ofx administered over 3 
days resulted in reduced Tmax and MRT, accompanied by higher 
clearance.

These results demonstrate that Ofx-NF is a viable drug 
delivery method that improves the bioavailability and retention 
of medications in veterinary therapy, leading to enhanced 
efficacy and potential dose reduction. It sustains therapeutic 
levels at the target site for an extended period, benefitting 
clinical outcomes and presenting a cost-effective solution for 
intrauterine infections. While the development of Ofx-loaded 
PVA/CS NFs shows promise for localized treatment in bovine 
uterine infections, further research is required to assess long-
term safety and effectiveness.

Study limitations
The present study has some limitations that should be considered 
when interpreting the findings. The study was conducted using 
a relatively limited number of animals and under controlled 
experimental conditions; therefore, the findings may not fully 
represent the variability encountered in field conditions. 
Although the developed mucoadhesive nanofiber demonstrated 
promising therapeutic potential for managing subclinical 
endometritis, the observation period was limited and did not 
allow assessment of long-term reproductive outcomes or 
infection recurrence. Furthermore, comprehensive long-term 
safety and local tissue tolerance studies are required to establish 
the safety profile of repeated or prolonged administration. A 
larger-scale, multicentric field study with extended follow-up 
and direct comparison with established therapeutic regimens 
would be valuable to further confirm the efficacy, safety, and 
practical applicability of the developed nanofiber formulation. 
Future studies should also investigate its effects on subsequent 
reproductive performance, calving-to-conception interval, and 
pregnancy rates under commercial farm conditions.

CONCLUSION
Intrauterine delivery of Ofx-loaded PVA/CS NF was hypothesized 
to improve the efficacy of Ofx in the treatment of SE in cattle. 
The encapsulation of Ofx in NFs provides a larger surface when 
applied at the site of action. The design of localized treatment 
of bovine endometritis presents a promising advancement in 
veterinary drug delivery. The incorporation of mucoadhesive 
polymers such as CS and PVA, along with process parameter 
optimization through CCD, results in NFs exhibiting desirable 
mechanical strength, mucoadhesive properties, and controlled 
drug release profiles. The current data, including both in vitro 
and in vivo research, demonstrate an innovative strategy for 
delivering Ofx via intrauterine NF encapsulation, facilitated 
by the development of Ofx-NFs. The creation of Ofx-NFs 
improved Ofx’s residence time, increased its t1/2, and enhanced 
treatment efficiency, even at 1/3rd the doses of the conventional 
treatment regimen, with optimum pregnancy rates. This could 
result in a single administration of the formulation during the 
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entire course of treatment for SEs. The overall performance 
and cytotoxicity of Ofx against HeLa cells were improved upon 
encapsulation in the NF, as shown in cell viability studies. This 
can be investigated further in preclinical studies to confirm and 
explore.

Advantages over conventional treatments and research gaps
Cattle with SE are frequently treated with systemic 
or intrauterine antibiotics, including fluoroquinolones, 
tetracyclines, and cephalosporins. The aforementioned 
remedies can lower the microbial load. Still, they are often 
ineffective due to systemic adverse reactions, limited 
bioavailability at the site of infection, minimal drug retention 
in the uterine lumen, and the potential for the development 
of antimicrobial resistance after recurrent administration. 
Additionally, only a portion of the drug is delivered to the 
tissue of the uterus in therapeutically beneficial doses via 
oral or intravenous delivery. Localized delivery methods 
based on NFs are a viable substitute. With their high drug-
loading capacity, regulated release, robust adherence to 
mucosal surfaces, and enhanced penetration, electrospun 
NFs, particularly those made with mucoadhesive polymers 
like CS and PVA, ensure sustained medication availability 
at the target site. Thus, Ofx-loaded NFs may be able to 
address several issues with traditional intrauterine antibiotic 
infusions, such as rapid clearance, medication waste, and 
suboptimal therapeutic response. Large-scale livestock 
operations may find localized NF systems appealing for their 
potential economic benefits, including reduced treatment 
frequency and easier administration, as well as their improved 
antibacterial efficacy. Research on veterinary applications 
is still lacking; nevertheless, significant gaps exist in long-
term safety assessments, standardized testing procedures, in 
vivo efficacy studies, and regulatory approval processes for 
animals used in food production. For Ofx-loaded NFs to be 
used in veterinary medicine, several issues must be resolved. 
Ultimately, in bovine SE, localized mucoadhesive NF systems 
offer a significant opportunity to enhance treatment outcomes, 
aid in fertility restoration, and mitigate antibiotic resistance.
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