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FIGURE 4 - (A) K-nearest neighbor regression versus linear model, (B) K-nearest neighbor regression versus linear model (HA concentration), 

and (C) K-nearest neighbor regression versus linear model (sonication time).
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Validation of the XGBoost Model Predictions

Table IV shows the mucin adsorption and 
bacteriophage release values predicted by the XGBoost 
algorithm as well as the experimental values for 

comparison. The predicted values closely matched the 
experimental results, demonstrating high accuracy with 
minimal deviation. These findings confirm the validity 
and reliability of the XGBoost model in predicting 
mucin adsorption and bacteriophage release.

TABLE IV - Comparison of experimental results with XG Boost predicted results

Run

Factors
Mucin adsorption (%)

Responses

Bacteriophage release (%)

PVA HA  
concentration

Sonication 
time (h) Experiment Predicted Experiment Predicted

1 0.5 0.1 0.75 47.99 49.11 60.22 60.22

2 2 0.4 0.25 75.40 74.81 70.07 70.00

3 0.5 0.4 0.75 49.82 49.12 60.63 60.76

4 1.25 0.25 0.50 75.64 74.88 70.15 69.88

5 1.25 0.25 0.50 51.32 51.28 61.42 61.40

6 2 0.1 0.75 74.56 74.43 69.77 69.72

7 1.25 0.25 0.50 10.76 10.76 46.85 46.97

8 2 0.4 0.75 76.10 76.10 70.32 70.32

9 1.25 0.25 0.50 10.33 10.57 46.70 46.77

10 0.50 0.40 0.25 50.01 49.12 60.95 60.63

11 1.25 0.25 0.50 49.82 49.12 60.88 60.63

12 1.25 0.25 0.92 63.17 63.51 65.67 65.79

13 0.5 0.1 0.25 47.87 49.12 60.18 60.61

14 1.25 0.5 0.5 75.64 74.96 70.15 70.00

15 2.51 0.25 0.5 47.87 47.88 60.18 60.18

16 1.25 0.25 0.08 49.32 49.17 60.70 60.65

17 1.25 0.25 0.50 76.10 76.10 70.32 70.32

18 2.00 0.10 0.25 49.84 49.12 60.89 60.75
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The variable importance for the XGBoost model 
is presented in Table V. HA concentration emerged as 
the most influential factor for both mucin adsorption 
and bacteriophage release, with gain values of 
0.6214 and 0.3784, respectively. This was followed 

by sonication time, which had gain values of 0.3784 
for mucin adsorption and 0.3783 for bacteriophage 
release. PVA concentration was identified as the least 
important feature, exhibiting a minimal effect on 
both models.

TABLE V - Variable importance for XGBoost

Mucin adsorption Bacteriophage release

Features Gain Cover Frequency Features Gain Cover Frequency

HA 0.6214 0.3405 0.3577 HA 0.6214 0.3405 0.35766

Sonication 0.3784 0.5901 0.5803 Sonication 0.3783 0.5901 0.5802

PVA 0.0002 0.5901 0.0620 PVA 0.0002 0.0694 0.0620

Table VI shows the optimization algorithms used to 
derive the predicted maximum response were GA and 
PSO. The predicted values closely matched the mean 

experimental values obtained from the statistically 
designed experiments, further reinforcing the accuracy 
and reliability of the XGBoost model.

TABLE VI - Optimized conditions for mucin adsorption and MDR-specific phage Pɸ-Mi-Pa release

Variables Optimization Algorithms

GA PSO

Mucin MDR-specific phage 
Pɸ-Mi-Pa Mucin MDR-specific  

phage Pɸ-Mi-Pa

PVA 2.00 1.93 1.567 1.567

HA 0.33 0.18 0.368 0.366

Sonication 0.60 0.38 0.496 0.485

Predicted maximum response (%) 76.01 70.07 76.01 70.07

Mean optimized experimental  
response (%) 76.56 ± 22.98 70.32 ± 4.56 76.56 ± 22.98 70.32 ± 4.56
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Table VII presents the comparison of the means 
for GA and PSO in mucin adsorption and MDR-
specific phage Pɸ-Mi-Pa release. The comparison was 
conducted using the Wilcoxon rank sum exact test. For 
mucin adsorption, a p-value of 0.333 was obtained, 

indicating no statistically significant difference between 
GA and PSO at a 95%CI. Similarly, for MDR-specific 
phage Pɸ-Mi-Pa release, a p-value of 1 was obtained, 
further confirming no statistically significant difference 
between the two optimization algorithms.

TABLE VII - Experimental values for mucin and MDR-specific phage Pɸ-Mi-Pa

GA PSO

Mucin adsorption (%) 75.34 70.56

MDR-specific phage Pɸ-Mi-Pa release (%) 80.67 70.01

Effect of input factors on the responses

The 3D response surface plots (Figure 5A 
and 5B) illustrate the effects of input factors (PVA 
concentration, HA concentration, and sonication time) 
on mucin adsorption and MDR-specific phage Pɸ-Mi-

Pa release, respectively. The plots indicate a nonlinear 
relationship between the input factors and both 
responses. An increase in PVA concentration combined 
with a decrease in HA concentration and sonication 
time initially maximized mucin adsorption until a point 
where further improvement was no longer observed. 

FIGURE 5 - (A) Response surface plot showing the effect of PVA, HA, and SN (sonication time) on mucin adsorption. (B) Response surface 

plot showing the effect of PVA, HA, and SN (sonication time) on bacteriophage release.
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The peak mucin adsorption occurred at PVA = 
0.4, HA = 2.5, and sonication time = 0.7. Similarly, an 
increase in PVA concentration, along with an initial 
decrease in HA concentration and sonication time, 
resulted in enhanced MDR-specific phage Pɸ-Mi-Pa 
release. Peak bacteriophage release was observed at 
PVA = 0.5, HA = 2.5, and sonication time = 0.8, as 
shown in Figure 5.

Physio-morphological characteristics of isolated 
and purified P. aeruginosa-specific phages

The characteristics of the isolated and purified 
phages, as presented in Table VIII and Figure 6, revealed 
a plaque size range of 0.5 to 2.1 mm, with plaque clarity 
varying from semi-turbid or semi-clear to clear. Phages 
exhibited a round shape, while plaque margins ranged 
from unobvious to regular.

FIGURE 6 - Double-layer plaque assay showing the morphology of (A) Pɸ-Mi-Pa051b, (B) Pɸ-Mi-Pa120b, and (C) Pɸ-Mi-Pa133b; Spot test 

of isolated MDR P. aeruginosa phages: (D) Pɸ-Mi-Pa051b, (E) Pɸ-Mi-Pa120b, and (F) Pɸ-Mi-Pa133b.

TABLE VIII - Morphological characteristics of phages

Phage symbol Plaque Size (mm) Plaque clarity Plaque shape Margin cut Halo zone

Before After Before After Before After Before After

Pɸ-Mi-Pa051b 0.6 1.0 Semi-clear Clear Round Round Unobvious Regular +

Pɸ-Mi-Pa120b 1.0 1.4 Semi-clear Clear Round Round Regular Regular +

Pɸ-Mi-Pa133b 1.4 2.0 Clear Clear Round Round Regular Regular -
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Physicochemical characterization
Scanning electron microscopy

The scanning electron microscopic (SEM) 
images of the three MDR-specific phage Pɸ-Mi-
Pa-loaded fibers (GA1, GA2, and GA3) fabricated 
using the optimized experimental parameters are 
shown in Figure 7A–C. The sonication times used for 
fabrication were 36 minutes for GA1, 23 minutes for 

GA2, and 29 minutes for GA3. The fibers were within 
the nanometer size range. The GA1 scaffold exhibited 
thick fibers with uniform size distribution and an 
average diameter of 330 ± 22 nm. The GA2 fibers were 
densely packed, with evidence of bead formation and 
an average diameter of 236 ± 25 nm. The GA3 fibers 
were thinner and closely packed, with an average 
diameter of 202 ± 16 nm. The fiber diameters were 
measured using ImageJ software.

FIGURE 7 - Scanning electron microscopic images of MDR-specific phage Pɸ-Mi-Pa-loaded fibers and their corresponding size distributions: 

GA1 (A), GA2 (B), and GA3 (C).

Thermo-gravimetric analysis

The thermal stability of the electrospun scaffolds 
was evaluated using TGA. The three fiber formulations, 
GA1, GA2, and GA3, underwent thermal degradation in 

two stages, with the first degradation occurring between 
300 °C and 368 °C. The fibers exhibited thermal stability 
when analyzed via differential analysis, maintaining 
their structural integrity at temperatures up to 250 °C 
(Figure 8A and 8B).
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Differential scanning calorimetry

Chemical purity, melting range, and enthalpy 
variation of fibers were analyzed as part of the 
characterization process. The melting peak for GA1 was 
observed at 144.45 °C, while GA2 and GA3 exhibited 
melting peaks at 145 °C (Figure 9).

X-ray diffraction

The XRD patterns of optimized nanofibers revealed 
all the samples were single-phase in nature. The sharp 
intensity peaks in the XRD patterns of GA1, GA2, and 
GA3 indicate the presence of well-ordered crystalline 
material (Figure 10A).

Fourier transform infrared spectroscopy

The FTIR spectra of three nanofibers (GA1, GA2, 
and GA3) were analyzed to determine peak intensities, 
wave numbers of absorption, and associated functional 
groups. The results indicated distinct vibrations in the 
spectra, with characteristic stretches, bands, and peaks 

corresponding to polysaccharide bonds, including 
C-H, O-H, C-C, C-O, and C=C functional groups 
(Figure 10B).

Ultimate tensile strength

The ultimate tensile strength of the optimized 
electrospun nanofibers was analyzed. The results showed 
GA1 exhibited the highest ultimate tensile strength at 
2.40274 MPa, followed by GA3 with 1.88078 MPa, 
while GA2 had the lowest tensile strength at 0.8433 
MPa (Figure 10C).

Bacteriophage release assay

Bacteriophages are used to induce passive or 
active lysis against bacterial species. Following lysis, 
the bacterium releases its intracellular contents along 
with newly replicated bacteriophages, which then infect 
additional host bacteria. In this study, bacteriophages 
were loaded onto PVA/HA electrospun fibers, and the 
release of viable bacteriophages was evaluated at two 
specific pH values: 7.45 and 5.0 (Figure 10D).

FIGURE 8 - Thermo-gravimetric analysis graph of the electrospun nanofibers GA1, GA2, and GA3.
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FIGURE 9 - Differential scanning calorimetry graphs of GA1, GA2, and GA3.
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FIGURE 10 - (A) X-ray diffraction, (B) Fourier transform infrared spectra, (C) ultimate tensile strength of optimized electrospun nanofibers, 

and (D) release profile of Pɸ-Mi-Pa bacteriophage from optimized electrospun nanofibers at pH 7.45 and pH 5 over different time intervals.

DISCUSSION

In this study, three machine learning algorithms 
were employed to optimize the experimental formulation 
design of MDR-specific phage Pɸ-Mi-Pa-loaded PVA/
HA nanofibers. Comparisons between machine learning 
algorithms are widely reported in literature (Odukoya 
et al., 2022). XGBoost consistently outperformed 
ANNs and RF. As a machine learning approach, 
XGBoost integrates the predictions of multiple weak 
learners to construct a highly robust predictive model, 
making it particularly effective for optimizing complex 
experimental designs.

Further investigation of the XGBoost model using 
SHAP (SHapley Additive exPlanations), an explainable 
machine learning tool, is essential to better understand 
the effect of each independent variable on the model’s 
predictions. Model explainability enhances the 

transparency and interpretability of machine learning 
models, allowing for the quantification of each 
independent variable’s contribution (Widanage et al., 
2024). Our findings revealed that HA concentration is 
the most influential factor for both mucin adsorption 
and bacteriophage release, followed by sonication 
time, with PVA concentration being the least 
significant. These results highlight the critical role of 
HA in nanofiber formation, where small variations in 
HA concentration can significantly impact nanofiber 
properties. Consequently, both HA concentration and 
sonication duration should be carefully monitored  
and optimized.

Also, our study examined the linearity of the data 
using K-nearest neighbor and linear regression models 
and observed non-linearity of the data patterns indicating 
a non-linear relationship between the dependent and 
dependent variables. Three major parameters were 
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chosen to be varied for this study, the percentage 
concentrations of polyvinyl alcohol, hyaluronic acid 
and sonication time. Table V, displays all 18 runs 
(with varied independent parameters). These three 
independent parameters varied over five levels and their 
resulting effect on mucin adsorption and MDR-specific 
phage Pɸ-Mi-Pa release were derived. It was observed 
that in run 17 which had a sonication time of 0.50 h, 
polyvinyl acid and hyaluronic acid concentration of 
1.25 % and 0.25 % respectively, there was maximum 
mucin adsorption and MDR-specific phage Pɸ-Mi-Pa 
release 

Bacteriophages are viruses that infect and replicate 
within bacteria, ultimately destroying them by increasing 
osmotic pressure within the bacterial cell structure. 
Due to their strain specificity, bacteriophages present 
a promising alternative to antibiotics for targeting 
bacterial infections (Kalelkar, Riddick, Garcia, 2022). 
In this study, MDR-specific phage Pɸ-Mi-Pa was 
incorporated into the nanofibers. Bacteriophage therapy 
is defined as the use of viruses to treat infections caused 
by pathogenic bacteria (El-Shibiny, El-Sahhar, 2017). 
Mucins are glycoproteins expressed on the human 
epithelial surface, functioning as biological and physical 
barriers that protect mucosal epithelia. Mucin was 
adsorbed onto the nanofibers to enhance their adhesion 
to the human epithelial surface. A smaller nanofiber 
diameter results in a larger surface area and higher 
porosity, which translates to greater mucin adsorption 
due to the formation of more active adsorption sites. The 
surface area and porosity of the nanofibers depend on 
multiple factors, including dielectric properties, surface 
charge, density, surface tension, viscosity, molecular 
weight, and polymer concentration. Additionally, the 
morphology, drug adsorption, and release properties of 
electrospun fibers are influenced by the electrospinning 
technique. Key factors affecting electrospinning include 
applied voltage, sonication duration of the polymer 
solution, flow rate, polymer concentration, type of 
collector, and the gap distance between the needle tip 
and the collector (Abadi et al., 2022). Environmental 
conditions, such as temperature and humidity, also play 

a significant role. This study examines the effect of 
polymer concentration and sonication time on mucin 
adsorption and MDR-specific phage Pɸ-Mi-Pa release.

The 3D response surface plots illustrating the effects 
of PVA concentration, HA concentration, and sonication 
time on mucin adsorption and MDR-specific phage Pɸ-
Mi-Pa release are shown in Figure 5A & B, respectively. 
These plots indicate a nonlinear relationship between 
the input factors and both responses. An increase in 
PVA concentration combined with a decrease in HA 
concentration and sonication time initially maximized 
mucin adsorption until a certain point, beyond which 
no further improvement was observed. The peak mucin 
adsorption occurred at a sonication time of 0.7 h, with 
polyvinyl alcohol and hyaluronic acid concentrations of 
0.4% and 2.5%, respectively. Conversely, an increase 
in PVA concentration, along with an initial decrease 
in HA concentration and sonication time, resulted in 
enhanced MDR-specific phage Pɸ-Mi-Pa release, as 
shown in Figure 5A & B. This led to a peak release 
at a sonication time of 0.8 h, with polyvinyl alcohol 
and hyaluronic acid concentrations of 0.5% and 2.5%, 
respectively. Drug adsorption and release are strongly 
influenced by fiber diameter, a finding consistent with 
previous studies. This further reinforces the critical role 
of polymer concentration in determining the properties 
and performance of nanofibers.

The optimization algorithms used for the 
experimental design optimization were PSO and GA. 
The optimized values for the dependent variables 
(mucin adsorption and bacteriophage release) were 
comparable between PSO and GA, indicating no 
statistically significant difference between the two 
methods. The predicted values for mucin adsorption 
(76.01%) and bacteriophage release (70.07%) closely 
matched the experimental values (76.56 ± 22.98% and 
70.32 ± 4.56%), further demonstrating the accuracy and 
reliability of the XGBoost model (Zhou et al., 2023).

Electrospinning is a nanofiber fabrication technique 
that enables the formation of continuous fibers with 
specific dimensions. Loading MDR-specific phage Pɸ-
Mi-Pa onto electrospun fibers creates a targeted delivery 
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platform, allowing the bacteriophages to reach the 
infection site more effectively. This approach helps combat 
bacterial resistance and enhances the overall therapeutic 
efficacy of the formulation. Existing literature indicates 
that a moderate increase in polymer concentration leads 
to an increase in fiber diameter and thickness, as well as 
improved mechanical properties. However, at very low 
polymer concentrations, viscosity is also low, causing 
instabilities in the electric field between the needle and 
the collector. This disrupts the droplet’s surface tension, 
resulting in partial jet fragmentation and the formation of 
protrusions or nodules, known as the “beaded nanofiber 
effect.” Conversely, excessive polymer concentration 
may result in poor fiber formation and reduced surface 
area, both of which are undesirable. The bacteriophage 
loading mechanism onto nanofibers occurs via three 
primary pathways: nonspecific adsorption, protein–ligand 
binding, or electrostatic interactions. In this study, MDR-
specific phage Pɸ-Mi-Pa was loaded via nonspecific 
adsorption, where loading efficiency directly influences 
the percentage of bacteriophage release. Once MDR-
specific phage Pɸ-Mi-Pa is immobilized on the electrospun 
fiber, it is crucial to ensure that the bacteriophages remain 
viable and active until their release at the site of action 
(Opperman, Wojno, Brink, 2022).

SEM results revealed that GA3 fibers were 
homogeneous, well-aligned, and defect-free, with 
smooth surfaces, whereas GA1 and GA2 fibers exhibited 
beaded structures. GA1 fibers were thicker and had 
a larger fiber diameter than the other two nanofibers, 
which may be attributed to its longer polymer solution 
sonication time (36 min). In contrast, GA3, which 
had a sonication time of 29 min, was not as thick but 
displayed a denser and more compact fiber arrangement. 
The thickness, density, and alignment of the fibers are 
critical factors in ensuring reproducible fiber dissolution 
and controlled MDR-specific phage Pɸ-Mi-Pa release. 
The random fiber orientation enhances the mechanical 
properties of the nanofibers, improving their resistance 
to tensile forces during handling (Zhang et al., 2021). 
XRD analysis of GA1, GA2, and GA3 polymer fibers 
displayed a sharp and narrow peak at 19 °C, indicating 

that all samples were single-phase in nature. The sharp 
intensity peaks in the XRD patterns confirm the presence 
of well-ordered crystalline material, a characteristic 
feature of the PVA polymer (Pandey et al., 2021). The 
functional groups of PVA and HA were analyzed using 
FTIR spectroscopy. The peak at 839 cm-1 was attributed 
to C-H bending in alkanes. The bands observed at 1,021 
cm-1, 1,025cm-1, 1,088cm-1, 1,140cm-1, and 1,245cm-1 
correspond to C-O stretching in carboxylic acids. A ‘V 
bending’ of C-H was detected at 2,915 cm-1, while C=C 
stretching in alkynes and phenyl rings was observed at 
1651 cm–¹ and 1,655 cm-1 and 1,655 cm-1, respectively. 
Additional stretching vibrations were detected at 2,911 
cm-1 and 3,291 cm-1, corresponding to C-H stretching in 
alkanes and O-H stretching in phenols.

Thermal degradation of GA1, GA2, and GA3 
nanofibers was investigated to assess the stability of 
the electrospun scaffolds using thermo-gravimetric 
analysis (TGA). TGA is a widely applied technique used 
to measure changes in material mass as a function of 
temperature or time in a controlled heating environment 
(Stie et al., 2022). This analysis helps determine whether 
the materials meet decomposition requirements. All 
three nanofibers (GA1, GA2, and GA3) underwent 
thermal breakdown, with the first degradation occurring 
between 300 °C and 368 °C. The results confirm the 
nanofibers remain thermally stable at temperatures 
below 250 °C. The heating curve of the fibers followed 
a sigmoidal pattern, indicating a correlation between 
mass variation and temperature change (Ojo et al., 
2024). The tensile strength of the fibers is influenced 
by their anisotropy, which refers to nonuniformity 
in tensile strength depending on the fiber orientation 
within the collective fiber mat. Randomly arranged 
nanofibers exhibit lower tensile strength compared to 
those aligned in a single direction. Among the tested 
fibers, GA1 exhibited the highest tensile strength, which 
correlates with its longer sonication time. This suggests 
that increasing the sonication time of the polymer 
solution enhances tensile strength. This phenomenon 
can be explained by the effect of sound vibrations, 
which detangle and align polymer molecules, leading 
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to crystalline structure modifications. These structural 
changes result in the formation of fibers with a higher 
elastic modulus and greater tensile strength (Bethwel 
et al., 2016). DSC results revealed that GA1 and GA3 
fibers did not exhibit glass transition or crystallization 
points, while GA2 showed both glass transition and 
crystallization points.

GA1, which was selected as the optimal electrospun 
fiber, was loaded with Pɸ-Mi-Pa bacteriophage using 
the electrospraying technique. This method was chosen 
because it is simpler and milder than other loading 
techniques, ensuring that the bacteriophage remains viable 
throughout the process. At pH 7.4, bacteriophage release 
exhibited a gradual increase, reaching a plateau after 5 
h. In contrast, at pH 5 (which closely resembles vaginal 
pH), there was a burst release of Pɸ-Mi-Pa bacteriophage 
within the first 5 min, followed by an immediate plateau. 
The release kinetics appeared to be faster at pH 5 than at 
pH 7.4, likely due to the acidic environment, as nanofibers 
are known to release drugs at an accelerated rate at lower 
pH levels (Altinbasak et al., 2023).

Based on statistically designed experiments using 
XGBoost, the optimal values derived were 1.567% 
for PVA, 0.366% for HA, and a sonication time of 
0.485 h. Using these optimized parameters, three sets 
of bacteriophage-loaded nanofibers were successfully 
fabricated and characterized: GA1, GA2, and GA3, 
each produced with varying sonication times. Fiber 
diameters for GA1, GA2, and GA3 were 330 ± 22 nm, 
236 ± 25 nm, and 202 ± 16 nm, respectively. GA1, which 
exhibited the highest tensile strength, was selected as 
the optimal nanofiber for MDR-specific phage Pɸ-
Mi-Pa loading. The release profile of MDR-specific 
phage Pɸ-Mi-Pa was found to be higher in a pH 5.0 
environment (similar to vaginal pH) compared to a pH 
7.4 medium. The nanofibers exhibited a burst release 
effect, which then stabilized over 24 h. This study 
successfully fabricated optimized MDR-specific phage 
Pɸ-Mi-Pa-loaded nanofibers composed of polyvinyl 
alcohol (PVA) and hyaluronic acid (HA) using the 
XGBoost algorithm. These nanofibers demonstrate 
great therapeutic potential, serving as a prototype for 

future development and the translation of innovation 
from benchtop to bedside. Their application could 
significantly improve clinical prognosis and enhance 
the treatment of antibiotic-resistant biofilm infections, 
such as bacterial vaginosis, through phage therapy. The 
main limitation of this study is the small dataset size, 
which poses a risk of developing a model that may not 
generalize well to real-world data.
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