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ABSTRACT

Introduction: Ibuprofen, a widely used non-steroidal anti-inflammatory drug (NSAID), is recommended for pediatric
fever and pain management. Due to its low water solubility, pH-dependent solubility, and the nature of suspension
formulations, understanding the in vitro release behavior of ibuprofen suspensions is critical. The paddle method for
dissolution testing has limitations, while the flow-through cell method, which simulates in vivo pH changes, offers
advantages for evaluating drugs with pH-dependent solubility. Methods: An in vitro release testing method for ibuprofen
suspension was established using the flow-through cell method. Key parameters such as membrane filters, glass bead
dosage, flow rates, and dissolution media, were optimized. The dissolution profiles of generic and reference ibuprofen
oral suspensions were determined using both the paddle and flow-through cell method and evaluated according to
the similarity factor (f;). Particle size and crystal shape were analyzed via microscopy and laser diffraction. Results:
The optimized flow-through cell method demonstrated strong discriminatory power, with dissolution profile similarity
results aligning with consistency evaluation outcomes for quality and efficacy of generic drugs in China. The method
could effectively distinguish between generic formulations that passed and those that failed the consistency evaluation.
However, the paddle method may risk misjudgment, as having similar dissolution profiles may not guarantee consistency.
Conclusion: This research established a dissolution profile determination method for ibuprofen suspensions based on
the flow-through cell method, overcoming the limitations of the paddle method. It provides a precise tool for quality
control and consistency evaluation of generic ibuprofen suspensions.

KEYWORDS: Ibuprofen suspension, flow-through cell method, dissolution profile, similarity factor (f>), consistency
evaluation, apparatus 4

INTRODUCTION

buprofen, a non-steroidal anti-inflammatory drug
I (NSAID), is a first-line medication for pediatric fever

and pain management as recommended by both
the World Health Organization (WHO) and the United
States Food and Drug Administration (FDA) (1-6). As of
October 2023, information from the data query website
of the National Medical Products Administration in China
shows that many manufacturers in China have obtained
approval for ibuprofen suspensions, and the quality has
drawn much attention due to lbuprofen's low solubility in
water, high demand in pediatric use, and the nature of the
suspension formulation.

The dissolution profile is a critical quality attribute (CQA)
for ibuprofen suspension. The commonly used paddle
method for dissolution testing has limitations like unfixed

sampling position and inappropriate dissolution medium
selection (7, 8). Because ibuprofen’s solubility varies with
pH, a pH 7.2 dissolution medium may not effectively
evaluate product quality differences. In contrast, the
flow-through cell method has advantages such as a fixed
sampling position, and it can simulate in vivo pH changes
(9-13). Thus, the flow-through cell method is suitable
for evaluating liquid formulations and drugs with pH-
dependent solubility, and it is valuable for generic drug
quality consistency evaluation (14-19).

This study aims to optimize and establish anin vitro release
testing method for ibuprofen suspension using the flow-
through cell apparatus. The method will be used to assess
the similarity of dissolution profiles between reference
and generic products, compare the results of the paddle
and flow-through cell methods, and investigate the
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influence of factors like particle size, crystal shape, and
formulation on in vitro release behavior. This will support
in vitro release research and quality control of ibuprofen
suspension and contribute to generic drug quality
consistency evaluation.

METHODS
Materials
Ibuprofen reference substance (Batch No.100179-

202308, content: 100.0%) was obtained from the National
Institute for Food and Drug Control, Beijing, China.
Fifteen batches of ibuprofen suspensions (2%) (coded
“B1"—“B15”) from eight manufacturers (coded “C1"—“C8")
were purchased from pharmacies in Sichuan, China.
The product of manufacturer C1 (Shanghai Johnson &
Johnson Pharmaceutical Enterprise), a locally produced
originator drug, served as the reference preparation,
and the others (C2—-C8) were generic drugs. All products
were used at least 12 months prior to expiration. The
chemicals and reagents used to perform the experiments
included sodium hydroxide pellets (NaOH) (Kermel,
China), potassium dihydrogen phosphate (KH2PO4)
(Guanghua, China), sodium acetate (CH3COONa) (Kelong,
China), glacial acetic acid (CH3COOH) (Guanghua), and
hydrochloric acid (HCl) (Chuandong, China).

Aqueous buffer solutions (pH 1.4 HCI, pH 4.5 acetate, pH
6.0 acetate, pH 6.5 phosphate, and pH 7.2 phosphate)
were used as dissolution media and were prepared in
compliance with the Chinese Pharmacopoeia (ChP) (20).

The filter membranes used to perform the experiments
included polyethersulfone (PES) (0.45 um; PALL, USA),
mixed cellulose ester (MCE) membrane (0.8 um; JINTENG,
China), glass fiber (2.7 um and 0.7 um; WHATMAN, UK),
and polycarbonate track-etched (PCTE) membranes with
various pore sizes (5, 8, and 10 um; WHATMAN), and
defatted cotton (Winner, China).

Equipment

The instruments used in this study included a pH meter
(Mettler Toledo, S210), a liquid chromatograph (Agilent
1260 Infinity), an electronic balance (Sartorius CPA225D),
two dissolution testers (SOTAX, CE 7smart and AT 7X), a
laser particle size analyzer (Malvern Mastersizer 3000),
and a microscope (Olympus BX43). All instruments were
calibrated or verified annually following laboratory
guidelines. The two dissolution testers, installed
by the vendor, underwent 3Q (design qualification,
installation qualification, and operational qualification).
Subsequently, they were mechanically calibrated
and performance-verified annually by an accredited
laboratory. A Performance verification test of the Sotax

AT 7X dissolution tester was carried out using salicylic acid
tablets (national pharmaceutical reference substance of
China) in accordance with their instruction manuals.

Dissolution Profile Determination Based on the Flow-
Through Cell Method

For the flow-through cell method, the dissolution tests
were conducted on Sotax CE 7smart system coupled with
a CP7-35 piston pump and C 615 fraction collector. The
closed-loop configuration was used, with a pump pulse
of 120 r/min. The suspension was thoroughly mixed, and
approximately 2.5 mL was transferred into a needle-free
syringe. The syringe was weighed before and after the
transfer to determine the exact sample volume based on
weightand density. The sample was then introduced into a
standard flow-through cell with an inner diameter of 22.6
mm. The cell was prepared by filling the conical section
with 7 g of 1-mm glass beads and placing a ruby bead at
the bottom. A filter membrane combination, consisting of
defatted cotton (2.5 cm diameter, 0.1 g) and a glass fiber
membrane (2.7 um), was assembled on top of the cell.
The experiment was conducted at a temperature of 37 +
0.5 °C with a flow rate of 8 mL/min. HCl solution (pH 1.4)
was used as the medium during the first 5 minutes of the
test, then phosphate buffer (pH 6.5) was used. Samples
were taken at a volume of 40 mL every 5 minutes from
0-30 minutes and 60 mL every 15 minutes from 30-120
minutes.

Optimization of the Flow-Through Cell Method

Filter membranes were selected based on the graded
filtration principle to prevent tubing blockage while
retaining undissolved ibuprofen particles. Flow rate, glass
bead dosage, and sample volume were optimized by
comparing the dissolution behavior of the reference drug
(coded “C1B2”) and a generic drug (coded “C6B11”) that
passed the consistency evaluation through calculating the
similarity factor (f>). Under the finally selected conditions,
the f, factor of C1B2 and C6B11 should be relatively high.
According to data from the Japanese National Institute
of Health Sciences, the solubility of ibuprofen at 37 °C
varies significantly with pH (pH 1.2: 0.053 mg/mL; pH
5.5: 0.433 mg/mL; pH 6.8: 2.010 mg/mL; water: 0.077
mg/mL), indicating that its dissolution behavior is heavily
influenced by pH (21). To simulate the gastrointestinal pH
environment of the human body, this study employed a
multi-phase dissolution medium, with an acidic phase
followed by a neutral phase. The pH values were based
on the HCl condition (pH 1.4) in simulated gastric juice
and the pH range (pH 5.0—-6.5) of biorelevant dissolution
media, including fasted state simulated intestinal fluid
(FaSSIF) and fed state simulated intestinal fluid (FeSSIF)
(22-24). Different pH-variable dissolution protocols were
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investigated, and the one with the highest f, was chosen.
Two types of dissolution media were used as follows. For
dissolution medium 1: HCl solution (pH 1.4) was used for
the first 5 minutes; then acetate-acetic acid buffer (pH
4.5) was used from 5-10 minutes; then phosphate buffer
(pH 6.5) was used from 10-120 minutes. For dissolution
medium 2: HCl solution (pH 1.4) was used from 0-5
minutes, then phosphate buffer (pH 6.5) was used from
5-120 minutes.

Validation of the Flow-Through Cell Method

The dissolution method was validated for specificity,
linearity, limit of quantitation, accuracy and solution
stability according to International Council for
Harmonization (ICH) guidelines (25). All validation
parameters were within acceptable limits.

For filtration membrane and glass bead adsorption, an
appropriate amount of ibuprofen suspension (Batch
B2) was accurately weighed, dissolved, and diluted in
phosphate buffer (pH 6.5) to prepare solutions with
approximately 0.2 mg/mL and 1.0 mg/mL of ibuprofen,
simulating sink and non-sink dissolution conditions,
respectively. These solutions were treated by two
methods: centrifugation and filtration through degreased
cotton combined with a 2.7-um glass fiber membrane,
followed by chromatographic analysis. The membrane
adsorption rate (%) was calculated as follows:

Peak area of centrifuged sample — Peakarea of filtered sample

X 100%.

Peak area of centrifuged sample

Under both concentration conditions, the membrane
adsorption rate should not exceed 2%.

Moreover, the prepared solutions were vortexed or
shaken with glass beads, then filtered through the
degreased cotton-glass fiber membrane combination.
The results were compared with samples without glass
beads, processed identically. The glass bead adsorption
rate (%) was calculated as follows:

Peak area of sample without glass beads — Peakarea of sample with glass beads

Peak area of sample without glass beads

The glass bead adsorption rate should also be no more
than 2%.

Dissolution Profile Determination Method Based on
the Paddle Method

According to the United States Pharmacopeia (USP), the
dissolution of ibuprofen suspensions is determined using
the paddle method. Dissolution curves in different media
were measured by USP apparatus 2 (paddle). A 2.5-mL
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X 100%.

sample was used, and 900 mL of dissolution medium was
employed with a stirring speed of 50 rpm. Samples were
collected at 5, 10, 15, 20, 30, 45, and 60 minutes. The
dissolution media included HCl solution (pH 1.4), water,
acetate-acetic acid solutions (pH 4.5 and pH 6.0), and
phosphate solutions (pH 6.5 and pH 7.2).

High-Performance Liquid Chromatography (HPLC)
Analysis

Ibuprofen was analyzed and quantified by high-
performance liquid chromatography (HPLC) using an
Agilent 1260 Infinity system. Separation was achieved on
a C18 column (Agilent, 250 x 4.6 mm, 5 um) with a mobile
phase consisting of methanol, acetonitrile, water, and
phosphoric acid (65:10:25:0.03, v/v/v/v) at a flow rate of
1 mL/min. Detection was carried out at 220 nm, and the
injection volume was 10 pL.

Evaluation of Dissolution Profile Similarity

The similarity of dissolution profiles between reference
and generic formulations was evaluated using the
similarity factor (f;), the f, values must be between 50 and
100 (26, 27). Alternatively, similarity can be established
without f, comparison if both formulations achieve > 85%
drug release within 15 minutes.

Particle Size Analysis

The particle size distribution of ibuprofen suspensions, a
critical factorinfluencing drug safety, efficacy, and stability
(28-30), was characterized using microscopy (Olympus
BX43) and laser diffraction (Malvern Mastersizer 3000
with Hydro MV wet dispersion unit) (31-33). Microscopy
revealed both particle size and the crystal shape, while
laser diffraction quantified the size distribution. For laser
diffraction analysis, a saturated ibuprofen solution (0.5%
Triton X-100) was prepared as the dispersion medium.
Suspension samples (2 mL) were processed through
two cycles of centrifugation (3000 rpm, 10 min) and
redispersion in 6 mL medium. The final dispersion (2
mL) was analyzed under following conditions: 1500 rpm
for 5 min; refractive indices of 1.550 (sample) and 1.33
(medium); sample absorbance of 0.01; non-spherical
mode; obscuration range 3-12%. Triplicate measurements
(10 s sample, 10 s background) were performed for each
sample.

RESULTS
Flow-Through Cell Method

Optimization Results

During the assessment of multiple membrane
combinations, such as PES (0.45 um), MCE (0.8 um), glass
fiber (2.7 and 0.7 um), and combinations of PCTE (5, 8, and
10 um) with glass fiber (2.7 and 0.7 um), various degrees



of blockage were detected. Particle size analysis revealed
that particles larger than 2.7 um accounted for over
99.6% of all samples (with the reference sample showing
100.0%). Although the 2.7-um glass fiber membrane could
theoretically retain undissolved ibuprofen effectively,
samples from some manufacturers still caused pipeline
blockages, likely due to viscous excipients like a large
dosage of sucrose, glycerin, and cellulose. To overcome
this, defatted cotton was added before the membrane.
It effectively intercepted undissolved substances, solving
the blockage problem. The final membrane combination
was defatted cotton (2.5-cm diameter, 0.1 g) and the 2.7-
pum glass fiber (2.7 um) membrane.

The similarity factor f, between the reference
formulation (batch B2) and the consistency-evaluated
generic (batch B11) varied with different flow rates and
glass bead quantities (Table 1). The optimal conditions
were determined as a flow rate of 8 mL/min and 7 g of
glass beads, which resulted in a higher f,. Regarding
sample volume, 10-mL loading caused significant tubing
blockages, 5-mLloadingled tosome blockages,and 2.5-mL
loading had no blockages. Thus, 2.5 mL was chosen as the
final loading volume. In different pH-altering dissolution
media, the f, values differed. Dissolution medium 2 (f,
= 70) demonstrated better similarity between reference
(B2) and generic (B11) batches compared to medium 1 (f,
=52), so medium 2 was selected as the optimal medium
(HClI solution pH 1.4 for first 5 minutes, then phosphate
buffer pH 6.5 from 5-120 minutes).

Table 1. Optimization of Flow Rate and Glass Bead Dosage Based
on The Flow-Through Cell Method

8 2 57
8 7 71
4 2 38
4 7 58

Formulation C1B2 was the reference; acceptable range for f, is 50-100.

Validation Results
The method demonstrated excellent specificity, with
complete separation of ibuprofen from adjacent peaks

and no interference from dissolution medium or
excipients. Linearity was established over 0.0021—-0.6270
mg/mL (y = 23249x + 52.85, r = 0.9999), with a limit of
quantitation (LOQ) of 0.209 pg/mL. Method accuracy
was confirmed by recovery rates of 100.0-102.1% across
four concentration levels. No adsorption on membranes
and glass beads was detected under both sink and non-
sink conditions. Solution stability was studied, with an
RSD of 0.7% for sample solutions over 24 hours and
0.3% for reference solutions over 7 days. These results
validated the accuracy, reliability, and applicability of the
established method.

Dissolution Profile Similarity Based on the Flow-
Through Cell Method

The dissolution profiles and f, values obtained using the
flow-through cell method are detailed in Figure 1 and
Table 2.
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Figure 1. Dissolution profiles based on the flow-through cell method.

Three batches of the locally produced originator
product (B1, B2, and B3) from manufacturer C1 served
as the reference. To ensure no more than one point
with cumulative release exceeding 85% was included,
dissolution amounts from the first six time points were
selected for calculating the similarity factor (f,) between
each generic formulation and the reference. Among the
reference batches, B1 exhibited slightly faster dissolution
compared to B2 and B3. Particle size analysis revealed
that B1 had a smaller particle size (Dg: 47.7um) compared
to B2 and B3 (Dgp: 66.1 and 65.9 um, respectively),

Table 2. Similarity Factor (f,) Based on the Flow-Through Cell Method

CiBl C1B2 C1iB3 C2B4 C3B5 C3B6 CaB7 CcaB8 C5B9 | C5B10 | Ce6B11 | C7B12 | C7B13 | C8B14 | C8B15
CiB1 N/A 74 76 58 41 31 16 31 34 40 62 21 19 21 24
C1B2 74 N/A 92 51 44 33 17 33 37 44 70 23 20 22 26
CiB3 77 92 N/A 52 45 33 17 34 37 44 72 23 20 22 26

Acceptable range for f, is 50-100. C1B1-C1B3: reference products (three batches [B1-B3] from one manufacturer [C1]); C2B4-C8B15: generic products (12

batches[B4-B15] from 7 manufacturers [C2-C8]).
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suggesting that dissolution rate differences may be
related to particle size.

Products from manufacturer C2 (B4) and C6 (B11) had f,
values greater than 50 when compared to the reference
(B2), indicating good dissolution profile similarity.
B4 showed a slightly higher dissolution rate than the
reference, while B11 was slightly lower. Other batches had
f>values below 50, with slower dissolution rates compared
to the reference. As of December 2023, the C6 ibuprofen
suspension completed bioequivalence trials and passed
consistency evaluation, whereas the C3 product failed.
Other companies are either in the process of evaluation
or have not yet submitted applications. Using the flow-
through cell method, the C6 product (B11) showed f,
values greater than 50 compared to the reference, and
the C3 products (B5 and B6) had f, values below 50. These
results indicated the method’s discriminative power and
correlation with consistency evaluation outcomes.

Dissolution Profile Similarity Based on the Paddle
Method

Dissolution profiles obtained using the paddle method
under varying pH conditions are illustrated in Figure 2. In
HCl solution (pH 1.4) and water, cumulative dissolution at
60 minutes was low. Acetate-acetic acid buffer (pH 4.5)
improved dissolution, but some batches remained below
80%. In contrast, acetate-acetic acid buffer (pH 6.0),
phosphate buffer (pH 6.5), and phosphate buffer (pH 7.2)
resulted in cumulative dissolution rates exceeding 90%
for all batches.

Using C1B2 as the reference, f, values for each generic
were calculated (Table 3). Lower pH levels resulted in lower
dissolution amounts due to inadequate sink conditions,
whereas higher pH levels reduced discriminative power.
In phosphate buffers (pH 6.5 and 7.2), all samples showed
cumulative dissolution greater than 85% at 15 minutes,
indicating similarity to the reference. The paddle method
identified four generic products (from C2, C3, C6, and C8)
with dissolution profiles similar to the reference across
various pH conditions. Notably, the C3 product, which
failed consistency evaluation, showed similar dissolution
profiles using the paddle method, potentially leading to
misjudgment.

Particle Size Analysis

Microscopy and laser diffraction results revealed diverse
crystal shapes (plate-like, polyhedral, granular, needle-
like, and short rod-like) among manufacturers, likely due
to differences in API sources and formulation processes
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(available as supplemental data). The C6 product, which
passed consistency evaluation, exhibited plate-like
crystals and a particle size distribution (Dgp) similar to
the reference. The C2 product had short rod-like crystals
with a slightly larger Dgg than the reference. The C5 and
C7 products showed thicker plate-like and polyhedral
crystals with significantly larger Dgg values compared
with the reference. The C3 and C8 products had granular
crystals with low Dgg values, and the C4 product featured
aggregated needle-like crystals with a much larger Dgg
than the reference.

Differences in crystal shape and particle size distribution
may impact dissolution behavior and bioequivalence.
CQAs of ibuprofen suspensions, including particle size
distribution, crystal shape, and solubilizer content, are
summarized alongside dissolution profile results in
Table 4.

DISCUSSION

In the paddle method, smaller particle sizes correlated
with faster dissolution. The reference formulation, with
smaller particles, showed rapid dissolution across all
media. Generics with smaller particles were more likely
to achieve similar dissolution profiles. However, the
C3 product, despite having similar dissolution profiles,
failed consistency evaluation, highlighting the method's
limitations. The paddle method's vigorous stirring may
not fully reflect the impact of formulation differences
beyond particle size. Relying solely on this method for
consistency evaluation risks misjudgment, as similar
dissolution profiles may not guarantee consistency.

In the flow-through cell method, the C2 and C6 products
showed dissolution profiles similar to the reference,
with fast dissolution rates. The C6 product had crystal
shapes and particle sizes consistent with the reference,
facilitating similar dissolution profiles. The C2 product,
despite having different crystal shapes and a slightly
larger particle sizes, achieved similar dissolution due to
a higher concentration of solubilizer (polysorbate 80,
0.3% vs. 0.05% in the reference). The flow-through cell
method comprehensively reflected the effects of crystal
shape, particle size, and formulation on dissolution
behavior. It demonstrated excellent discriminatory
capacity, with dissolution profile similarity results aligning
with consistency evaluation outcomes. This method
addresses the paddle method's limitations, such as
sample positioning issues and inadequate reflection of
pH-sensitive dissolution behavior.
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Figure 2. Dissolution profiles in different media based on the paddle method: (A) pH 1.4; (B) water; (C) pH 4.5; (D) pH 6.0; (E) pH 6.5; (F) pH 7.2.

Table 3. Similarity Factors (f;) Under Various Dissolution Conditions Based on the Paddle Method

2 pH 1.4 58 73 54 61 91 45 84

Water 63 69 50 53 71 47 50

pH 4.5 53 72 36 36 80 24 56

Cumulative pH 6.0 Yes Yes No Yes Yes No Yes

Dissolution pH 6.5 Yes Yes Yes Yes Yes Yes Yes
> 85% at 15

min pH 7.2 Yes Yes Yes Yes Yes Yes Yes

C1B2 was used as the reference; acceptable range for f,is 50-100. C2B4-C8B14 represent the generic products (7 batches [B]] from 7 manufacturers [C]).
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Table 4. Summary of Critical Quality Attributes and Dissolution Profiles Similarity

Attribute Cc1 Cc2 c3 ca c5 (o] c7 c8
Short rod- Plate-lik d Plate-lik d
Crystal shape Plate-like °f ro Granular Needle-like ate-fike an Plate-like ate-ike an Granular
like polyhedral polyhedral
Particle size (Dgp) 66.1 um 146.0 um 51.5 um 268.2 pm 217.9 pm 97.8 um 145.8 um 69.3 um
Polysorbate 80 0.05% 0.3% 0.1% 0.1% 0.3% NA 0.4% 0.05%
content (w/w)
Similarit
(I:; LZ:L;/ Reference Yes Yes No No Yes No Yes
Similarity (Flow-
I‘F::rz:g‘l,\ (Ce(:l‘;l Reference Yes No No No Yes No No

NA: Polysorbate 80 content unavailable for C6; D90: particle size at undersize values of 90%; Yes: dissolution profiles similar to reference; No: dissolution
profiles dissimilar.

CONCLUSIONS
This study provides a technical foundation for quality

control

and consistency evaluation of ibuprofen

suspensions. The flow-through cellmethod offers a precise
assessment of product quality differences, particularly
in vitro release, supporting quality enhancement and
consistency evaluation of generics.
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