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ABSTRACT: Mathematical modeling aims to simplify the complex process of drug release and to gain
knowledge about the release mechanisms specific to a given material system. Consequently, a
mathematical model focuses primarily on one or two important factors. Drug release aims to maximize
the bioactivity of both naturally derived and synthetically derived macromolecules, thus increasing their
clinical applicability and improving the overall quality of life. This study focused on fabricating PLA
composites with different weight percentages of Bacitracin Zinc (0.5, 1.0, and 2.0) and evaluating their
potential as a drug delivery system. To understand the release mechanism of Bacitracin Zinc from the PLA
composites, we developed a Franz diffusion kinetic model and a mathematical model for cumulative
release kinetics. The Franz diffusion model was utilized to analyze the release behavior of the
PLA/Bacitracin Zinc composite structure. The results indicated a sustained release rate, following a Zero
Order release kinetics pattern. Furthermore, the shelf life of the composite structure was determined to be
125 days. Python programming was employed to model the release behavior and estimate the shelf life of
Bacitracin Zinc (0.5, 1.0, and 2.0) incorporated into the PLA matrix to compare different weight
percentages' behavior and shelf life.

Keywords: Bacitracin Zinc, Composite, PLA, Drug release kinetic, Franz diffusion kinetic model
1. INTRODUCTION

The solute transport from drug-loaded polymeric matrices occurs via the diffusion of the active
substance, which entails the swelling and erosion of the matrix structure of the polymeric material,
whether it is biodegradable [1]. Non-biodegradable and biodegradable polymers are widely used in drug
delivery systems because they can be used as a drug carrier [2], [3]. The solute transport system in non-
biodegradable polymeric matrices is primarily governed by diffusion. Reservoir-type non-biodegradable
polymers encompass systems that employ an inert coating material to serve as a membrane controlling
the release rate. In such polymers, the release kinetics remain relatively constant and are unaffected by the
concentration gradient, instead primarily governed by the thickness and permeability of the polymeric
membrane. In contrast to matrix-type non-biodegradable polymers, the release mechanism in reservoir-
type systems is predominantly driven by Fickian diffusion, wherein the release rate correlates with the
concentration gradient, diffusion distance, and degree of swelling [4], [5]. On the other hand,
biodegradable polymers exhibit a predisposition towards undergoing degradation via hydrolysis or
enzymatic reactions. These polymers commonly incorporate chemically unstable bonds, including ester,
amide, and anhydride bonds, which are prone to undergoing cleavage during degradation processes [6],
[7]. Surface and bulk degradation are two distinct modes of degradation commonly observed in polymers.
Surface-degrading polymers exhibit degradation primarily on the outer surface of the material, whereas
bulk-degrading polymers experience degradation uniformly throughout the bulk. Water plays a critical
role in hydrolysis, making water ingress into the polymer device crucial for investigating both release and
dissociation kinetics [8], [9]. The degradation of semicrystalline polymers unfolds in two distinct stages.
In the initial stage, water permeates the amorphous regions, initiating random hydrolytic cleavage of
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susceptible bonds, such as ester bonds. The subsequent stage commences as a substantial portion of the
amorphous regions becomes disrupted. As degradation progresses, the polymer chains undergo
breakage, leading to measurable changes in the average molecular weight of the polymer. Consequently,
assessing temporal alterations in the average molecular weight is a quantitative measure for tracking the
degradation process [10].

Bacitracin Zinc is a widely utilized antibiotic medication in topical ointments and creams. It exhibits
efficacy against specific bacterial strains and is primarily employed for preventing and treating skin
infections. The mechanism of action of Bacitracin Zinc involves interference with bacterial cell wall
synthesis, leading to the inhibition of bacterial growth and facilitating the process of wound healing [11].
Multiple factors, particularly topical formulations, influence the release kinetics of Bacitracin Zinc. The
diffusion-controlled release is a common mechanism whereby the release rate depends on the
formulation's concentration gradient and diffusion properties. Matrix-controlled release is another
approach employed in certain formulations wherein Bacitracin Zinc is incorporated within a matrix or
polymer system [12]. Release occurs through either diffusion or erosion of the matrix, impacting the
release kinetics. For solid dosage forms, the dissolution-controlled release may be predominant, where the
dissolution rate and solubility of Bacitracin Zinc determine the release profile. Some formulations may
exhibit a combination of release mechanisms, such as an initial burst release followed by sustained release.
It is crucial to acknowledge that specific release kinetics can vary based on formulation design,
manufacturing processes, and the presence of excipients [13]-[15].

PLA (polylactic acid), a biodegradable polyester, is a prominent polymer utilized to develop
particulate drug delivery systems [16]. It belongs to a class of polymers distinguished by the presence of
ester bonds. The synthesis of PLA involves the ring-opening copolymerization of two monomers [17].
Exploiting its hydrophobic nature, various emulsification processes are employed to fabricate PLA
nano/microparticles with core-shell architectures, enabling the encapsulation of hydrophobic drugs
within their hydrophilic cores [18]. It is worth noting that hydrophobic drugs tend to disperse
preferentially in hydrophobic environments [19]. The release behavior of PLA particle delivery systems
typically exhibits an initial burst phase followed by a nearly zero-order release phase [20]. Biodegradable
polyesters, such as PLA and PLGA (poly(lactic-co-glycolic acid)), have been extensively utilized to
develop controlled delivery systems, including implants and microparticles, for intramuscular or
subcutaneous administration [21]. The primary goals of this research endeavor encompass examining the
mathematical behavior model concerning the release kinetics of Bacitracin Zinc when incorporated into
PLA polymer for drug release applications. Additionally, the study uses mathematical models to compare
the PLA composite biomaterial loaded with different weight percentages of Bacitracin Zinc (0.5, 1.0, 2.0)
while assessing and comparing the shelf life of PLA/Bacitracin Zinc composites. Consequently, the study
intends to deliberate on the applicability and suitability of these composites for biomedical purposes.

2. MATERIAL AND METHODS
2.1. Production of Bacitracin Zinc-Loaded Pla Composites

Poly (lactic acid) (PLA 4060D, pellet form) was procured from Nature Works LLC. The solvents used
chloroform (CHL, with a molecular weight of 119.38 g/mol), were obtained from Merck without requiring
additional purification. Bacitracin (catalog no. B0125, Poole, UK) was purchased from Merck. Item No
21212; CAS No 1405-89-6; Purity 270% (Bacitracin A, B1, B3 mixture; Molecular formula;
CesHi101N170165¢ Zn; Formula weight: 1486). To prepare the PLA solution, PLA was dissolved at a weight
ratio of 12% using 100 mL of CHL. The prepared PLA solution added various weight percentages of
Bacitracin Zinc (0.5, 1.0, and 2.0 wt. %). The mixture was stirred using a magnetic stirrer for 2 hours at
room temperature. The resulting working groups were designated as PLA/Bacitracin Zinc (0.5),
PLA/Bacitracin Zinc (1.0), and PLA/Bacitracin Zinc (2.0). Subsequently, 25 mL of each working group was
poured into 9 cm glass Petri dishes and dried in an oven at 40°C for 24 hours. The dried composites were
then stored in a desiccator for further analysis.
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2.2. Characterization of Bacitracin Zinc-Loaded Pla Composites

The structural characteristics of the Bacitracin Zinc-loaded PLA composites were performed using
Fourier Transform Infrared Spectroscopy (FT-IR; Thermo Scientific. Ltd., US) to identify the covalent
bonds in the structure of composites. The spectra were obtained in transmission mode, with scans ranging
from 4000 to 400 cm? wavenumber, and a resolution of 2 cm. A total of 15 readings were collected.
Scanning Electron Microscopy (SEM; TESCAN. Ltd., Czech Republic (VEGA 3 LMH)) analysis was
employed for examining the surface morphology features of the Bacitracin Zinc-loaded PLA composites.
To enhance conductivity, a thin layer of gold was deposited on the samples using a sputter coater device
(Emitech K550X, UK) at around 1 kV. Imaging was conducted at an accelerating voltage of 15 kV, with
images captured at varying magnification levels.

2.3. Mathematical Modeling of In Vitro Franz Diffusion Release for Bacitracin Zinc-Loaded Pla
Composites

To begin the study, linear calibration curves were constructed for five concentrations of Bacitracin
Zinc (0.5, 1.0, and 2.0 wt. %). The release characteristics of Bacitracin Zinc from the composites were then
investigated at various intervals. The first step involved weighing and placing 10, 20, and 30 mg of
Bacitracin Zinc-loaded PLA composites into separate Eppendorf tubes containing 1 ml of phosphate-
buffered saline (PBS) with a pH of 7.4. The release of Bacitracin Zinc from the 12% PLA composites was
conducted using a thermal shaker (BIOSAN TS-100C) and 1 ml of fresh PBS. At different time intervals, 1
ml of PBS was withdrawn from the Eppendorf tubes and transferred to a quartz bath with a capacity of 1
ml. The initial procedure involved obtaining calibration graphs to identify the primary peak
corresponding to fucoidan in all the composites. For this purpose, a Shimadzu UV-1280 UV-VIS
spectrophotometer machine was utilized. The process commenced by allowing the PBS solution to remain
in the Eppendorf tubes and the samples to shake inside the thermal shaker for 15 minutes. After 15
minutes, the solutions were removed from the Eppendorf tubes and individually analyzed using the
spectrophotometer. After analysis, fresh PBS was added again, and the samples were left in the thermal
shaker for up to 150 hours.

Determining the drug's dissolution profile can be accomplished by employing diverse mathematical
models, where choosing an appropriate mathematical function is crucial in defining the profile. These
models, including the zero-order, first-order, and Higuchi models, elucidate the underlying mechanism
governing the drug's release process. Specifically, the zero-order equation:

Q= Qo + Kot 1)

Where the amount of drug (Q) dissolved over a given period (t) with the inclusion of the initial
amount of drug (Qo) in the solution, which is usually equal to zero, and the zero-order release constant
(Ko) in units of concentration per time. Similarly, the first-order equation:

log C =log Co - K/2.303 @)

Where measures the rate of change of the initial concentration of the drug (Co) over time (t) and the
first-order constant (K). Higuchi’s equation:

Qi=Kn * t112 3)
Where the amount of drug (Q) is released over a given period (t) using the release rate constant (Ku)
for the Higuchi model, the data is fitted according to the Korsmeyer—Peppas model to ascertain the precise

mechanism behind the drug release process. This model:

Mt/Meo = K * tn 4)
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Where describes the general solute release behavior from a controlled release polymer system and
uses the fraction of drug (Mt/Ms) released over time (t), the release rate constant (K), and the release
exponent (n) to characterize different releases for cylindrical-shaped matrices.

2.4. Bacitracin Zinc Stability

The most commonly employed in vitro technique for assessing dermal absorption involves the topical
application of the active ingredient in a suitable formulation onto the surface of a skin sample [22].
Dissolution tests, predominantly utilizing the Franz Diffusion device, are widely utilized for evaluating
composite formulations [23], [24]. In this study, composite samples containing the active substance
benzalkonium chloride (Bacitracin) were carefully placed on the membranes within Franz diffusion cells.
The composite samples were centrally positioned within the Franz device, ensuring consistent exposure.
The lower compartment of the cells was filled with a 2.5 mL volume of media, while the upper
compartment accommodated a 1.5 mL sample for examination. The experiment was meticulously
conducted under controlled conditions, maintaining a constant ambient temperature of 37°C with
continuous agitation. At pre-determined intervals, specifically at the 15" and 30% minutes, and
subsequently at the 1st, 2nd, 4t 6t 8th, and 24t hours, 2.5 mL aliquots of the sample were withdrawn from
the lower compartment and promptly replaced with fresh medium equilibrated to 37°C. This process was
repeated throughout the experimental period to ensure continuous monitoring. The concentration of the
active substance in the collected samples was subsequently quantified using high-performance liquid
chromatography (HPLC). The cumulative percentage of the active substance passing through the cells
was plotted against time to evaluate the cumulative dermal absorption profile. The cumulative percentage
of the active substance passing through the cells at the end of the 24 hours was calculated by analyzing
the resulting curve. Statistical analysis of the cumulative mass losses for the composite samples was
conducted using a Python program.

3. RESULTS AND DISCUSSION

Figure 1A. shows the FT-IR spectra of PLA, Bacitracin Zinc, and PLA/Bacitracin Zinc (2.0) samples.
The shared identifiable peaks within the FT-IR spectrum of both PLA and PLA/Bacitracin Zinc composites
were found to be in the regions of 1900-1650 cm! (corresponding to the stretching vibration of C=0) and
1300-1000 cm (indicating the stretching vibration of C-O and the framework vibration of C-C). Notably,
two distinct peaks emerged within the range of 3540-3180 cm! due to the presence of NH2 and NH groups
in the PLA structure [25], [26]. In the FT-IR spectrum, the specific absorption peaks (1746 cm, 1092 cm")
characterizing PLA remained unchanged without any noticeable deviation. The key chemical constituents
of Bacitracin Zinc encompass C=0, C=N, NHz, NH, -OH, and C-S groups. An overlapping of peaks from
certain functional groups within PLA, and Bacitracin Zinc was evident due to their shared chemical
moieties. The intensity of the characteristic absorption peaks (3244 cm-!, 1651 cm, and 1539 cm)
associated with Bacitracin Zinc [27] experienced a significant reduction. This decline pointed out a
physical interaction between Bacitracin Zinc and the carrier materials, implying that the incorporation of
Bacitracin Zinc into PLA did not result in alterations to their underlying chemical structures. Figure 1B.
and Figure 1C. demonstrate the SEM images of PLA and PLA/Bacitracin Zinc(2.0) samples, respectively.
Upon analysis of SEM in Figure 1B., it becomes evident that the PLA polymer demonstrated a film
structure devoid of any observable deformations. This observation shows the PLA polymer's capability to
undergo successful film formation. In contrast, Figure 1C, depicting the surface imagery of the film
specimen incorporating Bacitracin Zinc within the PLA polymer, revealed an absence of adverse effects
on PLA film formation attributed to Bacitracin Zinc. Notably, no deformations were induced by Bacitracin
Zinc. Consequently, a deduction can be drawn that the composite materials comprising Bacitracin Zinc-
loaded PLA can indeed be effectively produced without compromising the film formation process.
Moreover, the obtained results exhibit concurrence with prior research conducted on polymeric
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composites loaded with biomolecules [28]-[30].
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Figure 1. A. FT-IR spectra of Bacitracin Zinc, PLA and Bacitracin Zinc (2.0)-loaded PLA, B. SEM images
of PLA and C. of Bacitracin Zinc (2.0)-loaded PLA composite

Table 1. Franz diffusion cumulative release kinetics model (R2 value after 24 hours)

Bacitracin Zinc-loaded PLA composite materials

Model PLA/Bacitracin Zinc(0.5) PLA/Bacitracin Zinc(1.0) PLA/Bacitracin Zinc(2.0)
g:;:::yer' 0.9023 0.8854 0.9020
Zero-order 0.9965 0.9897 0.9952
Firs-order 0.9423 0.9406 0.9343
Hixson 0.9817 0.9817 0.9817
Higuchi 0.9682 0.9556 0.9670

Understanding release kinetics systems and the intricate interplay between the active ingredient and
the biomaterial system is crucial for designing effective delivery systems tailored to specific applications.
Furthermore, developing doped polymeric matrices necessitates the utilization of robust mathematical
models to uncover the underlying solute transport mechanisms. This study group aims to offer a fresh
perspective on the structure-function relationship of biodegradable PLA polymers, specifically focusing
on drug release kinetics and employing mathematical modeling techniques. The cumulative release
kinetics model for PLA polymer containing 0.5% bacitracin zinc exhibited a zero-order pattern, with a
correlation coefficient (R?) of 0.9968 (Figure 2.A). Similarly, the cumulative release behavior of 1%
Bacitracin zinc loaded into PLA polymer adhered to a zero-order kinetics model, displaying a correlation
coefficient (R?) of 0.9897 (Figure 2.B). The release kinetics model for PLA composite loaded with 2%
Bacitracin zinc demonstrated a zero-order trend as well, with a correlation coefficient (R?) of 0.9952 (Figure
2.C). The study employed Fick's law as the basis for modeling the drug release kinetics of Bacitracin zinc.
The cumulative logarithmic linear release model of Bacitracin zinc is illustrated in Figure 1.D, representing
its relationship with logarithmic time. The release kinetics analysis for Bacitracin zinc-loaded PLA
composites consistently yielded zero-order kinetics across all three ratios (0.5, 1.0, and 2.0), as evident in
Figures 2A, 2B, and 2C. Comparative analysis of Korsmeyer-Peppas, zero-order, first-order, Hixson, and
Higuchi models, each possessing correlation coefficients of 0.90 and above, was performed (Table 1.). This
evaluation revealed that the zero-order model exhibited the best fit, with the optimal ratio being "0.5". In
a prior investigation, drug delivery kinetics were explored on Poly(lactic acid-co-lysine) (PLL)/poly(L-
lactic acid) (PLLA)/Bacitracin (BAC) nanofibers, resulting in a correlation coefficient (R?) of 0.98. The
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relatively high PLLA ratio hindered complete diffusion of BAC from the nanofibers due to BAC
encapsulation. Consequently, the researchers concluded that this circumstance contributed to the
cumulative release of BAC [25]. According to Gokhale [31], the diffusion biodegradability of the drug
system, swelling of the polymeric matrix, and material degradation are the key factors influencing solute
transport from drug-containing polymeric matrices. By utilizing various mathematical models, the
optimized composites for achieving the desired drug release profile were determined as PLA/Bacitracin
Zinc(0.5), PLA/Bacitracin Zinc(1.0), and PLA/Bacitracin Zinc(2.0). Several mathematical models were
examined to describe the emission pattern, including Zero Order, First Order, Higuchi, Hixon, and
Korsmeyer-Peppas release kinetic models. The Fickian linear curve profile was observed, indicating a Zero
Order release kinetic diffusion profile. Statistical analysis in Python was conducted to determine the
cumulative amount of the active ingredient at the end of 30 days. In line with Fu et al. [32], the PLA
polymer material used in this study is biodegradable, and the implementation of the Franz diffusion
mathematical model was deemed appropriate for the release of active drug materials within this structure.
Similarly, Bao et al. [33] performed in vitro release kinetic modeling using the Franz diffusion method for
an ointment formulation, considering the high viscosity of the ointment and extended contact times.
During their Franz diffusion study, Salamanca et al. [27] obtained a working profile following Zero Order
diffusion, with an R? value of 0.929, in a linear Fickian equation applied in a cellulose membrane
environment (pH 7.4). Gokhale [31] determined the release kinetics working model as Korsmeyer-Peppas,
yielding an R? value of 0.996 based on the Fickian law. Baert et al. [34] employed the Franz diffusion model
to create release kinetics in both skin and artificial skin media, yielding an R2 value of 0.926 after 24 hours
of measurement, and identified the release profile according to Korsmeyer.
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Figure 2. Franz Diffusion mathematical models A. Zero Order modeling of PLA/Bacitracin Zinc(0.5), B.
Zero Order modeling of PLA/Bacitracin Zinc(1.0), C. Zero Order modeling of PLA/Bacitracin Zinc(2.0),
D. Fick’s diffusion of Bacitracin Zinc

The stability specification study revealed significant findings regarding the PLA/Bacitracin Zinc
composites. For the PLA/Bacitracin Zinc(0.5) composite, the shelf life was 31.6 days (Figure 3A.), falling
within a time range where we can have at least 50-95% confidence in the response. Similarly, the
PLA/Bacitracin Zinc(1.0) composite exhibited a shelf life of 35.4 days (Figure 3B.), within a time range
where we can have at least 50-95% confidence in the response. In the case of the PLA/Bacitracin Zinc(2.0)
composite, the shelf life was 125.2 days (Figure 3C.), within a time range where we can be at least 50-95%
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certain of the response. Overall, the release kinetics and shelf-life statistics analysis of the PLA study group
indicate that the best working sample within the specified range (90-110%) is the PLA/Bacitracin Zinc(2.0)
composite, with a shelf life of 125 days. Enhanced and extended shelf life holds significant prominence for
polymers and composites destined for diverse applications across multiple domains, including
biophysics, medicine, biomedical, and various other realms within biotechnology [35]-[37]. Based on these
results, even if all samples have an acceptable shelf life, PLA/Bacitracin Zinc(2.0) may be the preferred
better choice for different biomedical applications. In addition, the results obtained are in agreement with
the studies on the shelf life of bacitracin biomolecule [38], [39].
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Figure 3. A shelf life of A. PLA/Bacitracin Zinc(0.5), B. PLA/Bacitracin Zinc(1.0), C. PLA/Bacitracin
Zinc(2.0)

4. CONCLUSIONS

In this study, Bacitracin Zinc biomolecule with different amounts was loaded into PLA polymer and
Bacitracin Zinc-loaded PLA composite materials were successfully prepared with simple casting method.
As a result of the loading of Bacitracin Zinc into PLA polymer, PLA/Bacitracin Zinc(2.0) showed the best
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shelf life and PLA/Bacitracin Zinc(0.5) showed the best behavior kinetics. Zero-order model of the release
behavior obtained by the Franz diffusion study was observed as the most appropriate behavior. In the
zero-order mathematical model, R? values of PLA/Bacitracin Zinc(2.0) and PLA/Bacitracin Zinc(0.5) were
obtained as 0.9952 and 0.9968, respectively. The shelf life of PLA/Bacitracin Zinc(2.0) with Phyton analysis
was found as 125 days, and the usability of PLA/Bacitracin Zinc(2.0) composite biomaterial in biomedical
applications may be more effective in terms of the shelf life behavior. Nevertheless, the PLA/Bacitracin
Zinc(0.5) composite, which displayed favorable and suitable release kinetics, also demonstrated an
adequate shelf life. This suggests that these materials could be considered a favorable option for potential
utilization in biomedical applications.
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