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plasticizers 

2. EXPERIMENTAL PART

2.1 Material 

C14H13O3.Na

- - 

Not applicable (solid) Not applicable 
(solid) 

, in ethanol, and in 
methanol, very slightly soluble in acetone.

2.2 Sample preparation 
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(1) 

(2) 

Material Role in 
Formulation 

Ratio (%) of (PVP 
K30/ 

NS/Glycerol/BHT) 

Weight 
(g) 

Polymer Matrix 62.1% 55.89 

NS 
Active 

Pharmaceutical 
ingredient (API) 

28% 25.2 

Glycerol Plasticizer 9.5% 8.55 

BHT 
Antioxidant 

/Thermal 
stabilizer 

0.4% 0.36 

(a) 

(b) 

Figure 1. Samples after the extrusion process for (a) Pure 
PVP K30, (b) PVP K30/NS/glycerol/BHT 

2.3 Characterization 

2.3.1 Hot-melt extrusion 

2.3.2 X-ray diffraction test 

2.3.3 Differential scanning calorimetry test 

2.3.4 Rheology test 

The apparent capillary wall shear rate (𝛾̇𝛾cap) was 
calculated from the volumetric flow rate (Q) and die radius (R) 
using the Newtonian approximation: 

𝛾̇𝛾cap = 4𝑄𝑄
𝜋𝜋𝑅𝑅3

(3) 

where, R is the die radius. 

2.3.5 Fourier transform infrared test 
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2.3.6 Morphological characterization 
Scanning electron microscopy  

Optical microscopy 

Digital microscopy 

2.3.7 Density 

ρ

𝜌𝜌𝐿𝐿

𝜌𝜌(g/cm3) =
𝑊𝑊𝑎𝑎

𝑊𝑊𝑎𝑎 −𝑊𝑊𝑙𝑙
× 𝜌𝜌𝐿𝐿 (4) 

2.3.8 Water-swelling capacity 

Swelling ratio (%) =
𝑊𝑊𝑡𝑡 −𝑊𝑊0

𝑊𝑊0
× 100% (5) 

where, 𝑊𝑊𝑡𝑡  = Weight of sample after immersion in water at 
time t, 𝑊𝑊0 = Weight of the sample before water immersion. 

3. RESULTS AND DISCUSSION

3.1 X-ray diffraction analysis 

XRD patterns of pure PVP K30 and its solid dispersion with 
NS/Glycerol/BHT are presented in Figure 2. The diffraction 
pattern of Pure PVP K30 exhibits a broad diffuse halo centered 
at 2θ ≈ 17–20°, with no sharp Bragg peaks, confirming its 
amorphous nature and absence of long-range crystalline order. 
This behavior arises from the irregular packing of polymer 
chains and the lack of a periodic lattice arrangement, which is 
typical for amorphous polymers such as PVP. Upon 
incorporation of Naproxen sodium into the polymer matrix, 
the XRD pattern retains the broad halo feature, indicating that 

the system remains predominantly amorphous. However, a 
slight shift in the halo position toward higher diffraction angles 
(~18°) is observed, which suggests modifications in the 
intermolecular arrangement within the system. This shift can 
be attributed to enhanced molecular interactions between the 
drug and the polymer chains, as well as the plasticizing effect 
of glycerol, which alters chain mobility and packing density. 
The absence of distinct crystalline peaks corresponding to 
Naproxen sodium indicates that no detectable long-range 
crystalline domains of the drug are present. This may suggest 
that the drug is either molecularly dispersed within the 
polymer matrix or exists in a disordered amorphous form. 
Additionally, the presence of additives such as glycerol and 
BHT may contribute to increased free volume and reduced 
intermolecular cohesion, further inhibiting crystallization. 

Overall, the structural features observed in the XRD 
patterns indicate a homogeneous amorphous system with 
possible molecular-level interactions between components. 
However, further characterization techniques such as DSC are 
required to conclusively determine the physical state of the 
drug and the extent of miscibility within the system. 

Figure 2. Powder X-ray diffraction (XRD) patterns of (a) 
pure PVP K30, (b) PVP K30/NS/Glycerol/BHT 

3.2 Differential scanning calorimetry analysis 

Any material's glass transition (Tg) is influenced by a 
number of variables, such as molecular weight, chemical 
composition, three-dimensional structure, degree of cross-
linking, free volume, and intermolecular interactions. The 
balance between the polymer's loss of elastic energy and the 
rise in free energy brought on by the drug's breakdown within 
the polymer determines how Tg changes when a high 
molecular weight polymer is exposed to tiny molecules, such 
as a drug. Tg is typically lowered when tiny molecules are 
added because they allow the polymer chains more mobility. 
The medication is referred to as a plasticizer, and this process 
is called plasticization. Strong interactions between the 
medication and the polymer, however, represent an exception 
to this rule. In some situations, the mixture's Tg may be greater 
than the Tg of each component separately. A larger Tg results 
from the reduction of the polymer's free space. 
Antiplasticization is the term for this phenomenon. The change 
in the drug's melting endotherm or Tg determines the drug's 
miscibility with polymers. According to the Gordon–Taylor 
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equation, if the drug and polymer are miscible, the mixture 
will exhibit a single Tg that depends on the relative 
proportions of the components and lies between the Tgs of the 
pure components. The Gordon–Taylor (GT) equation can be 
used to predict the Tg of the mixtures (Eq. (6)) [18]. 

𝑇𝑇𝑔𝑔,mix = 𝑤𝑤1𝑇𝑇𝑔𝑔1+𝐾𝐾𝑤𝑤2𝑇𝑇𝑔𝑔2
𝑤𝑤1+𝐾𝐾𝑤𝑤2

𝐾𝐾 = 𝑇𝑇𝑔𝑔1𝜌𝜌1
𝑇𝑇𝑔𝑔2𝜌𝜌2

 (6) 

where, 
Tg,mix is the glass transition temperature of the mixture (℃). 
Tg1 is the glass transition temperature of the polymer (℃). 
Tg2 is the glass transition temperature of the drug (℃). 
𝑤𝑤1 is the weight fraction of the polymer (dimensionless). 
𝑤𝑤2 is the weight fraction of the drug (dimensionless). 
K is the Gordon-Taylor constant, calculated as: 

𝐾𝐾 =
𝑇𝑇𝑔𝑔1𝜌𝜌1
𝑇𝑇𝑔𝑔2𝜌𝜌2

where, 
𝜌𝜌1 is the density of the polymer (g/cm3) 
𝜌𝜌2 is the density of the drug (g/cm3) [18]. 
Pure PVP K30 before extrusion exhibited a Tg of 169.49 

(Figure 3(a)), along with a broad endothermic region attributed 
to moisture loss due to its hygroscopic nature. After extrusion 
(Figure 3(b)), the Tg decreased significantly to 163.17 . This 
reduction is attributed to increased polymer chain mobility 
resulting from thermomechanical processing, including chain 
rearrangement, reduced entanglement density, and possible 
plasticization due to residual moisture. This behavior reflects 
an increase in free volume rather than irreversible polymer 
degradation. 

(a) 

(b) 

(c) 

Figure 3. Differential scanning calorimetry (DSC) 
thermogram of (a) Pure PVP K30 before extrusion, (b) Pure 
PVP K30 after extrusion, (c) PVP K30/NS/Glycerol/BHT 

In contrast, the drug-loaded system (Figure 3(c)) exhibited 
a Tg of 167.13 . This value is significantly higher than that 
of extruded PVP, indicating a recovery of chain rigidity upon 
incorporation of naproxen sodium. This behavior cannot be 
explained by simple thermal history alone, but rather by the 
formation of strong intermolecular interactions between the 
drug and polymer, such as hydrogen bonding and ionic 
interactions. These interactions restrict segmental mobility 
and reduce free volume, leading to an antiplasticization effect. 
Importantly, while extrusion increases chain mobility, the 
subsequent incorporation of the drug introduces interaction-
driven structural stabilization that counteracts this effect. 
Therefore, the increase in Tg in the drug-loaded system does 
not contradict the effect of shear processing, but instead 
reflects a transition from a mobility-dominated system to an 
interaction-dominated system. The absence of a melting peak 
for naproxen sodium (240-250 ) confirms that the drug is 
molecularly dispersed within the polymer matrix, indicating 
the formation of a homogeneous amorphous solid dispersion 
(ASD). Furthermore, the experimentally observed Tg 
(167.13 ) is higher than the theoretical Tg predicted by the 
Gordon-Taylor equation (141.5 ), indicating a positive 
deviation from ideal mixing behavior. This deviation supports 
the presence of strong specific interactions between the drug 
and polymer, which are not accounted for in the Gordon–
Taylor model. 

3.3 Rheology analysis 

3.3.1 Shear rate -dependent viscosity 
Understanding and improving the processing behavior of 

polymers requires knowledge of their rheological 
characteristics, which directly affect material performance and 
production efficiency. The rheological properties of pure PVP 
K30 were examined, as shown in Figure 4(a), and compared 
with PVP K30 containing sodium naproxen, glycerol, and 
BHT in Figure 4(b). Both samples exhibited shear-thinning 
behavior, with shear rates ranging from 1 s-1 to 500 s-1. At a 
temperature of 190 , the first region of the curve, with 
viscosity values, reflects the molecular weight of the material, 
and the highest shear rate was initially recorded. Increasing the 
shear rate caused a gradual decrease in viscosity, indicating 
reduced resistance of the polymer to the applied forces. The 
free volume within the polymer matrix facilitates polymer 
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chain movement under force. This allows effective drug 
distribution during extrusion, allowing greater chain mobility 
and smoother drug flow. The melt was completely cohesive 
and homogeneous, reducing the risk of unmelted drug pools or 
crystals. Although the polymer's high molecular weight helps 
maintain structural integrity, adding sodium naproxen further 
decreased viscosity, maintaining heat stability during 
extrusion with BHT, which prevents heat damage and 
unwanted reactions. Lower viscosity with additives simplifies 
processing and promotes a uniform polymeric matrix, while 
preserving shear-thinning behavior and product quality. This 
underscores the importance of system quality in enhancing 
drug loading and distribution, ultimately aiding in the 
development of effective polymeric systems or solid 
formulations for drug delivery.  
 

 
 

Figure 4. Relationship between shear rate vs. apparent 
viscosity for (a) Pure PVP K30, (b) PVP 

K30/NS/Glycerol/BHT at 190 

 
3.3.2 Rheological model 

The power-law or Ostwald de Waele model, which shows 
that the relationship between shear stress and shear rate 
(plotted on double logarithmic coordinates) for a shear-
thinning fluid can frequently be approximated by a straight 
line over a limited range of shear rate (or stress) as given by 
Eq. (7) in is one of many mathematical expressions of varying 
complexity and form that have been proposed in the literature 
to model shear-thinning characteristics. An expression of the 
following type can be used for this portion of the flow curve 
[19]: 

 

𝜏𝜏𝑦𝑦𝑦𝑦 = 𝑘𝑘�𝛾̇𝛾𝑦𝑦𝑦𝑦�
𝑛𝑛

 (7) 
 

So, the apparent viscosity for the so-called power-law (or 
Ostwald de Waele) fluid is thus given by Eq. (8):  

 

𝜂𝜂app =
𝜏𝜏
𝛾̇𝛾

= 𝐾𝐾𝛾̇𝛾𝑛𝑛−1 (8) 
 
where, ηapp is apparent viscosity (Pa·s), τ is the shear stress 
(Pa), 𝛾̇𝛾 is the shear rate (1/s), k is the fluid consistency 
coefficient, and the flow behavior index (n), for n < 1, the fluid 
exhibits shear-thinning properties, for n = 1 the fluid shows 
Newtonian behavior and, n > 1 the fluid shows shear-
thickening behavior. which are two empirical curve-fitting 
parameters in these equations. The index for a shear-thinning 
fluid might be any number between 0 and 1. 

 

 
 

Figure 5. Shear rate (s-1) vs. shear stress (Pa) of non-
Newtonian flow mathematical models for composite melts 

using the rheology app for pure polyvinylpyrrolidone (PVP) 
 

 
 
Figure 6. Shear rate(s-1) vs. Viscap (Pa·s) of non-Newtonian 

flow mathematical models for composite melts using the 
rheology app for PVP K30/NS/Glycerol/BHT 
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The rheological behavior of neat PVP was well described 
by the Power Law model, showing a high coefficient of 
determination (R² = 0.9629), which indicates a good fit to the 
experimental data. The flow behavior index (n = 0.431) 
confirms a shear-thinning behavior, which is typical for 
polymeric systems due to chain orientation and gradual 
disentanglement under increasing shear rate. The consistency 
index (K = 2.217 × 10⁴) reflects a relatively high viscosity, 
suggesting a well-developed entangled polymer network in the 
neat PVP system. The 95% confidence intervals for the fitted 
parameters (n: 0.38 – 0.48, K: 1.8 × 10⁴ – 2.7 × 10⁴) indicate 
acceptable parameter stability and reliability of the model 
fitting. This baseline rheological behavior provides an 
important reference for comparison with the drug-loaded 
formulation, where significant deviations in flow response 
were observed due to the presence of additional components 
affecting the internal structure of the system. In contrast, the 
rheological behavior of the drug-loaded formulation was 
initially analyzed using the Power Law model; however, the 
fitting quality was poor (R² = 0.577), indicating that this model 
is insufficient to describe the complex flow behavior of the 
system. Accordingly, the obtained parameters (n and K) were 
considered unreliable and excluded from further 
interpretation. To better capture the non-Newtonian behavior 
over a wide shear rate range, the data were re-evaluated using 
the Carreau model, which is given by Eq. (9):  

 

𝜂𝜂(𝛾̇𝛾) = 𝜂𝜂∞ + (𝜂𝜂0 − 𝜂𝜂∞)[1 + (𝜆𝜆𝛾̇𝛾)2]
𝑛𝑛−1
2  (9) 

 
where,  𝜂𝜂(𝛾̇𝛾) represents the viscosity at a given shear rate, 𝜂𝜂0 
is the zero-shear viscosity (at very low shear rates), and ƞ∞ is 
the infinite-shear viscosity (at very high shear rates). The term 
𝛾̇𝛾 denotes the shear rate, λ is the relaxation time that controls 
the onset of viscosity change, and n is the flow behavior index, 
where n < 1 indicates shear-thinning behavior. 

This showed a significantly improved fit (R² = 0.958973), 
confirming its suitability for describing the shear-dependent 
viscosity of the formulation. The flow behavior index (n = 
0.0978) indicates a strong shear-thinning behavior, reflecting 
a significant reduction in viscosity with increasing shear rate. 
This pronounced shear-thinning response suggests the 
presence of a structured polymer network within the system 
that undergoes progressive breakdown under applied shear. 

Such behavior can be attributed to the combined effect of the 
PVP matrix, the plasticizing action of glycerol, and potential 
drug-polymer interactions, which collectively contribute to a 
highly shear-sensitive microstructure.  

The fitted parameters and their 95% confidence intervals 
(Table 3) confirm the applicability of the Power-Law model 
and the Carreau model in describing the shear-thinning 
behavior of the studied systems within the investigated shear 
rate range. 
 

 
(a) 

(b) 
 

Figure 7. Surface quality of (a) Pure PVP K30, (b) PVP 
K30/NS/Glycerol/BHT, which is melt extruded in a capillary 

rheometer die with different shear rates at 190 ℃ 
 

Table 3. Fitting parameters with 95% confidence intervals 
 

Sample n  K  R2 CI (n) 95% CI (K) 
95% 

Pure PVP K30 at 190 ℃ 0.431 22172 0.962868 0.38-0.48 (1.8-2.7) × 
104 

PVP K30/NS/Glycerol/BHT at 190 ℃ 0.0978  - 0.958973 0.029-0.180 - 
 

 

3.3.3 Surface quality 
The results of extruding PVP K30 polymer in its pure state 

and when extruded with naproxen sodium, glycerol, and BHT 
using a capillary at 190  showed that the morphology and 
surface quality are directly affected by shear rate and viscosity 
reduction, as shown in Figure 7(a) for pure PVP K30 and 
Figure 7(b) for PVP K30/NS/Glycerol/BHT. At low shear 
rates, irregular surfaces with obvious deformations were 
observed, resulting from poor polymer chain alignment and 
high viscosity 33950 Pa·s in its pure state at 1 s-1 (Figure 7(a)) 
and 41125 Pa·s at 1 s-1 when mixed with the additives (Figure 
7(b)) and flow instability, but when the shear rate and pressure 
went up, the surface quality got a lot better, becoming 

smoother and more even with a visible elongation in the 
direction of the flow. This is attributed to improved polymer 
chain alignment and smoother material flow resulting from the 
apparent viscosity reduction due to shear thinning. These 
results indicate that controlling the shear rate and the applied 
pressure during extrusion is a key factor in achieving high 
surface quality and improved flow stability within the 
capillary. 
 
3.4 Fourier transform infrared analysis 
 

The purpose of the FTIR test was to investigate possible 
chemical interactions and compatibility between PVP K30 and 

641



 

the components of the additives (NS, glycerol, and BHT), both 
in the pure condition and after blending. Figure 8(a-b) 
represents the FTIR spectroscopy of pure PVP K30 and PVP 
K30/Naproxen Sodium/Glycerol/BHT. The absorption bands 
of the C = O group were most visible in the IR spectrum of 
PVP K30 in Figure 8(a), at 1650-1620 cm-1. The carbonyl (C 
= O) group is considered one of the characteristic features of 
the tertiary amide in the N-vinylpyrrolidone unit in PVP K30. 
The preservation of this band after the addition of naproxen 
sodium, with a slight shift to the range of 1650-1600 cm⁻¹ 
without disappearance, indicates that no chemical interaction 
has occurred; rather, the interaction is physical in nature. This 
behavior confirms the compatibility between the polymer and 
the active pharmaceutical ingredient, with each component 
retaining its original functional groups and without the 
formation of new bands attributable to chemical reactions. The 
FTIR spectrum of pure PVP K30 polymer shows a broadband 
within the 3400-3200 cm⁻¹ range, which is due to the 
stretching vibrations of the hydroxyl groups (O-H) of the 
absorbed water. In addition, absorption bands in the range of 
2950-2850 cm⁻¹ are attributed to the stretching vibrations of 
aliphatic C–H bonds, along with bands observed in the 1290-
1100 cm⁻¹ region associated with C-N and C-O stretching 
vibrations. The presence of C-C vibration bands in the region 
of 900-600 cm⁻¹ indicates the integrity of the polymeric carbon 
backbone and confirms that no structural degradation or 
chemical interaction occurred during processing. The FTIR 
spectrum of the sample containing naproxen sodium is shown 
in Figure 8(b), which shows characteristic peaks belonging to 
the ionized carboxyl group (COO⁻). A band in the 1550-1600 
cm⁻¹ region is attributed to the asymmetric elongation 
vibration, and another at 1400–1450 cm⁻¹ represents the 
symmetric elongation of this group. Additional peaks 
associated with the aromatic ring are observed in the 1600-
1500 cm⁻¹ region, in addition to peaks at 1260-1240 cm⁻¹ and 
1250-1050 cm⁻¹ belonging to the C-O vibrations of the drug's 
characteristic methoxy group. It is noted that these peaks 
persist without disappearing, with slight overlap or shifts 
occurring as a result of the polymer's presence, indicating that 
sodium naproxen retains its chemical structure and no 
chemical reaction occurs, suggesting that the reaction is 
limited to physical interactions within the polymer matrix. All 
the above peaks showed that the spectrum retained the same 
basic peaks with slight shifts and a relative decrease in the 
intensity of some beams, after the addition of naproxen 
sodium, glycerol and BHT without the appearance of new 
peaks, indicating the physical interaction, which confirms the 
good compatibility between the polymer and the active 
ingredient and the retention of each component of its chemical 
structure, which is consistent with what was reported in the 
scientific literature about PVP systems that enhance drug 
stability and improve their solubility  [20, 21]. In addition, 
FTIR analysis was also performed on capillary-extruded 
samples processed at 190°C to further evaluate the effect of 
processing conditions on the chemical stability of the system. 
Figure 8(c-d) represents the FTIR spectra of PVP samples 
extruded at 190 ℃, whether pure or loaded (PVP 
K30/NS/Glycerol/BHT), indicating that no significant thermal 
or chemical decomposition occurred under the processing 
conditions. The characteristic peaks, particularly the carbonyl 
(C = O) peak in the range (1650-1750 cm⁻¹), retained their 
positions without the appearance of new peaks indicative of 
decomposition products. Furthermore, the slight changes in 
the intensity and width of some peaks, particularly in the 

region (3200-3500 cm⁻¹), can be explained by intermolecular 
interactions such as hydrogen bonding and plasticization 
effects resulting from the addition of glycerol and the drug, 
rather than as a result of the breakdown of the polymer chains. 
These results are consistent with those reported in the study by 
Loría-Bastarrachea et al. [22], which showed that the actual 
thermal decomposition of PVP begins at much higher 
temperatures (~ 668 K, i.e., approximately 395 ℃), and occurs 
primarily via depolymerization to the monomer. 
Consequently, it can be concluded that curing at 190 ℃ did 
not lead to chemical decomposition, but caused only physical 
changes and rearrangements within the polymer matrix. 
 
3.5 Morphological analysis 
 
3.5.1 Scanning electron microscopy  

SEM photomicrographs were obtained at 500× 
magnification for the PVP K30 polymer after HME. Figure 
9(a) shows a relatively smooth and homogeneous surface with 
some cracks, likely resulting from the flow of molten polymer 
during extrusion. The sample loaded with sodium naproxen 
(Figure 9(b)) exhibited a wavy surface following the direction 
of polymer flow, with no visible particles or crystalline 
features. No phase separation was observed, indicating a 
uniform distribution of the drug within the polymer matrix. 
These observations are consistent with the DSC results 
showing a single Tg, XRD indicating the absence of 
crystalline peaks, and FTIR confirming only physical 
interactions. 
 

 
 

Figure 8. FTIR spectra for (a) Pure PVP K30 post-extrusion 
at 150 ℃, (b) PVP K30/NS/Glycerol/BHT post-extrusion at 

150 ℃, (c) Pure PVP K30 post-extrusion by capillary at 
190 ℃, (d) PVP K30/NS/Glycerol/BHT post-extrusion by 

capillary at 190 ℃ 

 
3.5.2 Optical and digital microscopy  

Figure 10(a) shows optical images of the pure PVP K30 
polymer, which exhibited small, variable particle sizes. The 
addition of sodium naproxen, glycerol, and BHT, as shown in 
Figure 10(b), resulted in a surface with a homogeneous 
distribution of these components. Particle size was analyzed 
using Image Software to assess uniformity and compatibility 
within the polymer matrix. The particles were observed to be 
very small, without agglomeration, suggesting good 
miscibility and distribution within the PVP K30 polymer. 
Figure 11 shows digital microscope images at 1600 × 
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magnification of (a) pure PVP K30 polymer and (b) the 
polymer mixture with sodium naproxen, glycerol, and BHT. 
The pure polymer exhibited a relatively smooth and 
homogeneous surface. In contrast, the modified mixture 
showed increased surface roughness, some agglomerates, and 
irregularities in distribution, reflecting the incorporation of 
glycerol, sodium naproxen, and BHT into the polymer matrix. 
The observed changes are consistent with the role of glycerol 
as a plasticizer, which can increase the spacing between 
polymer chains and affect the surface morphology. 

(a) 

(b) 

Figure 9. Scanning electron microscope (SEM) 
photomicrographs of (a) Pure PVP K30(500X), (b) PVP 

K30/Naproxen sodium/Glycerol/BHT (500 ) 

(a) 

(b) 

3.6 Density 

The slight decrease in density observed after the 
incorporation of naproxen sodium, glycerol, and BHT into the 
PVP-based extruded sheets can be attributed to several factors. 
The additives, having lower densities than the polymer matrix, 
partially replace the polymer volume, while glycerol acts as a 
plasticizer, increasing chain mobility and introducing 
microscopic free volume within the polymer. Additionally, the 
HME process can generate minor porosity due to mechanical 
shear and thermal expansion, particularly when additives 
interfere with polymer chain packing. Overall, the reduction in 
density from 1.1243 g/cm³ for plain PVP sheets to 1.0496 
g/cm³ for loaded sheets reflects the expected structural 
modifications and confirms that the system maintains its 
integrity while accommodating the additives. 

3.7 Water-swelling capacity 

The water swelling behavior of the extruded PVP-based 
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sheets was evaluated using three replicates (n = 3) for both 
pure and drug-loaded systems, immersed in 50 mL of distilled 
water at ambient temperature (~25 ℃). The swelling 
percentage was calculated at four time points (1, 2, 3, and 4 
hours), and the results were expressed as mean ± standard 
deviation to ensure reproducibility and error analysis. As 
shown in Figures 12 and 13, the Pure PVP samples exhibited 
pronounced and irregular swelling behavior. After one hour of 
immersion, the swelling reached approximately 107.5%, 
indicating rapid water uptake due to the highly hydrophilic 
nature of PVP and the presence of carbonyl (C = O) groups, 
which strongly attract water molecules. This facilitates fast 
diffusion of water into the polymer matrix, increasing the 
intermolecular spacing and causing significant expansion. 
However, one of the pure PVP samples underwent structural 
disintegration after the first hour of immersion; therefore, 
measurements beyond this time point were not considered for 
this sample and were excluded from the subsequent analysis. 
The apparent fluctuations in swelling values at later time 
points (2-4 hours) can therefore be attributed to partial 
collapse, dissolution, and structural instability of the polymer 
network rather than true equilibrium swelling. This behavior 
reflects the amorphous and loosely packed structure of pure 
PVP, which lacks sufficient mechanical integrity to maintain 
dimensional stability upon prolonged exposure to water. In 
contrast, the drug-loaded system (PVP with sodium naproxen, 
glycerol, and BHT) demonstrated significantly lower and 
more stable swelling behavior, with values ranging from 
21.1% after one hour to 26.2% after four hours. The reduced 
swelling can be attributed to intermolecular interactions 
between the drug and polymer, including hydrogen bonding 
and possible ionic interactions, which reduce the free volume 
and restrict chain mobility. Additionally, glycerol acts as a 
plasticizer, enhancing chain flexibility and allowing controlled 
water diffusion without causing rapid expansion or structural 
failure. Unlike pure PVP, no disintegration was observed in 
the loaded samples, indicating improved structural integrity 
and stability over time. Overall, the results indicate that pure 
PVP possesses a highly hydrophilic and open structure prone 
to excessive swelling and structural collapse, whereas the 
drug-loaded system exhibits a more controlled and stable 
swelling profile. This behavior supports the formation of a 
more compact and interaction-driven matrix in the presence of 
additives, which is advantageous for maintaining dimensional 
stability and achieving controlled drug release in 
pharmaceutical applications. 

Figure 12. Water swelling (%) vs time for pure and drug-
loaded PVP K30 (mean ± SD, n = 3) 

4. LIMITATIONS OF THE STUDY

A key limitation of this study is the absence of intermediate
control formulations, as the experimental design was restricted 
to neat PVP and the multicomponent system (PVP + NS + 
glycerol + BHT). This limits the ability to independently 
evaluate the contribution of each component. In particular, the 
lack of a (PVP + glycerol + BHT) control prevents clear 
isolation of the effect of NS, as the observed changes in 
thermal and physicochemical properties may result from the 
combined effects of polymer interaction, plasticization by 
glycerol, or the antioxidant effect of BHT. Therefore, the 
observed changes cannot be directly attributed to NS alone. 

Future studies will include additional control formulations, 
such as (PVP + glycerol + BHT) and binary systems 
containing NS, to better distinguish individual and synergistic 
effects and provide a clearer understanding of the interaction 
mechanisms. 

5. CONCLUSIONS

This study aimed to evaluate the effect of polymer
morphology on the performance of PVP K30-based drug 
delivery systems using HME. The results showed that the pure 
polymer was loose with rapid swelling but exhibited instability 
upon prolonged water exposure. The addition of naproxen 
sodium, glycerol, and BHT improved polymer stability, 
reduced initial swelling, and enhanced flexibility, 
processability, and thermal stability. DSC, XRD, and FTIR 
analyses confirmed homogeneous drug distribution within the 
polymer matrix, while SEM showed no visible drug clustering 
or phase separation. Rheological measurements indicated 
improved flowability and processability during thermal 
extrusion without structural collapse. These findings suggest 
that incorporating glycerol and BHT with PVP K30 can 
enhance the system’s handling and performance. Further 
studies are needed to evaluate the impact of these 
modifications on drug release behavior. 
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