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Abstract. This research aims to address these challenges by dispersing the drug within 

both a single biopolymer matrix (chitosan) and a dual biopolymer matrix 

(chitosan/polyaniline). The results indicated that, among the single-matrix 

chitosan/lovastatin (CsL) samples, the CsL10 CsL10 exhibits the most favorable drug-

release behavior over 30 h, achieving a cumulative release of 96% in simulated 

intestinal fluid (pH 7.4) while providing effective drug protection of 10.5% in 

simulated gastric fluid (pH 2.0). These findings suggest a promising platform for 

further development. Building upon this direction, the study was extended to 

incorporate polyaniline to enable live-function monitoring and tissue stimulation. The 

results showed that the chitosan/polyaniline/lovastatin (CsPL) samples met the initial 

expectations, with the CsPL7 sample exhibiting drug release rates of 92.23% and 

18.58% in the simulated intestinal and gastric environments, respectively. Analytical 

techniques, including FT-IR, FESEM, DSC, and UV-Vis, were employed to gain a 

deeper understanding of the interactions between the polymer components and the 

drug substance. 

Keywords: chitosan/PANi/lovastatin biocomposites, chitosan/lovastatin biocomposites, 

lovastatin release, polyaniline. 

1. Introduction 

Lovastatin (Lov), a leading cholesterol-lowering drug, functions by competitively 

inhibiting HMG-CoA reductase [1], [2]. However, its clinical utility is hampered by poor 

aqueous solubility (~0.4×10⁻³ mg/mL), low oral bioavailability (< 5%), and a short half-life 

(1- 2 h) [3]. Advanced drug delivery systems based on polymeric composites present a 

viable strategy to overcome these limitations by enhancing solubility and enabling 

controlled release. 
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Polymer composites demonstrate remarkable versatility. Chitosan, for instance, has 

been utilized in hemostatic materials [4] and food preservation nanocomposites [5]. 

Critically, within drug delivery, the composition of the polymer matrix is paramount, as 

evidenced by chitosan/carrageenan blends where the biopolymer ratio directly governed 

lovastatin release [6]. This underscores the potential of composite design for tailored 

drug delivery. 

A significant trend involves integrating functional synthetic polymers with natural 

biopolymers to create intelligent, multi-responsive systems. pH-responsive carriers, for 

example, can target specific sites like the gastrointestinal tract [7]. The conducting 

polymer polyaniline (PANi) is particularly promising due to its electrical conductivity 

and tunable biocompatibility [8]. PANi has been successfully incorporated into various 

drug carriers [9]-[12] and sophisticated hybrids like magnetic GO-Fe₃O₄-PANi 

nanoparticles for cancer therapy [13]. The synergy between chitosan and PANi has also 

been explored for pH-dependent release [14], aligning with the broader development of 

multi-functional biomaterials [15]. 

Despite these advancements, chitosan/polyaniline composites specifically designed 

for lovastatin delivery remain unexplored. Although the influence of polymer ratios in 

binary systems has been reported [6], a systematic investigation of lovastatin-loaded 

chitosan (CsLov) with varying drug contents and, more importantly, of novel 

chitosan/polyaniline (CsPLov) biocomposites has not been conducted yet. This study 

therefore aims to: (i) synthesize and characterize CsLov (3-15% Lov) and CsPLov 

(0-10% PANi) composites; (ii) evaluate their drug release profiles in simulated gastric 

(pH 2.0) and intestinal (pH 7.4) fluids; and (iii) assess the impact of PANi content on Lov 

release kinetics. 

2.   Content 

2.1. Chemicals and experimental methods 

* Chemicals 

Lov (≥ 98%) was purchased from Rhawn (China); Chitosan powder (purity ≥ 95) and 

aniline in liquid form were bought from Aladdin Co, China. Other chemicals, such as 

acetic acid, ethanol, hydrochloric acid, potassium chloride, sodium hydroxide, and 

potassium dihydrogen phosphate, were of analytical or reagent grade and used as received. 

* Synthesis of Lov-carrying chitosan biocomposites with variable content of Lov 

Table 1. Symbols and compositions of the CsL composite samples 

No. Symbols of the samples Cs (g) Lov (g) 

1 CsL3 1.0 0.03 

2 CsL5 1.0 0.05 

3 CsL7 1.0 0.07 

4 CsL10 1.0 0.10 

5 CsL15 1.0 0.15 
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Lovastatin-loaded chitosan (CsLov) composites were synthesized via solution 

casting. Chitosan (1 g) was dissolved in 1200 mL of 1% acetic acid at 30 °C to form 

solution A. A predetermined Lov amount was dissolved in ethanol (solution B). Solution 

B was added dropwise (3 mL/min) into solution A under homogenization (20,000 rpm). 

The resulting mixture was stirred magnetically (400 rpm, 1.5 h), casted into Petri dishes, 

and dried for 48 hours. The entire procedure was repeated in triplicate, and the results are 

presented as the mean value [6]. The symbols and compositions of the CsL composite 

samples in Table 1. 

* Synthesis of Lov-carrying chitosan/PANi biocomposites with variable 
content of PANi 

The Cs/PANi/Lov composite was fabricated by first dissolving chitosan (Cs, 1 g) in 

1200 mL of 1% acetic acid at 30°C (mixture A). Aniline was then added and stirred for 

20 minutes, followed by APS addition (1:1 molar ratio to aniline) with stirring for 1 hour 

to form mixture B. Mixtures A and B were combined to yield mixture C. Separately, 

lovastatin (Lov) was dissolved in ethanol (mixture D). Mixture D was added dropwise 

into mixture C under high-speed homogenization (20,000 rpm, 5 min) to form mixture E, 

which was then magnetically stirred (400 rpm, 1.5 h). The final mixture was casted into 

a Petri dish and dried under ambient conditions for 48 hours. The entire procedure was 

repeated in triplicate, and the results are presented as the mean value [6]. The symbols 

and compositions of the CsPL composite samples are shown in Table 2. 

Table 2. Symbols and compositions of the CsPL composite samples 

No. Symbols of the samples Cs (g) Lov (g) Aniline (mL) APS (g) 

1 CsPL0 1.0 0.10 0.00 0.000 

2 CsPL3 1.0 0.10 0.03 0.075 

3 CsPL5 1.0 0.10 0.05 0.125 

4 CsPL7 1.0 0.10 0.07 0.175 

5 CsPL10 1.0 0.10 0.10 0.250 

     * Characterization of the CsCLP biocomposites 

FT-IR spectroscopy (Nexus 670) analyzed functional groups from 400 - 4000 cm⁻¹. 

UV-Vis spectroscopy (UV-1900) quantified drug release via calibration curves (200 - 400 nm). 

SEM (Hitachi S-4800) characterized the morphology after platinum coating. DSC 

(DSC60) determined thermal properties under nitrogen with a 10 °C/min ramp to 300 °C. 

Data processing utilized Microsoft Excel. 

* Study of drug release 

The in vitro release of lovastatin from CsL and CsPL composites was evaluated in 

simulated gastric (pH 2.0) and intestinal (pH 7.4) fluids at 37.0 ± 0.1 °C. A predetermined 

composite mass was immersed in 200 mL of buffer under constant agitation. Aliquots (5 mL) 

were sampled hourly, with fresh buffer replenished to maintain sink conditions. The 

absorbance values were converted to concentration using pre-established calibration curves 

for Lov in pH 2.0 (y = 2598.2x – 0.1468, R² = 0.9972) and pH 7.4 (y = 3978x – 0.1975, 

R² = 0.9985) buffers. All release studies were performed in triplicate to ensure data reliability. 
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2.2.  Results and discussion 

2.2.1. FT-IR spectrum of the lovastatin-loaded composites 

2.2.1.1. FTIR spectra of CsL 

FT-IR analysis (Figure 1) confirmed the 

structural integrity of lovastatin (Lov) within the CsL 

composites. The spectrum of pure Lov displayed 

characteristic bands: O-H stretch at 3544 cm⁻¹; C-H 

stretches (2965, 2929, 2807 cm⁻¹) for -CH₃, -CH₂, and 

-CH groups; and key functional group vibrations at 

1700 cm⁻¹, 1726 cm⁻¹ (C=O), and 1074 cm⁻¹ (C-O-C) 

[16]. In the CsL composites, all characteristic peaks 

of both Cs and Lov remained present but exhibited 

slight shifts to lower wavenumbers [16]-[18]. 

Notably, the broad -OH/-NH stretch shifted to 2500 - 

3500 cm⁻¹, and the C-O stretch to 1000 - 1300 cm⁻¹. 

These shifts are attributed to van der Waals 

interactions and hydrogen bonding between chitosan's 

-NH₂ groups and Lov's -C=O groups upon 

incorporation into the matrix [14]. The absence of new 

peaks or disappearance of key bands confirms that these are physical interactions, 

preserving the chemical integrity of both components. This demonstrates that the CsL 

system successfully maintains Lov's pharmaceutical activity. 

2.2.1.2. FT-IR spectra of CsPL 

FT-IR analysis (Figure 2) confirmed the 

successful formation of CsPL composites through 

physical interactions. The spectrum of pure lovastatin 

(Lov) showed characteristic bands: a broad O-H stretch 

at 3544 cm⁻¹; C-H stretches at 2965, 2929, and 2807 cm⁻¹ 

for -CH₃, -CH₂, and -CH groups; and key vibrations at 

1700 cm⁻¹, 1726 cm⁻¹ (C=O), and 1074 cm⁻¹ (C-O-C) [20]. 

The PANi spectrum displayed its distinctive features: 

benzenoid and quinonoid ring stretches at 1560 cm⁻¹ 

and 1483 cm⁻¹, respectively; N-H stretch at 3436 cm⁻¹; 

and other characteristic peaks at 1294 cm⁻¹ 

(N=quinoid=N), 1240 cm⁻¹ (C-N in aromatic ring), 

and 1097 cm⁻¹ (C–N⁺) [19]. Critically, all 

characteristic peaks of Cs, Lov, and PANi remained 

present in the composite spectra. However, they exhibited minor shifts, generally to lower 

wavenumbers. For instance, the broad -OH/-NH stretch appeared within 2920–3300 cm⁻¹ 

and the C-O stretch between 1000–1300 cm⁻¹. These spectral changes are attributed to 

molecular interactions upon incorporating Lov into the chitosan-polyaniline matrix, 

specifically van der Waals forces and hydrogen bonding between chitosan's -NH₂ groups 

and Lov's -C=O groups [14]. The absence of any new peaks or disappearance of 

fundamental functional group vibrations confirms that no chemical reactions occurred. 

Figure 1. FTIR spectra of Lov 

and CsL composites 

 

Figure 2. FTIR spectra of Lov 

and CsPL composites 
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Only physical interactions are formed, which preserve the chemical integrity and, 

consequently, the pharmaceutical activity of Lov within the CsPL drug carrier system. 

2.2.2.  Morphology of the lovastatin-loaded composites 

2.2.2.1. Morphology of CsL composites 

 
Figure 3. FESEM images of CsL composites with variable Lov contents 

FESEM analysis (Figure 3) reveals a significant morphological transformation of 

lovastatin (Lov) within the CsL composites. Pure Lov exists as large, rod-like crystals 

(10-60 μm) [6], whereas within the chitosan (Cs) matrix, the drug adopts a spherical 

morphology with drastically reduced particle sizes (0.03 - 0.3 μm). This change and 

enhanced dispersion are attributed to hydrogen bonding between chitosan's -NH₂ groups 

and Lov's -OH groups, promoting integration into the polymer network. The dispersion 

uniformity was highly dependent on drug loading. The CsL10 sample exhibited optimal, 

uniform dispersion with particle sizes of 0.05–0.09 μm. In contrast, lower loadings (CsL3, 

CsL7) showed uneven distribution, potentially due to insufficient porosity, while the 

highest loading (CsL15) led to aggregation into larger clusters (0.1 - 0.3 μm). This 

aggregation at high concentration is likely caused by spatial hindrance, which limits the 

availability of binding sites and reduces hydrogen bonding efficiency. Despite this, the 

particle size in all composites remained substantially smaller than pure Lov, confirming 

the matrix's role in controlling morphology and size through intermolecular interactions. 

2.2.2.2. Morphology of CsPL composites 

 
Figure 4. FESEM images of CsPL composites with variable PANi contents 

FESEM analysis (Figure 4) demonstrates the profound impact of the Cs/PANi matrix 

on lovastatin morphology. Pure Lov consists of large, irregular rod-like crystals (10 - 60 μm) [6], 

while within the CsPL composites, Lov particles are significantly smaller (0.05-0.2 μm) 

and uniformly dispersed. This size reduction and enhanced dispersion are driven by 

hydrogen bonding between chitosan's -NH₂ groups and Lov's -OH groups, which 

promotes integration into the composite's 3D network, inhibiting aggregation [19]. 
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The PANi content critically governs dispersion efficiency. The CsPL7 formulation 

achieved optimal performance, with spherical Lov particles of 0.05 - 0.08 μm exhibiting 

excellent dispersion. At lower PANi ratios (CsPL3, CsPL5), an underdeveloped PANi 

network provided insufficient anchoring sites, leading to free drug diffusion and larger, 

irregular particles. Conversely, at a higher PANi content (CsPL10), excessive aggregation 

of hydrophobic PANi chains created domains that promoted uncontrolled Lov 

crystallization and increased particle size. The CsPL7 ratio thus represents an optimal 

balance, maximizing the synergistic interaction between Cs and PANi to create a 

homogeneous matrix for uniform drug dispersion [20]-[21]. 

2.2.3.  Thermal properties of the lovastatin-loaded composites 

2.2.3.1. Thermal properties of CsL composites 

The DSC analysis (Figure 5) and corresponding thermal parameters (Table 3) 

demonstrate a significant melting point depression of lovastatin within the CsL 

composites. Pure Lov melts at 174.6 °C, while the composites exhibit a second, lower 

melting endotherm. This depression is attributed to reduced drug crystallinity and particle 

size from dispersion in the chitosan matrix, and hydrogen bonding between Lov and the 

polymer backbone [22]. The CsL7 and CsL10 samples showed the lowest melting points 

(~58.3 °C), indicating optimal dispersion. Higher drug loading led to particle aggregation, 

increasing the melting point relative to these optimal samples, though it remained below 

pure Lov. This thermal behavior aligns with SEM data, confirming the morphology-

dispersion relationship. The observed melting point depression suggests these systems 

have strong potential for rapid and controlled drug release. 

 
Figure 5. DSC diagrams of Lov and CsL composites with variable Lov contents 

Table 3. DSC parameters obtained with Lov and CsL composites 

Samples 1st endothermic peak (oC) 2nd endothermic peak (oC) 

Lov   -  174.61 

CsL3 75.0 158.33 

CsL5 62.5 141.67 

CsL7 58.33 158.30 

CsL10 58.35 158.33 

CsL15 93.75 162.57 
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2.2.3.2. Thermal properties of CsPL composites 

The DSC analysis (Figure 6) and corresponding thermal parameters (Table 4) 

confirm the altered thermal behavior of lovastatin within the CsPL composites. Pure Lov 

exhibits a single melting endotherm at 174.6 °C, while the composites display two events: 

polymer matrix dehydration and a significantly depressed Lov melting peak. This melting 

point depression indicates the drug is stabilized in an amorphous state upon dispersion 

within the polymer network [21]. The CsPL7 sample showed the most substantial melting 

point reduction (133.33 °C), signifying the highest degree of amorphization. This superior 

dispersion is attributed to the effective interaction of PANi within the chitosan matrix, 

which enhances the composite's structural properties [6]. The excellent correlation 

between this thermal data and prior SEM results, where CsPL7 exhibited the smallest, 

most uniform particles, robustly confirms the successful formation of a homogeneous 

composite with optimal drug integration. This amorphous state is highly favorable for 

enhancing drug release performance. 

Table 4. DSC parameters obtained with Lov and CsPL composites 

Samples 1st endothermic peak (oC) 2nd endothermic peak (oC) 

Lov   -  174.61 

CsPL0 58.35 158.33 

CsPL3 99.98 160.01 

CsPL5 100.13 161.02 

CsPL7 75.02 133.33 

CsPL10 133.33 168.75 

 

 
Figure 6. DSC diagrams of Lov and CsPL composites with variable PANi contents 

2.2.4. Lovastatin release from composites 

* Lovastatin release from CsL composites 

The drug release profiles of CsL composites (Figure 7) exhibited a biphasic 

mechanism: an initial burst release from surface-localized lovastatin, followed by a 

sustained phase governed by matrix swelling and diffusion of internally entrapped drug [14]. 

A strong pH-dependent release was observed. In simulated gastric fluid (pH 2.0), 

cumulative release after 30 hours was low (8.81–16.15%), with CsL3 showing the highest 

and CsL7 the lowest release. Conversely, in simulated intestinal fluid (pH 7.4), release 
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was significantly enhanced due to chitosan swelling, with the CsL10 sample 

demonstrating an optimal profile of 96.50% release. This pH-responsiveness is ideal for 

protecting the drug in the stomach and ensuring efficient intestinal absorption. The drug 

loading level critically influenced the release efficiency. At low loadings (e.g., CsL3, 

CsL5), the high percentage release corresponded to a low absolute drug amount, 

potentially yielding subtherapeutic doses. At excessively high loading (CsL15), drug 

crystallization and pore saturation occurred, leading to an initial burst followed by 

incomplete release of trapped internal drug due to hindered diffusion [6]. The CsL10 

sample represented the optimal threshold, where the drug load was compatible with the 

matrix's encapsulation capacity, enabling uniform distribution and controlled, efficient 

diffusion. These release kinetics are fully consistent with the thermal (DSC) and 

morphological (SEM) data, which indicate optimal dispersion and amorphous character 

for the CsL10 formulation. 

  

Figure 7. Plots of time-dependent Lov amounts released from CsL composites  

at pH 2.0 and pH 7.4 

* Lovastatin release from CsPL composites 

The in vitro release of lovastatin from CsPL composites (Figure 8) exhibited a 

biphasic mechanism: an initial burst from surface drug, followed by sustained release 

governed by matrix swelling and diffusion of internally entrapped drug [14]. A 

pronounced pH-dependent release was observed. In simulated gastric fluid (pH 2.0), 

cumulative release after 30 hours was moderate (10.75 - 29.21%). Conversely, in 

simulated intestinal fluid (pH 7.4), release was significantly enhanced (76.21 - 98.99%) 

due to matrix swelling, with CsPL7 demonstrating an optimal profile (95.84% release). 

This pH-responsiveness is ideal for gastro-protection and maximizing intestinal 

bioavailability. The PANi content critically governed the release kinetics. At low PANi 

ratios (3%, 5%), the underdeveloped composite network resulted in high porosity and 

weak drug-matrix interactions, causing an initial burst release and poor sustained control. 

Conversely, at a high PANi loading (10%), PANi chain aggregation created dense, 

hydrophobic regions that clogged diffusion pathways, leading to slow and incomplete 

release of trapped drug [11]. The 7% PANi ratio (CsPL7) represented an optimal balance, 

creating a homogeneous microstructure that effectively modulated the release kinetics 

through controlled physical and chemical interactions. This optimal formulation not only 

prevented excessive burst release but also ensured efficient and nearly complete drug 

release in the intestinal environment, maximizing therapeutic potential. 
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Figure 8. Plots of time-dependent Lov amounts released from CsPL composites  

at pH 2.0 and pH 7.4 

3.   Conclusions 

A multifunctional chitosan/polyaniline/lovastatin (CsPL) system was developed 

based on the optimized CsL10 composite. The conductive PANi enabled controlled drug 

release alongside potential bioelectronic applications. The CsPL7 formulation 

demonstrated optimal pH-responsive kinetics, with minimal gastric release (20.57%, pH 2.0) 

and high intestinal release (95.84%, pH 7.4). PANi integration effectively modulated the 

polymer matrix, establishing CsPL as a promising platform for advanced therapeutic and 

bioelectronic applications. 
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