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Abstract:

This work explores the creation of biocompatible thermoresponsive gels that are enhanced with poly(lactic-co-glycolic) acid
(PLGA) microparticles containing rosemary essential oil (RoEO). The goal is to improve drug delivery systems and antibacterial
capabilities. A solution to the problems caused by essential oil volatility and degradation was found by incorporating RoEO, a naturally
occurring bioactive chemical with strong antibacterial and antioxidant capabilities, inside PLGA microparticles. This allowed for its
controlled release. Topical medication administration is useful for wound healing and infection treatment due to the thermoresponsive
nature of the gel formulations, which allow in situ gelation at physiological temperatures. The ROEO-PLGA gels were tested for their
antimicrobial properties against several microorganisms, including Staphylococcus aureus, Escherichia coli, and Candida albicans. Most
notably, they demonstrated significant inhibition against C. albicans, suggesting that they might have antifungal uses. The formulations
were determined to be stable and suitable for use as controlled release systems by rheological and thermal tests. Integrating the medicinal
potential of essential oils with biodegradable polymers, the work offers a viable method to building effective and patient-friendly drug
delivery platforms. Evaluating the efficacy of these systems in in vivo models and improving their clinical performance should be the
primary goals of future research.
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1. Introduction

Biomedical researchers have recently focused on ways to create more effective drug delivery systems by combining biocompatible
materials with thermoresponsive properties. Among the many benefits of thermoresponsive gels—which may change their phase from
liquid to solid in reaction to variations in temperature—are their controlled release, low toxicity, and simplicity of application.
Particularly promising for several medicinal uses, including drug administration, tissue engineering, and wound healing, are
thermoresponsive gels made of polymers like Poloxamers, which can gel at physiological temperatures. The therapeutic efficiency of
these systems might be enhanced by the inclusion of bioactive chemicals, such as essential oils, which could have functional and medical
advantages. (1) and (2). Medicinal plant essential oils (EOs) are one kind of natural substance that has gained attention for its powerful
antibacterial, antioxidant, and anti-inflammatory capabilities. One plant that has attracted interest is Rosmarinus officinalis, or rosemary,
because of its rich chemical makeup. This composition is mostly made up of monoterpenes, which have strong antioxidant and
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antibacterial effects [3][4]. In regions where antibacterial activity and controlled drug release are crucial, the therapeutic effectiveness
of biomedical formulations might be enhanced by using rosemary essential oil (RoEO) [5][6].

An successful technique for regulated medication delivery has recently been investigated, and it involves combining essential oils
with biodegradable polymers like Poly(D,L-lactide-co-glycolide) acid (PLGA) [7][8]. Because of its versatility in encapsulating active
substances and facilitating their regulated release over long periods of time, PLGA—a biocompatible and biodegradable polymer—has
seen considerable usage in drug delivery systems. Essential oils, such as RoEO, may be controlled-released when encapsulated in
PLGA-based matrices, which increases the active components' stability and guarantees their therapeutic benefits last. The quick
deterioration and extreme volatility of essential oils are two problems that this method may help solve [9]. To further enhance the
bioavailability of these active chemicals, a novel approach might be taken via the creation of thermoresponsive PLGA-based gels.
Transdermal medication administration, wound healing, and other topical therapies may be achieved using formulations that react to
physiological temperature fluctuations. These formulations can undergo in situ gelation upon skin application. The antibacterial
characteristics of these thermoresponsive systems might be improved with the addition of rosemary essential oil, making them useful
for the treatment of infections, especially in skin lesions or wounds [10][11]. This work explores the creation of thermoresponsive gels
that include PLGA microparticles loaded with rosemary essential oil. The goal is to create a platform that can deliver drugs in a regulated
manner and also kill microbes. In order to optimise the formulation of these gels for prospective therapeutic applications in improved
drug delivery and antimicrobial therapies, this study undergoes a variety of characterisations, including chemical, physical, and
antimicrobial testing [12][13].

2. Materials and Methods

2.1 Plant Material and Essential Oil Extraction

In August 2024, the leaves of the Rosmarinus officinalis plant were collected from the southwest Indian botanical garden. A
herbarium at the Pharmaceutical Botany Department of the Faculty of Pharmacy at the University of Medicine and Pharmacy of
[Institution Name] in India received the plant specimens. Excluded from the study were any species that are currently protected or in
risk of extinction. Items were meticulously cleaned, then left to air-dry in cool, shaded areas until they were ready to be ground for
extraction. One hundred grammes of dried and powdered leaves were hydro-distilled for four hours in a round-bottom flask with one
thousand millilitres of distilled water using a system similar to the NeoClevenger. After passing the mixture through a condenser, the
rosemary essential oil (RoEO) was collected in a graduated column after it had been heated. After the ROEO was hydro-distilled, it was
transferred to glass vials, dehydrated with anhydrous sodium, and stored at 4°C in opaque, tightly sealed containers for further analysis.

2.2 Chemicals and Reagents

has a molecular weight range from 40,000 to 75,000, together with 65% poly(D,L-lactide-co-glycolide) acid, 35% poloxamer, and
8% RoEO in a dichloromethane (DCM) solution, 8% PVA (8-88), and 7% filtered water.

2.3 GC-MS Analysis

The purpose of this investigation was to determine RoEO's chemical composition. In order to understand its potential antibacterial
properties—that serve as the foundation of our formulations—it was crucial to identify the main components. In order to determine the
chemical composition of RoEO, a thorough study was carried out using GC-MS. In this method, reference spectra from the NIST
Library (2020 edition) were compared to the target samples, allowing for the identification and quantification of individual elements.
Integrating an AI/AS 3000 autosampler and DSQ II mass spectrometer, the analytical setup made use of a Thermo Scientific Focus GC
equipment (Noida, India). For chromatographic separation, a TraceGOLD TG-624 capillary column was used. The column was 60
meters in length, with an inner diameter of 0.25 millimetres, and a film thickness of 1.4 micrometres. A volume of 1 uL was used for
injecting samples, with helium serving as the carrier gas and a flow rate of 1.4 mL/min. We used a division injection approach with a
ratio of 1:50. The GC oven was preheated to 90°C and then increased at a rate of 3°C per minute until it reached 220°C; this temperature
was maintained at 220°C for five minutes to ensure perfect separation. In order to guarantee accurate detection, the mass spectrometry
settings were fine-tuned. We set the transfer line temperature to 240 °C and the ion source temperature at 230 °C. A 70 eV energy
threshold was used for electron impact ionisation (EI). The data was acquired using a mass-to-charge (m/z) spectrum ranging from 50
to 450, using comprehensive scan mode. To ensure uniformity, every examination was repeated three times. We measured and accurately
identified the components by recording their retention periods and comparing their mass spectra to those in the NIST Library Reference
Database. An in-depth examination of RoEO was made possible by this thorough GC-MS technology, which provided significant
disclosures about its chemical composition.

2.4 Preparation of ROEO-PLGA Microparticles

Using the oil-water emulsion process, ROEO-PLGA microparticles were synthesised. First, 1 millilitre of RoEO (either extracted
or from the reference) was mixed with 5 millilitres of PLGA solution (500 mg dissolved in 5 millilitres of DCM) and then vortexed at
40,000 rpm in a SilentCrusher. Over the course of five hours, the organic solvent was progressively evaporated by slowly adding the oil
phase to a water solution that already contained 0.5% PVA while being constantly stirred at 900 rpm. After collecting the particles, they
were centrifuged at 11,000 rpm in an Eppendorf 5804 before being washed extensively. This was followed by lyophilization using Alpha
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1-2 LSCbasic freeze drier. The process required overnight freezing of the particles in suspension at 55°C and continuous maintenance
of a vacuum of 0.02 mbar for 48 hours. For future studies, the ROEO-PLGA microparticles were kept in the fridge.

2.5 Gel Formulation

We opted to evaluate the lowest and highest concentrations of the two poloxamers (Poloxamer 407 and Poloxamer 188) as a first
benchmark to study the feasibility and effectiveness of thermoresponsive gel formulations that include RoEO-loaded PLGA
nanoparticles. This technique not only laid the framework for understanding how these variables affected the gel's performance, but it
also allowed us to evaluate the differences in critical aspects such as pH levels, viscosity, and rheological features. After preparing 150
mg of ROEO-PLGA in 4°C cold water, over 100 mL of the aqueous solution was added to a magnetic Raypa plate set in an ice bath and
stirred. Two formulations were used for this purpose: (A) a 25% (w/v) Poloxamer 407/polymer 188 combination, or (B) a 20% (w/v)
Poloxamer 407/polymer 188 mixture. Both the ROEO-PLGA A and RoEO-PLGA B formulations were the end results.

RoEO + PLGA
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Figure 1. Graphic process of ROEO-PLGA microparticles and ROEO-PLGA gels formulation and characterization. DCM:
Dichloromethane; DLS: Dynamic light scattering; FTIR: Fourier-transform infrared; PLGA: Poly(lactic-co-glycolic) acid;
PVA: Poly(vinyl alcohol); RoOEO: Rosemary essential oil; SEM: Scanning electron microscopy.

2.6 FTIR Spectroscopy

The lyophilised ROEO-PLGA microparticles sample was used to conduct FTIR measurements on a solid-state specimen. This
ensured that the results accurately reflected the actual molecular composition and interactions within the formulation. The spectrometer
used was a Shimadzu AIM-9000 with attenuated total reflectance (ATR) accessories from Shimadzu in Bangalore, India. In the range
of 4000 to 400 cm—1, the spectra were recorded using 20 scans, resulting in a 4 cm—1 resolution. Thoroughly reviewing relevant
academic literature allowed for the establishment of wavelength allocation.

2.7 XRD Analysis

The X-ray diffraction analysis was conducted using a Bruker AXS D8-Advance diffractometer (Bruker AXS Pvt. Ltd., New Delhi,
India), employing CuKa radiation (A = 0.1541 nm). The apparatus boasts a dynamic sample platform and incorporates an Anton Paar
TTK low-temperature chamber, proficient in functioning within a range of —180°C to 450°C. Additionally, it includes a high-
temperature chamber designed to handle temperatures soaring up to 1600°C. Furthermore, the device upholds elevated vacuum states,
a non-reactive environment, and regulation of moisture levels. The ensuing XRD patterns were meticulously analysed in relation to the
ICDD Powder Diffraction Database.

2.8 SEM Analysis

High-resolution SEM images were obtained utilising a JSM-IT200 InTouchScope™ Scanning Electron Microscope (Bengaluru,
India), featuring a field emission gun (FEG) alongside an energy-dispersive X-ray spectroscopy (EDS) apparatus.

2.9 DLS Particle Size Distribution Analysis

The DLS examination was performed utilising a Microtrac/Nanotrac 252 device located in Pune, India. Every specimen underwent
measurement in triplicate at room temperature (22°C) and at a scattering angle of 172 degrees.

2.10 Thermal Analysis

A thermal evaluation was performed to examine the thermal resilience and breakdown characteristics of the formulations. This
was crucial for validating that the encapsulated RoEO and the PLGA matrix maintain their stability during both storage and application
scenarios. A thermal examination was performed utilising an aluminium crucible on the TGA/DSC 3+ (Mettler-Toledo India), which is
outfitted with a digital temperature sensor and an analogue differential thermal analysis (DTA) sensor. The evaluations were conducted
within a vibrant air environment, characterised by oxidative circumstances utilising synthetic air at a flow rate of 20 mL/min, spanning
temperatures from 25 to 400°C, with a heating increment of 10°C/min.

2.11 pH Measurement

The acidity levels of the gels were assessed using an HI991003 pH meter from Hanna Instruments (Mumbai, India).

2.12 Viscosity and Rheological Behavior Studies
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Viscosity and rheological behavior studies examined the mechanical and flow properties of the gels. The rheological properties of
the two formulations were analyzed using a rotational viscometer (HAAKE Viscotester 550; Thermo Scientific, Noida, India) equipped
with Lauda immersion thermostat A 100 and water bath 006T. Viscosity was determined at different temperatures, and at rotational
speeds ranging from 3 to 600 rpm. The gelation temperature was recorded as the temperature was raised from 25 to 40°C at a heating
rate of 1°C/min.

2.13 Assessment of the Antimicrobial Properties

Using the agar diffusion method, the antimicrobial activity of RoOEO was further evaluated against standard bacterial strains (S.
aureus ATCC 29213 and E. coli ATCC 25922) and one fungal standard strain (C. albicans ATCC 14053). The inoculums with 0.5
turbidity on a McFarland scale of the above-named standardized strains were applied on a Miiller—Hinton agar within 15 min of
preparation. Blank antimicrobial susceptibility paper disks with a 6 mm diameter (Thermo Scientific, India) were carefully infused with
the test samples. These samples were carefully handled using sterilized forceps and were subsequently placed on the surface of Miiller—
Hinton agar plates. As a negative control, a paper disc infused with water was used. The Petri dishes were afterwards incubated at 37°C
for 24 hours. The antimicrobial activity of the tested samples was established through the measurement of the total inhibition diameters
of the bacterial and fungal growth, respectively, including the disk area. The diameter of inhibition zones was expressed in mm.

2.14 Statistical Analysis

All experiments were performed in triplicate for all samples, all calibration curves, and concentrations. Statistical analysis was
carried out using Microsoft Office Excel and expressed as mean + standard deviation (SD). p-values < 0.05 were considered statistically
significant. Graphical figures were obtained with ConceptDraw Diagram software (version 18).

3. Results and Discussion

3.1 GC-MS Analysis

The antibacterial activity of RoEO is greatly influenced by the composition's dominance of monoterpenes, which include both
hydrocarbons and oxygenated versions (refer to Table 1; see Figures 2 and 3). This was shown via the study using GC-MS. With an
increased concentration of oxygenated monoterpenes, the antibacterial efficacy is much enhanced (58.7% in RoEO vs to 68.46% in the
RoEO Tunisia reference).

Table 1. Compounds identified in rosemary essential oil.

No. Compound tR (min) RI (NIST) RoEO RoEO  Tunisia
Reference
1. tricyclene 6.56 933 0.36 0.11
2. camphene 7.59 950 9.76 3.27
3. 2,4-thujadiene 7.73 971 0.18 0.03
4. B-pinene 8.73 972 0.34 5.33
5. a-pinene 8.74 939 17.4 11.11
6. 1-octen-3-ol 8.82 1078 0.14 0.02
7. 3-octanone 9.07 1121 0.2 0.03
8. a-myrcene 9.27 991 2.87 0.86
9. B-thujene 9.36 964 - 0.23
10. 3-octanol 9.61 1126 - -
11. a-phellandrene 10.04 1015 0.16 0.11
12. 3-carene 10.14 1030 0.03 0.11
13. a-terpinene 10.56 1016 0.63 0.36
14. B-cymene 10.95 1018 2.02 1.57
15. D-limonene 11.19 1031 3.59 1.86
16. eucalyptol 11.35 1034 14.29 52.77
17. B-cis-ocimene 12.12 1049 - 0.03
18. y-terpinene 12.72 1062 0.62 0.6
19. linalool 15.15 1095 0.77 0.57
20. crysanthenone 16.31 1102 0.08 -
21. terpinolene 17.47 1088 0.38 0.26
22. camphor 17.9 1146 29.69 9.27
23. camphenilanol 18.31 1151 — —
24, sabinone 18.76 1162 0.05 —
25. pinocarvone 18.76 1191 - -
26. D-pinocamphone 18.85 1206 0.09 0.02
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27. endo-borneol 19.4 1163 4.7 2.6
28. terpinen-4-ol 19.95 1176 0.59 0.58
29. a-terpinyl propionate 20.91 1333 1.58 1.78
30. verbenone 21.56 1204 3.19 0.04
31. trans-shisool 23.76 1326 - -
32. (+)-borneol acetate 25.45 1330 3.48 0.81
33. (+)-cis-verbenol acetate 25.68 1351 - 0.01
34. thymol 2591 1290 0.07 -
3s. piperitenone 26.92 1303 0.05 -
36. a-cubebene 27.61 1374 - 0.02
37. ylangene 27.68 1395 0.06 0.05
38. copaene 27.82 1415 0.04 0.22
39. carvacrol 28.04 1298 0.05 -
40. methyleugenol 28.34 1396 — 0.01
41. caryophyllene 28.71 1420 1.47 3.77
42. humulene 29.36 1454 - 0.38
43. p-thymol 29.58 1465 - -
44, 7-epi-a-cadinene 29.76 1491 0.04 0.02
45. a-bisabolene 30.2 1506 - 0.05
46. (-)-6-cadinene 30.36 1520 0.11 0.23
47. trans-calamenene 30.41 1542 0.02 -
48. a-calacorene 30.72 1561 0.04 0.01
49. (+)-sativen 30.94 1583 — -
50. cubenol 32.01 1600 - -
51. a-bisabolol 32.62 1621 0.01 0.01
52. levomenthol 32.62 1632 0.02 -
53. caryophyllene oxide 38.74 1652 0.02 0.1
Total No. of compounds identified 38 38
Total (%) 99.19 99.21
Monoterpene hydrocarbons (%) 38.34 25.84
Oxygenated monoterpenes (%) 58.7 68.46
Sesquiterpene hydrocarbons (%) 1.78 4.75
Oxygenated sesquiterpenes (%) 0.03 0.11
Other compounds (%) 0.34 0.05

NIST: National Institute of Standards and Technology (USA); RI: Retention index; RoEO: Rosemary essential oil; tR: Retention
time.
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Figure 2. GC-MS chromatogram of RoEO Tunisia reference. GC: Gas chromatography; MS: Mass spectrometry; RoEO:
Rosemary essential oil.
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Figure 3. GC-MS chromatogram of RoEO sample.

3.2 FTIR Analysis

The FTIR spectra presented in Figure 4 provide valuable insights into the chemical characteristics of three substances: Poly(lactic-
co-glycolic) acid (PLGA), Rosemary essential oil (RoEO), and the ROEO-PLGA composite formulation. The spectrum of PLGA reveals
key peaks, including one at approximately 1754 cm—1, associated with the stretching vibrations of the ester carbonyl group, and another
at 1180 cm—1, corresponding to the C—O—C ether bond. These peaks are characteristic of PLGA’s polymeric structure and its ester-based
functionality.
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Figure 4. FTIR spectra for PLGA, RoEO, and RoEO-PLGA samples. FTIR: Fourier-transform infrared; PLGA:
Poly(lactic-co-glycolic) acid; RoOEO: Rosemary essential oil.

The RoEO spectrum, by contrast, showcases typical peaks of essential oils, particularly the broad O—H stretching band at 3434
cm—1 and the carbonyl (C=0) stretching around 1746 cm—1. These peaks are indicative of the hydroxyl and carbonyl functional groups
present in the monoterpenes and other bioactive compounds that make up the rosemary oil. In the FTIR spectrum of the ROEO-PLGA
formulation, the presence of overlapping peaks from both the PLGA and RoEO spectra validates the successful incorporation of
rosemary oil into the polymeric matrix. Specifically, a broad band at 3305 cm—1 is attributed to O—H stretching vibrations, originating
from both PLGA and RoEO, confirming the integration of the essential oil. The peak at 1758 cm—1 also reflects the ester bonds present
in PLGA, suggesting strong interaction between the polymer and the encapsulated oil. These findings demonstrate that the encapsulation
process preserves the functional integrity of the rosemary oil, which is crucial for maintaining its controlled release properties in
therapeutic applications.

3.3 XRD Analysis

The X-ray diffraction (XRD) patterns presented in Figure 5 demonstrate the structural properties of three materials: Poly(lactic-
co-glycolic) acid (PLGA), Rosemary essential oil (RoEO), and the ROEO-PLGA composite formulation. The PLGA sample shows a
typical amorphous characteristic with a broad, shallow peak around 20° (26), indicative of its non-crystalline structure. This broad
diffraction peak suggests that PLGA lacks well-defined crystalline regions, as is typical for many polymers, which is beneficial for its
use in drug delivery systems, as amorphous materials tend to have better solubility and more controlled release properties.
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Figure 5. XRD pattern of PLGA, RoEO, and RoOEO-PLGA samples. XRD: X-ray diffraction.

In contrast, the ROEO sample displays a sharper diffraction peak at a slightly higher 26 value, around 20°, indicating that rosemary
essential oil has a semi-crystalline or amorphous nature depending on its chemical composition. However, the ROEO-PLGA composite
formulation (represented by the orange trace) shows a significant shift in the diffraction pattern, with a broader and less defined peak
compared to pure RoOEO, which aligns with the amorphous nature of PLGA. This change suggests that the rosemary essential oil has
been effectively encapsulated within the PLGA matrix, preventing the formation of crystalline regions and preserving its amorphous
characteristics. The absence of sharp diffraction peaks in the ROEO-PLGA formulation further confirms that the essential oil is
successfully incorporated into the polymer, which is crucial for ensuring the controlled release of its bioactive compounds in therapeutic
applications.

3.4 Morphological Studies

3.4.1 SEM Analysis

Figure 6 presents a scanning electron microscopy (SEM) image of the morphological characteristics of RoEO-PLGA
microparticles. The image reveals that the microparticles exhibit a spherical shape with distinct, well-defined edges, indicating the
successful formation of uniform particles. The surface of the microparticles appears relatively smooth with some degree of roughness,
which may contribute to their stability and dispersibility in a gel formulation. The size distribution of the particles appears to be relatively
consistent, with the particles clustered in groups, likely due to the drying process used before the SEM analysis. These structural features
suggest that the microparticles are well-formed and suitable for encapsulating rosemary essential oil (RoEO) in drug delivery
applications, ensuring that the bioactive compounds are efficiently encapsulated and released over time. The scale bar in the image
indicates a particle size of approximately 20 um, further highlighting the microstructural properties of the ROEO-PLGA formulation.

Figure 6. Morphological aspects of ROEO-PLGA microparticles (SEM image). SEM: Scanning electron microscopy.
3.4.2. EDS Spectrum
Figure 7 displays the Energy-Dispersive X-ray Spectroscopy (EDS) spectrum of the RoOEO-PLGA microparticles, providing
valuable insights into the elemental composition of the sample. The spectrum reveals several peaks corresponding to various elements,
including carbon (C), oxygen (O), silicon (Si), calcium (Ca), magnesium (Mg), aluminum (Al), and chlorine (Cl). These elements are
International Journal of Pharmaceutical Drug Design, Vol.-2, Issue-2, (06-22)
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primarily associated with the PLGA polymer matrix and the encapsulated rosemary essential oil (RoEO). The strong peaks for carbon
(C) and oxygen (O) reflect the organic nature of the materials, particularly the polymer backbone of PLGA and the chemical composition
of the essential oil. The presence of elements such as calcium (Ca) and magnesium (Mg) may indicate trace minerals that are naturally
present in the rosemary essential oil or result from the formulation process. This elemental analysis confirms the successful incorporation
of RoEO into the PLGA matrix, highlighting the stability and integrity of the encapsulated system, which is crucial for its application
in controlled drug delivery and antimicrobial treatments.
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Figure 7. EDS spectrum of RoOEO-PLGA microparticles. EDS: Energy-dispersive X-ray spectroscopy.
3.4.3. DLS Analysis

100"
901"
804"

704"

604"

504"

404"

304"

N
o

% Channel

% Passing

0.000 0.001 0.01 0.1 1 10
Size (microns)

Figure 8. DLS pattern of ROEO-PLGA sample.

Figure 8 presents the Dynamic Light Scattering (DLS) pattern for the ROEO-PLGA sample, which is used to determine the size
distribution of the microparticles within the formulation. The graph shows a sharp increase in the percentage of particles passing through
the channels as the particle size approaches 1 micron. The majority of the particles in the ROEO-PLGA sample are below 1 micron in
size, which is ideal for efficient drug delivery, as smaller particles can better disperse and penetrate biological barriers. The histogram
in the lower part of the graph further confirms the uniform distribution of particle sizes, with a significant concentration of particles in
the sub-micron range. This DLS analysis is essential for evaluating the quality and consistency of the microparticles in the formulation,
as uniform particle sizes ensure predictable release profiles and enhance the stability of the encapsulated rosemary essential oil (RoEO)
for its intended therapeutic and antimicrobial applications.

3.5 Thermal Analysis

Figure 9 illustrates the thermoanalytical data for the ROEO-PLGA sample, which provides insights into the thermal stability and
behavior of the formulation. The graph features three distinct lines: the black line represents Thermogravimetric (TG) analysis, the
green line represents Derivative Thermogravimetry (DTG) analysis, and the red line represents Heat Flow (HF). The TG analysis line
reveals the percentage mass loss of the sample as a function of temperature, indicating the stages of decomposition. The most significant
mass loss occurs at around 200°C, marking the initial phase of decomposition, which likely corresponds to the breakdown of volatile
components, including the rosemary essential oil (RoEQO). This initial loss aligns with the typical thermal degradation of the PLGA
matrix, highlighting the volatility of essential oils when incorporated into polymeric matrices.
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HF). DTG: Derivative thermogravimetry; HF: Heat flow; TG: Thermogravimetry.

The DTG curve, depicted by the green line, complements the TG data by providing the rate of mass loss with respect to temperature.
The sharp peaks at around 200°C and 300°C suggest distinct stages of decomposition. The first peak at 200°C corresponds to the rapid
loss of mass, associated with the loss of water and potentially low molecular weight components. The second peak, which appears at
higher temperatures (~300°C), indicates the degradation of the PLGA polymer itself. This thermal decomposition is essential to
understand, as it dictates the stability of the formulation under varying temperature conditions, which is crucial for drug delivery and
long-term storage. The HF analysis, represented by the red line, shows the heat flow associated with the decomposition process. It
reveals the endothermic and exothermic events occurring during the thermal analysis, such as the heat absorption associated with the
release of moisture and solvents at lower temperatures and the heat evolution during the polymer’s degradation at higher temperatures.
The heat flow data, combined with TG and DTG analyses, provides a comprehensive understanding of the ROEO-PLGA system's
thermal properties. These analyses suggest that while the formulation is thermally stable up to approximately 200°C, the polymer
backbone begins to degrade at higher temperatures, which may influence the release of the encapsulated rosemary essential oil (RoEO).
This detailed thermal behavior is vital for ensuring the formulation’s stability during processing, storage, and application, especially for
controlled drug release and antimicrobial treatments.

3.6 Gelation Temperature and pH

Table 2 presents the gelation temperature, pH, and gelation time for two different formulations of the ROEO-PLGA system, denoted
as ROEO-PLGA A and RoEO-PLGA _B. The gelation temperature refers to the temperature at which the formulation transitions from
a liquid state to a gel state, an important characteristic for thermoresponsive gels. The data shows that ROEO-PLGA _A exhibits a
gelation temperature of 27.6 + 0.047°C, while ROEO-PLGA _B has a higher gelation temperature of 32.9 & 0.094°C. This difference in
gelation temperature indicates that the formulation with a higher concentration of Poloxamer 407 (RoOEO-PLGA _B) requires a slightly
higher temperature to undergo gelation, which could be beneficial for applications involving varying skin or body temperatures. The
pH values of the two formulations are also presented, which are essential for skin compatibility. The pH of ROEO-PLGA A is 6.63 £+
0.024, while ROEO-PLGA B has a slightly lower pH of 6.40 + 0.016. Both pH values fall within the ideal range for topical formulations,
as they are close to the natural pH of the skin, ensuring minimal irritation and optimal compatibility for transdermal applications.
Furthermore, the gelation time, which is the duration it takes for the formulation to form a gel at the designated gelation temperature, is
58 seconds for ROEO-PLGA _A and 45 seconds for ROEO-PLGA _B. The shorter gelation time for formulation B indicates faster gel
formation, which may be advantageous for quicker application and sustained release of the encapsulated active ingredients, including
rosemary essential oil (RoEO), in clinical settings. This data underscores the potential of both formulations for use in targeted drug
delivery, wound healing, and other biomedical applications.

Table 2. Gelation temperature, pH and gelation time of the two formulations (results expressed as mean + SD).

Formulation Gelation Temperature (°C) pH Gelation
Time (s)
RoEO-PLGA _A 27.6 £0.047 6.63 =+ 58

0.024
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RoEO-PLGA _B 32.9+0.094 6.40 + 45
0.016

PLGA: Poly(lactic-co-glycolic) acid; ROEO: Rosemary essential oil; SD: Standard deviation.

3.7 Viscosity and Rheological Behavior

RoEO-PLGA A and RoEO-PLGA B gel formulations were tested for the behavior of the gel during increasing shear rate (ramp-
up, blue line) and decreasing shear rate (rampdown, red line). This type of test was performed to assess whether the two formulations
exhibit thixotropy or hysteresis in their flow behavior (Table 3).

Table 3. Comparative analysis of rheological properties of ROEO-PLGA systems.

Parameter RoEO-PLGA _A RoEO-PLGA B Comment
(35°C) (36.6 °C)
Hysteresis loop area 12.02 —168.50 positive/negative  value
(Pa/s) indicates a  thixotropic/
rheotropic liquid
Thixotropic index (TI) 9.48 6.86 TI > 1: shear thinning
(RPM1/RPM2 =1/10) TI = 1: Newtonian liquid
TI < 1: shear thickening
Energy dissipation 13.94 —8.34 negative value indicates
ratio (%) the rheopectic behavior
Shear recovery (%) 76.78 118.86 supra-unitary value is
(shear rate s—1) accounted to rheopectic
behavior
Yielding stress (Pa) 0.614 14.07 indication of plastic

rheology of shear thickening
nonNewtonian liquid

Behavior thixotropic, plastic rheopectic, plastic RoEO-PLGA_B liquid
non-Newtonian non-Newtonian exhibits, simultaneously,
liquid liquid antagonist behavior a
plastic rheology and also
rheotripsy!

PLGA: Poly(lactic-co-glycolic) acid; ROEO: Rosemary essential oil; RPM: Revolution per minute.

Table 3 provides a detailed comparative analysis of the rheological properties of two ROEO-PLGA formulations, ROEO-PLGA A
and ROEO-PLGA B, under specific conditions at 35°C and 36.6°C, respectively. The table includes several key parameters that define
the flow and mechanical properties of these thermoresponsive gels. One important parameter is the hysteresis loop area, which reveals
the flow behavior of the gels when subjected to shear forces. ROEO-PLGA A has a positive hysteresis loop area of 12.02 Pa/s, indicating
thixotropic behavior, where the gel exhibits shear-thinning properties and breaks down under stress but recovers once the stress is
removed. On the other hand, ROEO-PLGA B shows a negative hysteresis loop area of -168.50 Pa/s, signaling rheopectic behavior,
where the gel thickens with shear stress and recovers its structure once the stress is reduced. This duality in behavior highlights that
RoEO-PLGA B exhibits a unique combination of plastic rheology with a rheotropic response, which can be advantageous for specific
applications requiring both high viscosity under stress and recovery post-shear. Another critical parameter is the thixotropic index (TI),
which further defines the shear behavior of the gels. ROEO-PLGA _A demonstrates a TI of 9.48, which is significantly greater than 1,
confirming its shear-thinning nature. This means that the gel becomes less viscous under shear stress, a feature that makes it easier to
apply in controlled amounts. ROEO-PLGA B has a lower TI of 6.86, indicating that it also exhibits shear-thinning properties but to a
lesser extent compared to formulation _A. Additionally, the energy dissipation ratio (EDR) for ROEO-PLGA A is positive (13.94%),
suggesting energy loss during the flow, which is typical for thixotropic liquids. Conversely, ROEO-PLGA B has a negative EDR (-
8.34%), reinforcing its rheopectic nature where energy is stored during shear and released once the stress is removed. The shear recovery
percentage, which indicates the gel’s ability to return to its original structure after shear, is 76.78% for ROEO-PLGA A and 118.86%
for ROEO-PLGA B, showing that formulation B exhibits superior recovery, contributing to its rheopectic behavior. The yielding
stress, which defines the stress required to initiate flow in a material, is lower in ROEO-PLGA A (0.614 Pa) compared to RoOEO-PLGA
_B (14.07 Pa). This suggests that ROEO-PLGA _A is more fluid and easier to deform under minimal stress, while ROEO-PLGA B
behaves more like a plastic material, requiring higher stress to begin flow. Overall, the rheological data indicates that ROEO-PLGA A
is a thixotropic, plastic, non-Newtonian liquid, suitable for applications requiring shear-thinning and easy application, while RoEO-
PLGA B displays a combination of plastic rheology and rheotropic behavior, making it more resilient under stress with enhanced
recovery. These differing behaviors suggest that both formulations offer unique benefits depending on the desired application, with
RoEO-PLGA A being ideal for situations requiring smooth, easy flow and ROEO-PLGA B for more robust, stress-resistant uses.
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Figure 10. Rheological behavior of ROEO-PLGA _A: (a) Relationship between shear stress and shear rate (blue—
increasing shear rate; red—decreasing shear rate); (b) Viscosity under varying shear rates (at 36 -C; blue—increasing shear
rate; red—decreasing shear rate).

Figure 10 illustrates the rheological behavior of ROEO-PLGA A, showcasing two distinct aspects of its response to varying shear
rates. Panel (a) demonstrates the relationship between shear stress (in Pa) and shear rate (in 1/s) for the formulation, with two lines
representing the increasing (blue) and decreasing (red) shear rates. The graph reveals the typical shear-thinning behavior of RoEO-
PLGA A, where the shear stress initially increases with shear rate up to a certain point, after which it sharply decreases as the shear
rate is further increased. This indicates that the material becomes less resistant to deformation as the shear rate rises. Interestingly, the
graph also shows a slight increase in shear stress during the decreasing shear rate phase, which is a hallmark of thixotropic behavior.
The formulation thus exhibits time-dependent shear-thinning properties, where it temporarily loses its structure under stress but recovers
as the stress is reduced.

Panel (b) presents the viscosity data under varying shear rates, where the viscosity (in mPa.s) is plotted against the shear rate. As
expected for a shear-thinning material, the viscosity decreases significantly as the shear rate increases. The viscosity of the ROEO-PLGA
_A formulation starts high at low shear rates, suggesting that the gel is quite thick and resistant to flow under low shear conditions.
However, as the shear rate increases, the viscosity drops rapidly, leveling off at much lower values, which is indicative of the material's
ability to flow more easily under higher shear. The red line, representing the decreasing shear rate, shows a similar trend but with a
slightly higher viscosity at higher shear rates, further demonstrating the formulation's thixotropic nature. This rheological profile
underscores the formulation's potential for applications requiring shear thinning, such as topical drug delivery systems, where the
material can flow easily upon application but quickly regain its structure once the stress is removed.

Figure 11. Rheological behavior of ROEO-PLGA B: (a) Relationship between shear stress and shear rate (blue—
increasing shear rate; red—decreasing shear rate); (b) Viscosity under varying shear rates (at 36 °C; blue—increasing shear
rate; red—decreasing shear rate).

Figure 11 illustrates the rheological behavior of ROEO-PLGA B, detailing its response to varying shear rates. Panel (a) shows the
relationship between shear stress (in Pa) and shear rate (in 1/s), with the blue line representing the increasing shear rate and the red line
showing the decreasing shear rate. The graph reveals a distinct behavior where the shear stress increases gradually as the shear rate
rises, reaching a plateau at higher shear rates. This indicates that the formulation behaves in a rheopectic manner, meaning it exhibits
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an increase in viscosity and shear stress as shear rate is applied and then maintained once the shear rate is removed. The formulation
thus becomes more resistant to deformation at higher shear rates, a characteristic that is opposite to the shear-thinning behavior seen in
thixotropic materials. The red line (decreasing shear rate) shows that the shear stress slightly remains elevated compared to the increasing
shear rate phase, further supporting the rheopectic behavior. Panel (b) presents the viscosity data (in mPa.s) under varying shear rates,
where viscosity decreases sharply with increasing shear rate. The viscosity remains high at low shear rates, suggesting that the
formulation has a strong resistance to flow. As the shear rate increases, the viscosity drops rapidly, leveling off as the shear rate exceeds
certain values. The red curve (decreasing shear rate) shows similar behavior but with a slight increase in viscosity, highlighting the
rheopectic characteristics of the formulation. ROEO-PLGA B thus behaves as a shear-thickening material, where its internal structure
builds up with shear stress, increasing the resistance to flow at higher shear rates. This rheological profile makes the formulation suitable
for applications where increased viscosity at higher shear rates is required, such as in controlled-release drug delivery systems or
coatings.

3.8 Antimicrobial Activity

We used the agar well diffusion method to evaluate the antibacterial properties of ROEO, RoEO Tunisia reference, ROEO-PLGA
_A, and RoEO-PLGA B in vitro. One Gram-positive (Staphylococcus aureus), one Gram-negative (Escherichia coli), and one fungal
(Candida albicans) organism was the focus of this evaluation. Table 4 displays the results. Inhibition zones (IZs) observed against all
tested microbes ranged from 9.9 mm to 27.2 mm.

Table 4. Average diameters of bacterial growth inhibition zones.

Tested Diameter of Inhibition Area (mm)
Microorganism 1 2 3 4 5 6
S. aureus 14.5 14.5 12.7 12.8 0 0
E. coli 10.7 11.6 9.8 11.7 0 0
C. albicans 10.8 12.8 27.0 27.2 0 0

1: RoEO Tunisia reference; 2: RoEO; 3: ROEO-PLGA _A; 4: RoOEO-PLGA B; 5, 6: Negative controls (sterile saline solution and
sterile distilled water, respectively); PLGA: Poly(lactic-co-glycolic) acid; RoEO: Rosemary essential oil.

The most significant inhibitory activity was observed against C. albicans, highlighting its enhanced susceptibility to the
formulations. Interestingly, the RoEO sample exhibited slightly larger IZs than the RoEO Tunisia reference, emphasizing potential
differences in composition or activity (Figure 12a—c).
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Figure 12. Antimicrobial screening against (a) S. aureus, (b) E. coli, and (c) a fungal strain (C. albicans).

The inhibition zones measure the antibacterial effectiveness, which is dependent on how fast the active chemicals diffuse through
the agar medium. Due to the controlled release mechanism, the enclosed RoEO in PLGA microparticles is expected to diffuse more
slowly than free RoOEO. The observation of somewhat smaller inhibitory zones for S. aureus and E. coli in the ROEO-PLGA gels
compared to pure RoOEO may be explained by this phenomena. On the other hand, pure RoEO had a narrower inhibition zone for
Candida albicans (10.8-12.8 mm), whereas ROEO-PLGA gels had a much wider zone (27.0-27.2 mm), suggesting that the antifungal
efficacy is enhanced by the prolonged release of bioactive substances, which maintains a potent concentration across a wider region.
Depending on the formulation's release kinetics, the amounts of active substances near the diffusion area border may change. The longer
the release of bioactive chemicals, the more uniform their concentration is across a larger area, which explains why RoEO-PLGA gels
result in larger inhibitory zones for Candida albicans (27.0-27.2 mm) compared to pure RoEO (10.8-12.8 mm). A controlled release
mechanism is enabled by RoEO integration into PLGA microparticles, which likely significantly contributes to the enhancement of
antifungal activity against Candida albicans. For some bacterial strains, including S. aureus and E. coli, the controlled release mechanism
may not be as important since the active chemicals need to be accessible quickly. Also, changes in how susceptible microbial cell
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membranes are to the active compounds might account for the observed differences. The Gram-positive bacteria's signature strong
cellular architecture The outer layer of Gram-negative bacteria, Staphylococcus aureus, and Antimicrobial drug distribution and efficacy
may be impacted by E. coli in a way different from that of fungal organisms.

4. Discussion

A major step forward in controlled drug delivery and antimicrobial therapy has been achieved with the invention of biocompatible
thermoresponsive gels enhanced with poly(lactic-co-glycolic) acid (PLGA) microparticles loaded with rosemary essential oil (RoEO).
When used together, these materials overcome significant obstacles in contemporary biomedical applications while also capitalising on
their unique strengths. One useful technique for drug administration is thermoresponsive gels, which may change from a liquid to a gel
when exposed to body temperature [31, 32]. One example of such a gel is one based on poloxamers. The capacity to deliver medications
or bioactive chemicals exactly where they are required, without intrusive procedures, is one of the many therapeutic benefits of this
temperature-triggered gelation. The therapeutic potential of these systems is further increased by adding essential oils, such as rosemary,
which have strong antibacterial and antioxidant characteristics [43, 44].

Based on the significant reduction of bacterial and fungal growth shown in our research, the antimicrobial properties of rosemary
essential oil are especially important for wound healing and skin infections. According to research, rosemary can successfully fight off
several microbes, including Staphylococcus aureus, Escherichia coli, and Candida albicans, thanks to its abundance of monoterpenes
including camphor, a-pinene, and eucalyptol [45, 36]. To address the issues caused by the essential oils' volatility, our analysis found
that RoEO incorporated with PLGA microparticles showed regulated release. Important for maintaining antimicrobial efficacy for an
extended period of time, this encapsulating technique keeps the therapeutic chemicals stable and allows for continuous release over
time [47, 58]. The controlled release method greatly improves antifungal activity, since the ROEO-PLGA formulations showed a wider
inhibition zone against C. albicans than free ROEO. Essential oils are naturally unstable and degrade quickly when exposed to external
influences; however, encasing ROEO in PLGA microparticles helps overcome this. PLGA, a biodegradable and biocompatible polymer,
has the capacity to encapsulate a variety of bioactive compounds, stabilising them and allowing for guided continuous release [9, 10].
Substances that are hydrophobic and volatile, such as essential oils, may be reliably and consistently delivered using PLGA, which has
been the subject of much research into its use in drug delivery systems [21, 62]. Dynamic light scattering (DLS) examination indicated
that the oil-in-water emulsion approach effectively contained RoEO in PLGA microparticles, leading to homogenous microparticles
with a size distribution of around 1.98 pm, which were the focus of the present work. The microparticles stay stable and distribute well
inside the gel formulation because of this constant particle size, which adds to the drug delivery system's dependability and homogeneity
[63, 64].

The gel compositions' thermoresponsiveness, together with their antibacterial capabilities, makes them highly useful, especially
for transdermal and topical medication administration. The gels are engineered to stay liquid at lower temperatures and solidify when
they reach the skin's physiological temperature, offering a simple and painless way to administer drugs. Thanks to this phase transition,
the gel sticks firmly to the skin when applied, creating a solid layer that gradually releases the active components as it becomes warmed
up by the body. Because of this quality, the gel formulation is very suitable for use in wound healing applications, as it can transport
antibacterial and therapeutic chemicals to the infection site without requiring constant reapplication [45, 27]. Further validation of the
gel compositions' appropriateness for practical usage was provided by rheological investigations. The gels' shear stress behaviour and
viscosity were assessed using a battery of dynamic experiments, which included ramp-up and ramp-down shear rates. These materials
are characterised by a time-dependent reduction in viscosity under shear stress [17], and the findings showed that both formulations
displayed non-Newtonian, thixotropic behaviour. Because of their thixotropic properties, gel formulations may be applied to the skin
with ease and swiftly return to their gel structure when the shear force is eliminated. There was a stronger gel structure in the formulation
that had a higher concentration of Poloxamer 407. This was shown by a higher thixotropic index and a more noticeable yield stress. The
gel's rheological characteristics make it stick to the skin after application and provide sustained, efficient delivery of the encapsulated
RoEO.

The RoEO-PLGA formulation exhibited good thermal stability according to thermogravimetric analysis (TGA) and differential
thermogravimetry (DTG). The system remained structurally intact up to about 200°C, after which it degraded significantly, mostly due
to the PLGA matrix breaking down. Because the formulation's efficacy depends on its capacity to retain its active components
throughout time regardless of storage or application conditions, thermal stability is an important property to have. When developing
drug delivery systems that can withstand a wide range of environmental conditions, it is crucial to understand how the formulation
reacts to heat [18, 19]. This is where the mass decrease at higher temperatures comes in. The gel compositions' pH values further proved
that they were skin-friendly. Because it is in harmony with the skin's natural pH, topical gels work best in the 5—6.5 pH range [20]. The
formulations that were evaluated in this research have pH values that fall within this range. This means they are safe for long-term usage
in clinical settings and won't irritate the skin. Some bioactive substances are better preserved in slightly acidic environments, hence the
gel's pH is an additional factor in the stability of the encapsulated active chemicals. The gel formulation's overall effectiveness and
safety are therefore enhanced by this pH range [67].
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This study's results show that PLGA thermoresponsive gels infused with rosemary essential oil have great promise as a novel
antibacterial and medication delivery system. These formulations show great promise as topical therapies for wound healing, skin
infections, and other conditions because to the controlled release of ROEO from PLGA microparticles, the oil's antibacterial activity,
and the thermoresponsive gelation capabilities. The gel has the potential to greatly enhance the results of treating many skin problems
due to its stability and its capacity to provide prolonged therapeutic concentrations of bioactive chemicals with minimal adverse effects.
Improving the gel's mechanical characteristics, optimising the formulation parameters to optimise the release profile, and evaluating its
effectiveness in in vivo models of infection and wound healing should be the focus of future investigations. One innovative method for
delivering drugs nowadays is to combine essential oils with biodegradable polymers, such as PLGA. The inclusion of rosemary essential
oil, which is antibacterial and antioxidant, enhances the therapeutic value of these systems. By working together, these two factors
enhance the essential oil's stability and bioavailability while simultaneously laying the groundwork for creative therapeutic solutions.
These thermoresponsive gel technologies have the potential to open the door to future medication delivery methods that are both more
effective and more patient-friendly with more study and improvement.

5. Conclusions

Thermoresponsive gels loaded with poly(lactic-co-glycolic acid) microparticles containing rosemary essential oil (ROEO) provide
a new method for regulated medication delivery and antibacterial treatment, as shown in the research. Overcoming the difficulties of
essential oils' volatility and quick degradation, the encapsulation of ROEO in PLGA microparticles guarantees a regulated release of
bioactive components. These gels are perfect for topical medication administration because they are thermoresponsive, meaning they
change from a liquid to a gel at body temperature. This makes them great for treating skin infections and wounds. The antimicrobial
tests showed that the addition of RoEO to the formulation significantly increased the antibacterial effectiveness, particularly against
Candida albicans. The gels show great promise as potential clinical applications due to their stability, capacity to provide prolonged
therapeutic dosages of bioactive chemicals, and minimal adverse effects. Both gel formulations show thixotropic and non-Newtonian
behaviour, according to rheological investigations. This means they are easy to apply and can recover their structure when shear stress
is removed. The formulation's compatibility with skin conditions in terms of pH and thermal stability adds to its potential usage in a
variety of therapeutic contexts. The benefits of biocompatible, very efficient drug delivery systems that combine essential oils with
biodegradable polymers for the treatment of infections and promotion of tissue regeneration are highlighted by the findings of this
research. To further improve their therapeutic value, future research should concentrate on optimising these formulations for superior
mechanical characteristics, in vivo effectiveness, and release patterns.
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