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This study explores early formulation parameters influencing hydroxypropyl cellu-
lose (HPC)-based microparticles as carriers for paracetamol, with the aim of establishing 
a modified-release drug delivery system and informing future design optimization. Mi-
croparticles were prepared via the oil-in-oil emulsion/solvent evaporation method using 
acetone, HPC as a thermo-responsive polymer, and Tween 80 as a non-conventional sur-
factant. Polymer content and phase ratio were varied to assess effects on encapsulation 
efficiency and dissolution behavior. Characterization by FTIR, DSC, UV-Vis, laser dif-
fraction, and microscopy confirmed spherical morphologies (495–760 µm), thermal 
stability, and successful drug encapsulation (up to 73 %). In vitro dissolution at pH 6.8 
revealed modified release profiles, with kinetics best described by the Weibull model, 
indicating Fickian diffusion as the dominant mechanism. Polymer content emerged as the 
key variable affecting critical quality attributes. These findings provide a foundation for 
rational formulation and process optimization, to be further refined through D-optimal 
experimental design.
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Introduction

Paracetamol is a weak cyclooxygenase (COX) 
enzyme inhibitor and is a common over-the-counter 
(OTC) analgesic and antipyretic that is usually ad-
ministered for fever, temperature relief, or in long-
term treatment of pain (e.g., arthritis). It has a rela-
tively short elimination half-life, varying from 
about 1 to 3 hours. It is rapidly absorbed in the 
small intestine and quickly metabolized in the liver, 
followed by urine excretion as an inactive glucuro-
nide and sulfate conjugates. Due to the high drug 
elimination (up to 98 %) after a single oral dose1 the 
treatment requires frequent dosing to maintain the 
blood plasma concentration, and an acute overdose 
of paracetamol may potentially cause liver damage2. 
In therapeutic doses, paracetamol is a safe analge-
sic, but in overdosage, it can cause severe hepatic 
necrosis.

According to the Therapeutic Goods Adminis-
trations (TGA) of the Australian Government, the 
recommended regime for paracetamol dosing is 500 
mg to 1000 mg every 4 to 6 hours as necessary, 
with a maximum daily dose (MDD) of 4000 mg for 
adults and children above 12 years3. Considering 
the international measurements and changes4, and in 
order to minimize the risk of hepatotoxicity and 
overdosing due to self-poisoning, Australia’s drug 
regulator announced that, effective 1 February 
2025, paracetamol pack sizes and availability will 
be reduced. Similarly, the U.S. Food and Drug Ad-
ministration (FDA) proposed lowering the MDD 
from 3900–4000 mg to 3000–3250 mg. In 2018, the 
European Medicines Agency (EMA) suspended 
modified- or prolonged-release paracetamol prod-
ucts from the EU market5 due to difficulties in over-
dose management and the lack of scientifically sub-
stantiated data distinguishing overdoses caused by 
immediate-release or prolonged-release formula-
tions—each requiring distinct treatment approaches5. 
These developments highlight the need for a new 
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research field into sustained-release paracetamol 
formulations to reduce dosing frequency and mini-
mize dose dumping. Sustained-release paracetamol 
formulations can potentially reduce dosing to three 
times a day6.

Stimuli-responsive polymers or polymer blends 
have attracted significant research attention in re-
cent decades. With the growing trend in eco-con-
sumerism, environmental sustainability, green engi-
neering and chemistry, and the circular economy, as 
well as vegetarian principles, recent research pri-
marily focuses on cellulose-based polymers7. Hy-
droxypropyl methylcellulose (HPMC) has been uti-
lized in the oil-in-oil (O/O) emulsion/solvent 
evaporation (ESE) method for encapsulating 
meloxicam8, in the water-in-oil (W/O) ESE method 
for encapsulating fexofenadine HCl9, and as an ex-
cipient10 in the co-evaporation technique following 
the ESE process to encapsulate the model drug 
quercetin. Hydroxypropyl cellulose (HPC) has been 
used in spray-freeze-drying technology to encapsu-
late diterpenoid lactone11. It has been reported that 
HPC is mainly used as a carrier of solid dispersions 
of poorly soluble drugs (felodipine12 and ezeti-
mibe13). No studies have been reported on the use of 
HPC in the ESE method.

Hydroxypropyl cellulose is a nonionic cellu-
lose ether biopolymer belonging to the polysaccha-
ride class. It is used as an emulsifier in cosmetics, 
and as a flocculant, plasticizer, and binding agent in 
pharmaceutical formulations14,15. According to Ph. 
Eur. 0337 16, HPC is defined as partially  O-(2-hy-
droxypropylated) cellulose containing 53.4 % to 
80.5 % hydroxypropyl groups (dried substance).

However, the practical application of HPC is 
limited by its lower critical solution temperature 
(LCST) of 40 –45 °C 17, which poses challenges for 
applications close to the physiological temperature 
range of 25–38 °C. Despite this, cellulose deriva-
tives have become essential biocompatible materi-
als in biomedical and pharmaceutical fields due to 
their favorable physical and mechanical characteris-
tics, low toxicity, biocompatibility, and biodegrad-
ability18. Non-aqueous (O/O) emulsions, composed 
of two non-aqueous liquids, have been rarely used 
as an alternative system for microencapsulation of 
active pharmaceutical ingredients (API). In the lit-
erature19, non-aqueous emulsions in pharmaceutical 
technology have been utilized for entrapping hydro-
lytically unstable drugs. Recent studies have report-
ed the encapsulation of oxalic acid in acryloni-
trile-butadiene-styrene via the O/O ESE method. To 
the best of our knowledge, no other studies have 
been identified in the existing literature that explore 
oil-in-oil (O/O) ESE methods for microencapsula-
tion20.

Sorbitan monooleate 80 (Span 80) with a hy-
drophilic-lipophilic balance (HLB) value of approx-
imately 4.3 21, is the most used stabilizer in 
non-aqueous emulsions. No studies have reported 
the use of polyoxyethylene-80-sorbitan monooleate 
(Tween 80) in O/O emulsions with an HLB of ap-
proximately 15 21. In the study22, colloid-chemical 
aspects were investigated among aqueous solution 
of HPC and Tween 80. Synergistic effects were ob-
served with respect to interfacial energy reduction, 
due to the formation of a Tween 80-HPC bilayer via 
hydrogen bonding between the hydroxyl groups 
from HPC and ethoxy units of Tween 80.

The main objective of this study was to devel-
op microparticles with modified-release characteris-
tics using a non-aqueous ESE method with a non-
conventional stabilizer possessing a high HLB 
value. For this purpose, a hydrophilic API (para
cetamol) was loaded in a biodegradable, thermo-
responsive polymer – HPC.

Materials and methods

Materials

The API N-(4-hydroxyphenyl) acetamide (acet-
aminophen or paracetamol) was sourced from 
Zhejiang Kangle Pharmaceutical Co., Ltd. (China). 
Two types of HPC polymers (Mw = 80 kDa,  
η = 300–600 mPa s as per USP <912>, Mw = 95 kDa, 
η = 75–150 mPa s as per USP <912>) were obtained 
from Ashland (USA). The surfactant polyoxye
thylene (80) sorbitan monooleate (Mw = 1308 Da) 
was obtained from Sigma Aldrich (Germany). Liq-
uid paraffin, n-hexane, acetone, sodium hydroxide, 
and potassium dihydrogen were purchased from 
Alkaloid AD Skopje (North Macedonia). Methanol 
was purchased from Merck & Co. (Germany). Sodium 
hydroxide, potassium dihydrogen phosphate, and 
methanol were of analytical grade. Marketed para
cetamol tablets with conventional and modified-
release were purchased from drug stores.

Methods

Preparation of microparticles

The microparticles were prepared using an O1/O2 
emulsion/solvent evaporation method. A schematic 
representation of the preparation process is shown 
in Fig. 1. This technique is appropriately classified 
as an oil-in-oil (O/O) system based on microencap-
sulation terminology, where the organic solvent 
containing the polymeric solution is considered as 
oil. The insolubility of both the drug and polymers 
in liquid paraffin makes it an ideal external phase 
for the emulsification process.



T. Georgievska et al., Preformulation Characterization of Hydroxypropyl Cellulose…, Chem. Biochem. Eng. Q., 39 (3) 143–156 (2025)	 145

Firstly, paracetamol was dissolved in acetone at 
concentrations ranging of 1:13, 1:26, 1:39, and 1:52 
(w/v %) using a magnetic stirrer set to 200 rpm to 
prepare the drug solution. The volume of acetone 
was adjusted empirically to achieve complete poly-
mer solvation. The polymer was gradually added to 
the drug solution under continuous stirring to pre-
vent lump formation. The API-to-polymer ratio was 
maintained between 1:1 and 1:4 (w/w %). Two types 
of HPC polymers were used in 1:1 ratio (w/w %) 
with different viscosities to achieve an optimal vis-
cosity range for extrusion of the final API-polymer 
solution. The viscosity values of the HPC were 454 
and 97 mPa s, respectively. During polymer solva-
tion, the beaker was covered with parafilm to mini-
mize acetone evaporation. The drug-polymer dis-
persion (O1) was stirred using a magnetic stirrer at 
ambient temperature, with the stirring speed gradu-
ally reduced from 1000 to 150 rpm as the polymer 
dispersion transitioned to a more viscous and trans-
parent state, yielding a drug-polymer solution. The 
solvation time was around 45 minutes.

The oil phase (O2) was prepared by mixing 1 g 
of Tween 80 with 100 mL of liquid paraffin using a 
four-pitched blade mixer. A single emulsifier was 
employed to minimize interfacial tension and pre-
vent droplet aggregation during emulsification and 
solvent evaporation. The ratio between internal 
phase (IP) and continuous phase (CP) ranged from 
0.13 to 0.52.

The obtained organic API-polymer solution 
(O1) was then slowly extruded dropwise through an 
immersed 23G (0.6 x 25 mm) needle into the oil 
phase (O2). The resulting non-aqueous emulsion 
was stirred for at least four hours at ambient tem-
perature to allow evaporation of the acetone and 
formation of microparticles. The end point of mix-
ing was identified visually by the formation of sol-
id, hard microparticles.

After two hours of mixing and acetone evapo-
ration, approximately 15 mL n-hexane was added to 
the emulsion to facilitate hardening of the micropar-
ticles and their easier separation from the oil phase. 
Stirring continued throughout the evaporation pro-
cess until complete solidification of the microparti-
cles was achieved.

Once hardened, the microparticles were al-
lowed to settle by gravity in the liquid paraffin. The 
continuous phase was decanted, and small portions 
(approximately 10 mL) of n-hexane were added 
several times to remove oil residues (liquid paraf-
fin) and recover the microparticles from the beaker. 
They were transferred for vacuum filtration and 
were simultaneously rinsed of oil residues with 
n-hexane. The collected microparticles were air-
dried for 24 h at ambient temperature (23±2 °C,  
RH ≤ 40 %) and stored in amber glass bottles con-
taining silica gel until further use.

Characterization

ATR-IR spectroscopy

FT-IR spectra were recorded in the region 
4000–550 cm–1, using an ATR module with ZnSe 
crystal and low-pressure clamp, on Varian 660 FT-
IR spectrometer, Varian Inc. All spectra were aver-
aged from 16 scans per spectrum and the resolution 
was set to 4 cm–1.

Morphology of microparticles

Particle morphology of the samples was ana-
lyzed using Zeiss Axioscope 5 microscope with 
Zeiss Axiocam 208 color camera using reflected 
light source, at magnification of 5x.

Particle size analysis

The volume distribution of microparticles was 
measured by laser diffraction using a Malvern Mas-
tersizer 3000 equipped with a Hydro MV unit. Two 
light sources were utilized, a red He–Ne laser at 
630 nm, and a blue LED at 470 nm. Optical proper-
ties for the particles were set at 1.520 refractive in-
dex and 0.100 absorption index. Liquid paraffin 
was used as a dispersant with the cell’s stirrer speed 
set at 2200 rpm. Using light stirring, the samples 
were evenly distributed in liquid paraffin, as to 
avoid particle agglomeration.

Ultra-violet spectrometry

UV-vis spectrometry was used for quantitative 
analysis of encapsulation efficiency and drug re-
lease. The spectra were recorded with a UV-Vis 
spectrophotometer (Pharos 600, Merck) in the range 
200–400 nm using a 10 mm quartz cell. The drug 
content was determined from the absorbances ob-
tained at 243 nm.

Differential Scanning calorimetry

Weighed samples of 2–5 mg (measured using a 
Sartorius CPA225D-0CE balance) were scanned in 
aluminum pans with a perforated lids, at a speed of 
10 K min–1, from room temperature to 200 °C. All the 
samples were analyzed in dry nitrogen atmosphere 
using a Netzsch DSC 204F1 Phoenix instrument.

Determination of encapsulation efficiency  
of paracetamol

Encapsulation efficiency of microparticles was 
determined as previously reported23. All measure-
ments were performed in triplicate. The encapsula-
tion efficiency and encapsulated drug were calculat-
ed using Equations (1) and (2), respectively:

	 Encapsulation efficiency [%] = W1/W2	 (1)

	 Encapsulated API [%] = W1/W3	 (2)
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where W1 is the experimentally determined mass of 
API in the analyte [mg], W2 is the theoretically de-
termined mass of API in the analyte [mg], and W3 is 
the mass of the sample in the trial [mg].

In vitro drug release study

The in vitro drug release from the microparti-
cles was carried out as previously described23. The 
dissolution medium was phosphate buffer pH 6.8 
(simulated duodenal medium and prepared as de-
scribed in Ph.Eur. 5.17.1.). Microparticles (50 mg) 
were suspended in 250 mL, and one tablet was 
placed in 900 mL dissolution medium. Samples of 
the dissolution medium 2 mL (microparticles test-
ing) and 5 mL (drug products testing) were with-
drawn at different time points up to four hours fresh 
medium. Quantification was performed as described 
in the Ultra-violet spectrometry section.

Mathematical modelling of in vitro release

To evaluate the mechanisms of paracetamol re-
lease from the HPC-based microparticles and com-
mercial drug product, model-dependent mathema

tical approaches (Table 1) were used. The obtained 
in vitro drug release was fitted to zero-order, 
first-order, Higuchi, Weibull, Korsmeyer-Peppas, 
and Hixson-Crowell models in Excel (Microsoft, 
Washington, USA). Based on the highest value for 
the coefficient of determination (R2), the best fit 
model was considered.

Statistical evaluation

One-way analysis of variance (ANOVA) and 
Pearson’s coefficient were carried out for compari-
son of results using Excel (Microsoft, Washington, 
USA). Differences were considered statistically sig-
nificant at the level of α<0.05.

Results

Influence of formulation parameters on 
microsphere morphology and particle size

The microparticles appeared spherical, pseudo-
spherical, and in some cases particle agglomeration 
was observed (Fig. 2). From the microphotograph, 
particle agglomeration was visible, and microparticles 

F i g .  1  – Schematic representation of O1/O2 emulsion/solvent evaporation process for preparation of paracetamol microparticles
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with different particle sizes among all trials were 
evident. The most spherical morphology was exhib-
ited by T-4, with the highest polymer content.

The mean particle size (D[4,3]) ranged from 
803 to 167 µm (Table 2), and the polymer content 
influenced the size variation.

Although a direct proportional relationship be-
tween particle size and polymer content was initial-

ly anticipated, the observed decrease in particle size 
may be attributed to the formation of a more effi-
cient API–polymer matrix. An observation by Lee 
et al.25 suggests that a higher amount of polymer 
can rapidly adsorb onto emerging drug aggregates, 
effectively limiting uncontrolled growth and coales-
cence, leading to a more controlled, uniform, and 
potentially smaller particle size distribution.

Ta b l e  1 	– 	Mathematical models used to describe paracetamol release mechanisms

Model Equation Parameters

Zero-order 0 0tQ Q k t= + × Qt is the amount of dissolved drug in time t, Q0 is the initial drug amount in the 
solution, k0 is the zero-order constant

First-order 1
0log log

2.303t
k t

Q Q= +
× Qt is the amount of dissolved drug in time t, Q0 is the initial drug amount in the 

solution, k1 is the first-order constant

Higuchi HtQ k t= Qt is the amount of dissolved drug in time t, kH is the Higuchi constant

Hixson-Crowell 33 0 i HCW W k t= + × W0 is the amount of drug in pharmaceutical dosage form, Wi is the remaining 
amount of drug in the dosage form at time t, kHC is proportionally constant

Korsmeyer-Peppas ntQ
k t b

Q
= × +

∞

Qt  /Q∞ fraction of released drug at time t, k is a release rate constant, n is the 
release exponent, b is burst effect 

Weibull function
( )i

1 exp
t T

tQ
Q

b
- -

a= -


Qt /Q∞ fraction of the drug in solution as a function of time t, Ti is lag time 
measured as a result of the dissolution process, α is time scale, β describes the 
shape curve of dissolution profile

F i g .  2 	–	 Optical micrographs of paracetamol microparticles with modified release. T-4 with API:polymer ratio=1:4 (A), T-3 with 
API:polymer ratio=1:3 (B), T-2 with API:polymer ratio=1:2 (C), T-1 with API:polymer ratio=1:1 (D).
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Drug-excipients interaction studies

FTIR was used to measure the IR spectrum 
(Fig. 3) of the API, HPC, and the laboratory trials to 
evaluate any possible interactions.

The IR spectrum of the API illustrates the char-
acteristic bands of phenyl alcohol and the C=O vi-
brations of the amide group at 3321 and 1651 cm–1, 
respectively. In addition, skeletal vibrations of C=C 
of the benzene and N–H (amide) can be discerned 
at 1609 and 1561 cm–1, respectively26. A new band is 
noticed at 1736 cm–1 (C=O stretch), which is attri
buted to residues of the surfactant in the microparti-
cles. The observed bands at 3411 cm–1 and 1644 cm–1 

in the HPC IR spectrum are attributed to the ad-
sorbed water which has significantly lower presence 
in the spectra of the microparticles. A gradient 

increase (T-4>T-3>T-2>T-1) in the intensity of the 
characteristic bands of paracetamol at: 3322, 1651, 
and 1560 cm–1 (phenol alcohol, carbonyl group from 
amide bond and amide group, respectively) in the 
IR spectra of trials is observed.

Differential scanning calorimetry

DSC analysis of pure paracetamol revealed a 
sharp endothermic melting peak at 171 °C (∆H = 
213.7 J g–1), consistent with previously reported lit-
erature values27. The high molecular weight poly-
mer exhibited a broad endothermic evaporation 
peak at approximately 68 °C, attributed to adsorbed 
moisture, and occurring at a lower temperature than 
that of the low molecular weight polymer.

The DSC thermogram of the microparticles 
(Fig. 4) displayed two broad endothermic transi-
tions of reduced intensity. The first, observed be-
tween 66–85 °C, corresponds to the HPC polymer, 
while the second, occurring between 131–146 °C, is 
associated with the melting of paracetamol. The 
microparticles demonstrated thermal stability up to 
200 °C.

Ta b l e  2 	– 	Results of particle size distribution

T-1 T-2 T-3 T-4

D[4,3] [µm] 803 666 562 197

Span 1.042 1.305 1.021 1.190

F i g .  3  – FT-IR spectra of API, HPC, and laboratory trials
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The absence of a sharp characteristic endother-
mic melting peak of paracetamol in the thermo-
grams of the microparticles indicates that encapsu-
lation of the API in the polymer matrix has been 
achieved29. A higher polymer content in the investi-
gated microparticles correlates with a lower melting 
temperature compared to a lower polymer content, 
leading to better possible solubilization and amor-
phization30 of the API.

Influence of formulation parameters on 
encapsulation efficiency

Encapsulation efficiency (Table 3) of the trials 
was determined using the calibration curve method 

(y = 0.01332x–0.0006; R2 = 0.9992). The fitting cri-
teria for the calibration curve were compliant with 
the Guideline ICH Q2 (R2), i.e., R2 ≥0.99. For that 
purpose, a series of standard solutions of paracetamol 
in the concentration range of 0.0003 – 0.0133 mg mL–1 
from a stock solution (c = 1.62 mg mL–1) in solvent 
methanol and water (45:55, v/v) were prepared and 
measured at λmax = 243 nm on a UV-Vis spectropho-
tometer. The percentage of encapsulated parac-
etamol with modified release ranged from 52.20 % 
to 73.15 %, whereas the drug loading varied from 
14.05 % to 23.70 %.

Statistical analysis using ANOVA and Pearson’s 
correlation coefficient supports these observations. 
Encapsulation efficiency significantly increased with 

F i g .  4  – DSC thermogram of a) paracetamol API; b) HPC with lower Mw; c) HPC with higher Mw; d) T-4; e) T-3; f) T-2; g) T-1
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Ta b l e  3 	– 	Results of encapsulation efficiency and drug loading

Trial code
API: Polymer 
content ratio

[w/w]

IP/CP
[v/v]

Encapsulation 
efficiency [%] Drug loading [%]

Theoretical drug 
content
[w/w %]

Amount of 
entrapped drug

[w/w %]

T-4 1:4 0.52 73.15 14.05 20.00 14.63

T-3 1:3 0.39 62.30 15.55 25.00 15.58

T-2 1:2 0.26 60.00 18.70 33.33 20.00

T-1 1:1 0.13 52.20 23.70 50.00 26.10

F i g .  5 – Dissolution profiles of paracetamol trials (a), and paracetamol trial vs. commercial drug products (b)

(a)

(b)
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rising polymer content (p<0.001, r = 0.923) and 
with a higher IP/CP ratio (internal phase to conti
nuous phase ratio) of the emulsion (p<0.001,  
r = 0.972). The interaction of polymer content and 
IP/CP ratio also significantly influenced drug load-
ing (p<0.001, r = 0.503) and (p<0.001, r = 0.685), 
respectively.

Influence of formulation parameters on in vitro 
drug release

The dissolution of the trials and commercial 
drug products was determined using the calibration 
curve method (y = 0.0144x–0.0001; R2 = 0.9999). 
The fitting-criteria for the calibration curve were 
compliant with the Guideline ICH Q2 (R2), i.e.  
R2 ≥ 0.99. For that purpose, a series of standard 
solutions of paracetamol in the concentration range 
of 0.0003 – 0.0133 mg mL–1 diluted from a stock 
solution (c = 1.622 mg mL–1) in phosphate buffer 
pH 6.8 were prepared and measured at λmax = 243 nm 
on a UV-Vis spectrophotometer. The in vitro dis
solution profiles of lab trials and commercial drug 
products in medium pH 6.8 are shown in Fig. 5, (a) 
and (b), respectively.

In the trial T-1 with a 1:1 ratio (API:polymer), 
lower drug release over time can be observed com-
pared to trial T-4 (1:4 ratio). The drug released per-
centage correlates with the encapsulation efficiency, 
as summarized in Table 3.

In addition, the trial with the slowest dissolu-
tion profile (T-1) was compared with commercially 
available drug products: one with conventional-re-
lease, one with prolonged-release, and one with ex-
tended-release (Fig. 5(b)). From the presented dis-
solution profiles, it can be observed that trial T-1 
exhibits prolonged release compared to tablets with 

conventional release mechanism. Compared to mar-
keted drug products with extended- or prolonged-
release, trial T-1 shows a slightly faster drug release 
profile. These observations can serve as a potential 
research field in the process of formulation de
velopment and optimization.

Pharmacokinetic study

The coefficients from the pharmacokinetic 
study are summarized in Table 4.

As shown in Table 4 and Fig. 6, the Weibull 
model provided the best fit across all four trials. 
The β-coefficients (β < 1) indicate a diffusion-con-
trolled release mechanism. This interpretation is 
further supported by the Korsmeyer–Peppas model 
and Q√t dependence by Higuchi model, where the 
calculated release exponent values (n < 0.43) fall 
below the threshold typically associated with Ficki-
an diffusion in spherical systems.

The n-value for T-1 is borderline (n = 0.44) but 
is lower than 0.5, indicating an anomalous transport 
(polymer relaxation, erosion, and diffusion) accord-
ing to the theoretical thresholds. Yet, in correlation 
with the obtained kinetic data and dissolution pro-
files, a diffusion-controlled release may be implied. 
A reverse proportional dependence is evident among 
the n-values and polymer content in the trials, i.e., 
more diffusion-controlled release mechanisms are 
present in formulations with higher polymer con-
tent. This phenomenon can be attributed to a denser, 
more uniform matrix formed by higher polymer 
content, thus the API molecules face greater resis-
tance to diffuse through the polymer matrix.

Ta b l e  4 	– 	Release kinetics of formulation trials

Model Parameter T-1 T-2 T-3 T-4 

Zero order
D 0.001 0.001 0.001 0.001

R2 0.419 0.373 0.357 0.469

First order
K –4⸱10–6 –3⸱10–6 –3⸱10–6 –4⸱10–6

R2 0.419 0.373 0.357 0.469

Higuchi 
KH 0.021 0.018 0.015 0.021

R2 0.594 0.541 0.521 0.643

Hixson-
Crowell

KHC –2⸱10–5 –10–5 –10–5 –10–5

R2 0.419 0.373 0.358 0.469

Weibull
β 0.206 0.166 0.139 0.159

R2 0.778 0.748 0.734 0.826

Korsmeyer-
Peppas 60 %

n 0.44 0.38 0.33 0.30

R2 0.996 0.999 0.999 0.999

Ta b l e  5 	– 	Release kinetics of commercial drug products

Model Parameter ER CR PR

Zero order
D 0.002 0.005 0.002

R2 0.829 0.500 0.509

First order
K –9⸱10–6 –2⸱10–5 –10–5

R2 0.829 0.500 0.506

Higuchi 
KH 0.039 0.057 0.049

R2 0.939 0.641 0.691

Hixson-
Crowell

KHC –3⸱10–5 –9⸱10–5 –4⸱10–5

R2 0.829 0.500 0.506

Weibull
β 0.461 0.174 0.68

R2 0.962 0.782 0.845

Korsmeyer-
Peppas 60 %

n 0.46 0.239 1.06

R2 0.962 0.918 0.925

Legend: ER – extended release, CR – conventional release,  
PR-prolonged release
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The n-values for Korsmayer-Peppas model ob-
served in the kinetics for commercial drug products 
(Table 5) correspond to anomalous transport (n = 0.46, 
extended-release tablets) and super II case transport 
(n = 1.06, prolonged-release tablets). Unlike the re-
lease mechanism observed in the trials, which was 
governed by a combination of polymer relaxation 
and diffusion, the prolonged-release tablets exhibit-
ed a release mechanism predominantly driven by 
polymer matrix swelling and drug release facilitated 
by matrix expansion, rather than diffusion. Fig. 7 
displays the Weibull model fitting curves for tested 
commercial drug products.

Discussion

Microscopic analysis revealed evident particle 
agglomeration and notable variation in microparti-
cle size across all trials. This phenomenon is likely 
attributable to the use of a high-HLB, hydrophilic 
surfactant-Tween 80, which may not be optimal for 
stabilizing oil-in-oil (O/O) emulsions. In such sys-
tems, insufficient interfacial adsorption can lead to 
droplet coalescence and poor dispersion stability37. 
To mitigate this, future work will explore HLB 
blending strategies38, such as combining Tween 80 

with a low-HLB surfactant like Span 80, to fine-
tune interfacial tension and enhance emulsion sta-
bility. Furthermore, during the preparation process, 
it was observed that increasing the internal phase 
volume while maintaining a constant continuous 
phase volume led to a progressive increase in parti-
cle agglomeration, because of the reduced space for 
droplets to move during mixing phase, causing 
them to collide more frequently. This also extends 
solvent evaporation time because the increased par-
ticle density requires more energy and time for the 
solvent to escape from the larger mass of drop-
lets. Thereafter, it may be observed that IP/CP ratio 
plays a critical role in emulsion stability and droplet 
dispersion. In the research it has been observed that 
the phase volume/emulsifier HLB ratio results in an 
appropriate optimum stability39, that further corrob-
orates our hypothesis. Accordingly, we propose the 
IP/CP ratio as a second dependent variable for opti-
mization. Based on the observed trends, further ad-
justment of the evaporation time may be warranted 
to accommodate changes in phase ratio and mitigate 
agglomeration, thereby improving particle unifor-
mity and process reproducibility. The proposed ap-
proaches are expected to reduce agglomeration and 
improve particle uniformity.

F i g .  6  – Weibull model fitting curves for drug release profiles across trials
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F i g .  7  – Weibull model fitting curves for drug release profiles across commercial drug products
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Based on the results (Table 1), the particle size 
is reduced by increasing the polymer content 
(T-4<T-3<T-2<T-1). This observation agrees with 
the inverse dependence established between IP/CP 
ratio and average particle size in an O/O ESE sys-
tem20. Nethaji et al.24 reported a significant increase 
in particle size with increasing polymer content, at-
tributing this trend to elevated droplet viscosity, 
which led to the formation of larger droplets and 
consequently larger microspheres. In contrast, vis-
cosity was not the primary focus of the present 
study; instead, the API-to-polymer ratio was sys-
tematically varied, while the organic solvent-to-poly-
mer ratio was maintained constant at 13:1 (v:w) 
across all trials.

The observed differences in particle size may 
be more closely associated with the IP/CP ratio, 
which ranged from 0.13 to 0.52. This variation may 
have hindered complete evaporation of the organic 
solvent, potentially resulting in residual acetone en-
trapped within the microparticles. Such entrapment 
could further influence the internal morphological 
porosity, affecting the structural integrity and per-
formance characteristics of the microparticles.

From the IR spectra of the laboratory trials, no 
significant band shifts with respect to paracetamol 
could be observed, thus confirming the compatibili-
ty of the excipients and API. The trend in gradient 
increase (T-4>T-3>T-2>T-1) correlates with the en-
capsulation efficiency data, thus confirming the 
drug encapsulation in the polymer matrix. The de-
veloped drug delivery systems demonstrated satis-
factory encapsulation efficiency, confirming the 
successful formulation strategy. Among the tested 
formulations, Trial 4 exhibited the highest encapsu-
lation efficiency, whereas Trial 1 showed the low-
est. Conversely, Trial 1 achieved the highest drug 
loading, while Trial 4 presented the lowest. These 
findings suggest a direct proportional relationship 
between polymer content and encapsulation effi-
ciency, which aligns with findings reported by Yang 
et al.28, who observed increased encapsulation effi-
ciency of aspirin with higher ethyl cellulose con-
tent.

In this study, the Weibull equitation was able to 
fit all data sets adequately to the R2. The model had 
the best fit in any of the sets, even though it is an 
empirical model and is expected to have poor pre-
dictive power32, which was not the case in the pres-
ent research. Weibull has two geometric main pa-
rameters, scale factor α (the intercept, expressed as 
ln(α)), and shape factor of the release curve β (the 
slope). A tendency towards a parabolic shape could 
be observed from the dissolution profiles, as all 
curves are compliant with β<1 32. In the literature33, 
the relationship between the Weibull β-parameter 
and Korsmeyer-Peppas parameter n have been pro-

posed and analyzed. Doing this analysis with n and 
β parameters in the present study, it can be conclud-
ed that Fickian diffusion is the main drug release 
mechanism from the HPC microparticles, whereas 
the commercial drug products with prolonged re-
lease are complex. Similar findings have been ob-
tained in PLGA nanoparticles33,34.

To complement the Weibull empirical model, 
further analysis with Higuchi’s model was per-
formed. Tables 5 and 6 display that Higuchi model 
showing subsequent best fit model following 
Weibull. All four formulations and commercial drug 
products are Q√t (Higuchi’s model) compliant, thus 
confirming that a matrix-structure with sustained 
diffusion-controlled release is obtained. The results 
are consistent with other relevant research stud-
ies35,36.

Conclusion

The O₁/O₂ ESE method, a relatively uncom-
mon approach, was successfully employed to for-
mulate paracetamol-loaded microparticles with 
modified-release properties. The thermo-responsive 
biopolymer HPC served as the drug carrier, while 
Tween 80 was utilized to stabilize the oil-in-oil 
emulsion system. Although Tween 80 is conven-
tionally used in aqueous emulsions, the findings 
from this study demonstrate its efficacy in stabiliz-
ing non-aqueous emulsions containing a hydrophil-
ic polymer, specifically within the ESE framework. 
In this context, Tween 80 functions as an interfacial 
stabilizer between acetone (dispersed phase) and 
liquid paraffin (continuous phase).

Among the formulations, Trial T-4, which con-
tained the highest polymer concentration, exhibited 
the most spherical particle morphology. A direct 
correlation was observed between polymer content 
and both encapsulation efficiency and drug release 
rate, while solid-state characterization confirmed 
the absence of drug–polymer interactions. Con-
versely, a reverse correlation was noted between 
polymer content and both mean particle size and 
drug loading capacity. While its drug loading was 
relatively low, the formulation’s performance sup-
ports its suitability for preliminary development, 
with future optimization focused on enhancing drug 
payload without compromising release characteris-
tics or patient compliance. Modified drug release 
was achieved. Based on the obtained data, a subse-
quent experimental phase will be conducted using a 
D-optimal design, incorporating polymer content as 
the most influential formulation variable alongside 
key process parameters such as stirring rate and 
evaporation time. Additionally, visual observations 
during the technological process suggest that the 
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continuous phase plays a critical role in both parti-
cle agglomeration and the evaporation rate of the 
organic solvent from the internal phase. According-
ly, it may be considered a dependent variable in the 
next investigational phase. It is encouraged that fu-
ture studies incorporate advanced analytical meth-
ods for quantifying Tween 80 residues to ensure 
compliance with pediatric exposure limits and 
strengthen the formulation’s safety profile. Future 
work will include mechanistic modeling to deepen 
the understanding of drug release dynamics in the 
optimized formulation identified through the cur-
rent QbD-driven design, and will extend to in vitro 
– in vivo correlations to support its translational and 
biopharmaceutical relevance.

A b b r e v i a t i o n s

∆H	 –	 change in enthalpy (heat absorbed or re-
leased), J or in DSC J g⁻¹

ANOVA	–	 analysis of variance
API	 –	 active pharmaceutical ingredient
ATR	 –	 attenuated total reflectance (FTIR sampling 

technique)
c	 –	 concentration, mg mL–1

COX	 –	 cyclooxygenase
CP	 –	 continuous phase
DSC	 –	 Differential Scanning Calorimetry
EMA	 –	 European Medicines Agency
ESE	 –	 emulsion solvent evaporation
EU	 –	 European Union
FDA	 –	 Food and Drug Administration (U.S.)
FTIR	 –	 Fourier-transform infrared spectroscopy
HLB	 –	 hydrophile–lipophile balance
HPC	 –	 hydroxypropyl cellulose
HPMC	 –	 hydroxypropyl methylcellulose
ICH	 –	 International Council for Harmonisation of 

Technical Requirements for Pharmaceuticals 
for Human Use

IP	 –	 internal phase
LCST	 –	 lower critical solution temperature
MDD	 –	 maximum daily dose
Mw	 –	 weight‑average molar mass, g mol⁻¹
O/O	 –	 oil‑in‑oil (emulsion type)
OTC	 –	 over‑the‑counter (medication)
Ph.Eur.	 –	 European Pharmacopoeia
PLGA	 –	 poly(lactic‑co‑glycolic acid)
Q	 –	 quantity, mg
R²	 –	 coefficient of determination
RH	 –	 relative humidity
TGA	 –	 Therapeutic Goods Administrations (Australia)
USA	 –	 United States of America

UV-Vis	 –	 ultraviolet-visible
W	 –	 weight, mg
W/O	 –	 water‑in‑oil (emulsion type)
η	 –	 viscosity, mPa s
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