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Acetaminophen is a widely used oral analgesic and antipyretic medication; however, quality
control parameters may differ across various brands. The aim of the present study was to evaluate
and compare critical quality attributes, including in-vitro dissolution characteristics, of five
acetaminophen tablet brands (labeled A-E) from the Saudi market and determine their
pharmaceutical equivalence. All brands were tested for conformity with the United States
Pharmacopoeia (USP) standards, through evaluation of weight variation, hardness, friability,
disintegration, and dissolution. Dissolution profiles were compared using model-dependent and
independent approaches relative to the innovator brand A (Panadol). All tested brands passed
the weight variation and friability tests with deviations of less than 5% from the average weight
and less than 1% weight loss, respectively, with the exception of brand C showing relatively higher
friability (1.13%). All brands displayed variable disintegration times; however, all were compliant
with USP specifications. All studied tablets released less than 80% of the drug within 30 minutes;
however, brands B and C had lower drug release rates, area under the curve (AUC), and
dissolution efficiency (DE) compared with the innovator. Brand E, on the other hand, had a higher
drug release rate, AUC, DE, and mean dissolution time (MDT), and thus was pharmaceutically
inequivalent to the innovator. All tested brands exhibited a non swellable matrix diffusion-
controlled dissolution as assessed by the Korsmeyer-Peppas model of drug-release kinetics. In
conclusion, all acetaminophen brands were able to pass USP specifications to justify
interchangeability. Minor variations in in-vitro dissolution characteristics could reflect inherent
manufacturing compounding differences.

: Acetaminophen, quality control, comparative analysis, dissolution, disintegration.

audi Arabia has the largest pharmaceutical market in the Middle East and African region,
with a net worth of $8.2 billion US dollars in 2018 (1). This market has been witnessing a
fierce competition among various pharmaceutical companies, including innovator and
generic brands (1). Innovator companies spend a huge portion of their resources during clinical
trials for the development of a novel drug product (2). This is rewarded through achieving a drug
patent for a certain period of time, protecting their products from competition in the market (2).
However, when the patent of an innovator drug product expires, other pharmaceutical companies
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will have the opportunity to produce their own generic drug brands, hence creating a swirl in
market competition (2). For a generic drug application to receive an approval, applicants must
validate their generic drug and declare it as pharmaceutically equivalent to an approved, safe,
and effective reference product. Specifically, the generic drug must contain identical amounts of
the same active ingredient in the same dosage form and route of administration, and must meet
all specified compendial standards of strength, quality, purity, and identity (3). Additionally, these
specifications require in-vivo bioequivalence assessments, with products demonstrating
comparable bioavailability profiles (i.e., active ingredients must be absorbed from a drug product
and made available at the site of action at a similar rate and extent) (2, 3).

The World Health Organization (WHO) encourages the evaluation of healthcare expenditure and
the improvement of medicine access through timely evaluation of drug dosage forms to ensure
that all medications are pharmaceutically qualified and therapeutically equivalent before they
reach the patient (4-6). Even though many generic drug brands are widely available in the market,
effective quality control and monitoring approaches may be inadequate or even absent in many
developing countries. Concurrently, the emergence of a wide variety of generic products have fed
into the widespread distribution of substandard and counterfeit drug products in the
pharmaceutical market (7). Substandard drug products, as defined by the WHO, are genuine
drugs produced by certain authorized manufacturers that do not meet the quality specifications
affixed for them by the national or international standards (8). Around 10% of medical products
are found to be either falsified or of a substandard quality, and this could be related to poor
storage conditions, difficulties in medicine access by healthcare providers or patients, technical
hindrance and limitations in manufacturing, or fragile local authority governance over
pharmaceutical products regulations (4).

Establishing firm measures of quality control of medications of different manufacturing origins is
essential and imperative for medications to exhibit the therapeutic effects they are intended to
treat (9). A plethora of quantitative assessments of drug products exists, particularly for dosage
forms that are self-administered in tablet or capsule formulations (10). Typically, assessments that
function to accurately define the physicochemical properties of various dosage forms and their
stability profiles and determine bioavailability are performed during early drug design stages and
during subsequent monitoring of production quality (10). For tablet dosage forms, any chemical
breakdown or interaction between tablet components may alter their physicochemical
properties, thereby potentially affecting the bioavailability from a tablet system (10). Tablets must
be fabricated to withstand chipping, abrasion, and breakage; and each unit in a given batch should
contain the active pharmaceutical ingredient (AP1) within a narrow range of the labeled strength.
Thus, the main physical properties of tablet formulations are their mechanical strength and
consistent weight and/or drug content. These can be assessed using the friability, hardness, and
uniformity of dosage units tests (11—15). APl can only be absorbed once released from the tablet
into the solution. Accordingly, disintegration, which refers to the breakdown of tablets into
smaller particles, is the first step driving the release of drug from immediate- release (IR) tablet
dosage forms (16, 17). The prediction of in-vivo bioavailability of most oral drug formulations
depends greatly on in-vitro dissolution studies. These studies play an imperative role as a quality
control tool for monitoring batch-to-batch consistency of drug release from a particular dosage
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form and as an in-vitro surrogate for in-vivo performance (18-20). The United States Food and
Drug Administration (FDA) and WHO have approved Biopharmaceutics Classification System
(BCS) class 1 and 3 drugs for IR oral dosage forms, which recognizes in-vitro dissolution tests to
be equivalent (i.e., for obtaining a biowaiver) to the in-vivo tests in comparing generic with
innovator brand products to determine interchangeability (21, 22). Pharmaceutically, dissolution
testing is therefore essential during the drug development stages and data derived from this
testing method can estimate correlation between drug release and absorption, and serve as a
valuable tool for marketing approval (18, 23).

Acetaminophen (USA) or paracetamol (Europe) is chemically known as N-acetyl-para-
aminophenol or N-(4-hydroxyphenyl) ethanamide and N-(4-hydroxyphenyl) acetamide (Fig. 1). It
is an over-the-counter (OTC) drug used for its antipyretic and mildly analgesic effects (24, 25). The
drug plays an active role in the inhibition of prostaglandin synthesis in the central nervous system
and is highly selective for cyclooxygenase enzymes (26, 27).

HSCJ’J\N
H

Figure 1. Chemical structure of acetaminophen.

In Saudi Arabia, acetaminophen is marketed as IR tablet, capsule, and suppository forms in doses
ranging from 100 to 650 mg per unit. It is also available in syrup, solution, suspension, and granule
dosage forms in a wide range of strengths. Acetaminophen, having high solubility and low
permeability, is a BCS class 3 compound according to the current BCS criteria (28). The extent of
absorption of this class of compounds is rarely affected by differences in composition; however,
differences in the rate of absorption between brands and formulations were documented in some
studies (28). Essentially, the presence of sodium bicarbonate in some of these drug products was
reported to increase the rate of absorption, probably due to effects on gastric emptying. Taking
into account acetaminophen’s therapeutic uses, wide therapeutic index, and uncomplicated
pharmacokinetic properties, in-vitro dissolution data collected in accordance with the relevant
guidelines can be safely used for declaring bioequivalence (BE) of two acetaminophen
formulations (28). Because of its desirable therapeutic effects and safety profile, acetaminophen
is considered one of the most popular OTC drugs and is available in several generic brands,
particularly in a tablet formulation, from different pharmaceutical companies (29). The existence
of substantial differences between the innovator and generic brands is anticipated and may, in
some cases, impact the end user experience and contribute to significant variability in the
predicted therapeutic response (30). Accordingly, the current study aimed to investigate in-vitro
quality control parameters of five commercially available acetaminophen tablet brands (500 mg)
to assess their conformity with the United States Pharmacopeia (USP) standards. Further, the
study aimed to investigate drug-release kinetics for selected brands and determine their
pharmaceutical equivalence with the innovator brand (Panadol).
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Chemicals and Reagents

Acetaminophen reference standard (RS) was donated by Deef Pharmaceutical Industries (Qassim,
Saudi Arabia) and originally manufactured by Albemarle (USA). Reagents used throughout the
study were of analytical grade, including 38% hydrochloric acid (HCl; Scharlab, Spain), disodium
hydrogen phosphate (Sigma-Aldrich, USA), and potassium dihydrogen phosphate (Sigma-Aldrich,
USA). Friability, hardness, uniformity of dosage units, disintegration, and dissolution tests were
done according to USP chapters <1216>, <1217>, <905>, <701>, and <711>, respectively (31-34).

Tablet Samples

Five brands of acetaminophen tablets (500 mg) were purchased from different retail pharmacies
in Riyadh, Saudi Arabia including Panadol (lot: AY8W, exp: 11/2024, GSK, Ireland), Fevadol (lot:
132459, exp: 07/2025, SPIMACO, Saudi Arabia), Adol (lot: 210017, exp: 04/2025, Alpha Pharma
Industry, Saudi Arabia), Omol (lot: 0220024 exp: 12/2023, National Pharmaceutical Industries,
Oman), and Panadrex (lot: LT424, exp: 09/2025, Kuwait Saudi Pharmaceutical Industries, Kuwait).
Acetaminophen brands were labelled from A to E, with A being the innovator and the others
being the generic products.

Standard Curve Preparation

A stock solution (100 pg/mL) of acetaminophen was prepared by dissolving 100 mg of RS in 10
mL of 0.1 N HCI. The solution was then brought up to volume using 0.1 N HCI. Aliquots of the
stock solution were further diluted in 0.1 N HCI to concentrations within Beer-Lambert’s range
(4-12 pg/mL) and scanned at a wavelength of 243 nm using UV/Visible spectrophotometer
(Jenway 6705, UK). The resultant plot of absorbance versus concentration (r>=0.9993) was used
for later analyses.

Mechanical Calibration and Performance Verification of Dissolution Apparatus and UV/Visible
Spectrophotometer

Tests for mechanical calibration and performance verification of dissolution apparatus (Erweka
DT 128 light, Germany) were done on routine basis (i.e., every 6 months) as per USP specifications
as follows. For mechanical calibration, both equipment environment and dissolution test
assembly are regularly checked. Bench tops that limit vibration and has not more than 1° surface
inclination are used to support dissolution apparatus. All vessels and individual parts of the
paddle system are uniquely identified and checked for conformance with USP <711> in terms of
dimensions, inclination alignment, rotation speed, temperature control, and presence of gross
defects. For performance verification testing, a dissolution test is carried out using USP
Prednisone Tablets RS; 500 mL of deaerated purified water is used as the dissolution medium,
and the test is set at 50 rpm and 37 £ 0.5 °C for 30 minutes. After 30 minutes of testing and with
rotation continuing, sampling and filtration using 0.45-um membrane filters are done. Release of
prednisone is determined following UV absorbance measurements at 242 nm and comparison
with reference standard preparations.

Validation and monitoring of UV-Visible spectrophotometer is performed on a monthly basis
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following the standard operation procedure. Testing is done to verify the wavelength accuracy,
stray light limit, resolution power, absorbance accuracy, and stability, in addition to baseline
flatness, noise, and reproducibility of the instrument.

Friability Test

For the friability test, 20 tablets were randomly selected, weighed, and placed into a friabilator
chamber (Roche Friabilator, Germany) set at 25 rpm for 4 minutes. The tablets were subsequently
weighed again and the differences in weight were calculated as percentage friability. The same
procedure was repeated for all acetaminophen tablet brands. Requirements are met if the
percentage friability is not more than 1.0% (31).

Hardness Test

A sample of 20 tablets from each brand was randomly selected and placed one by one in a tablet
hardness tester (Erweka TBH 125, Germany) as per the USP specifications (35). The degree of
force in kiloponds (kp) required to break a tablet across the diameter was measured.

Uniformity of Dosage Unit Test

To test for weight variation, 20 tablets from each brand were randomly selected and weighed
individually using an electronic balance (KERN PFB 300-3, Germany). The average weights and
percentage deviations from the mean values for each brand were calculated. Requirements are
met if the weights of not more than two tablets deviate from the average weight of the same
brand by more than 5%, and no single tablet can differ in weight by more than 10% (32).

Disintegration Test

Complying with USP <701> standards, six tablets from each brand were individually placed inside
each of the six tubes of the basket of disintegration test apparatus (ED 2L, Electrolab, Mumbai,
India) (33). The media temperature was maintained at 37 £ 2 °C, and the test started immediately
after the basket assembly was attached. The disintegration time is the time required for no
particles to remain in the system’s basket. If all six tablets disintegrate, the brand passes the test.
If one or two tablets do not fully disintegrate, then 12 additional tablets are tested. Only two
tablets out of the total of 18 tested tablets are allowed to fail complete disintegration (33).

Dissolution Test

The dissolution test was carried out according to the USP paddle method (apparatus Il) and was
done in six replicates (vessels) for each brand. The temperature of the medium was maintained
at 37 £ 0.5 °C, and the stirring speed was set to 50 rpm. In all the experiments, 5 mL samples were
withdrawn from each vessel at 10, 20, 30, 50, 80, and 120 minutes and replaced with equal
volumes of fresh dissolution medium. Samples were filtered using 0.45-um membrane filters
(Merck, USA), diluted to concentrations within Beer-Lambert’s range, and their absorbance was
measured using a UV/Vis spectrophotometer (34). Absorbance values were then correlated with
the previously constructed standard curve (r? = 0.9993) to calculate the concentration of drug
released at each time interval.
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Drug-Release Kinetics

In this study, the in-vitro drug release data were fitted to the zero-order, first-order, Higuchi,
Hixon-Crowell, Korsmeyer-Peppas, and Weibull mathematical models to determine the best
model that describes the mechanism and kinetics of drug release from the tested brands. The
zero-order model describes systems in which the drug release rate is independent of the
concentration of dissolved species, whereas the first-order model, on the other hand, describes
the drug release from systems where dissolution rate is dependent on the concentration of the
dissolving species (36).

The Higuchi model describes drug release from systems where the solid drug is dispersed in an
insoluble matrix, and the rate of drug release from matrix is related to the rate of drug diffusion
(36). Drug release from systems where there is a change in the surface area and diameter of
particles or tablets is described by the Hixson-Crowell model (36).

Korsmeyer and Peppas put forth a simple equation relating drug release from a polymeric system
with its specific type of dissolution (37). The Weibull function is a mathematical model lacking
physicochemical fundament and can be used to study the dissolution rate (38).

A model is considered the best descriptor of drug-release kinetics when it displays the highest
correlation (R?) values (39). The pertinence of the release models employed was also tested using
the Akaike Information Criteria (AIC), which is a measure of the best fit based on maximum
probability (40). When comparing data sets of different brands, the model associated with the
smallest AIC value is considered the best fit.

In addition, a comparison of dissolution profiles was carried out employing model-independent
approaches including difference (fi) and similarity (f;) factors, area under the curve (AUC),
dissolution efficiency (DE), and mean dissolution time (MDT).

Statistical Analysis

All comparisons were run using GraphPad Prism software, version 6.01. Two-way analysis of
variance (ANOVA) followed by Dunnett post-hoc analysis was used to compare dissolution profiles
of tested acetaminophen brands in terms of drug-release patterns. DDSolver version 1.0
(Microsoft Excel add-in) was used for dissolution data modeling, as well as pair-wise dissolution
profiles comparison of generic acetaminophen brands against the innovator product. The best
fitting drug-release model was selected based on comparisons of fit parameters, coefficient of
determination (R?), and AIC provided by DDSolver (41).

Ongoing in-vitro assessment of pharmaceutical dosage forms is key to ensuring optimal quality
control and is a prerequisite for bioequivalence studies. Five different tablet brands of
acetaminophen were tested for their weight variation, hardness, friability, disintegration, and
dissolution. All drug samples were within their shelf-life at the time of investigation.
Characteristics of studied brands are shown in Table 1.
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Table 1. Characteristics of 500-mg Acetaminophen Tablet Formulations

Code | Price(8 | Appearance Vs | i
A? 1.47 White, elliptical 17.67 £ 0.029 5.098 + 0.059
B 1.41 White, elliptical 17.77 £ 0.040 5.822 +0.051
C 2.37 White, circular 12.89 £ 0.061 5.221 +0.081
D 2.11 White, circular 12.60 £ 0.018 4.092 £0.039
E 2.50 White, elliptical 19.14 £ 0.039 7.118 £ 0.066

? Innovator acetaminophen brand; ® Latest price per packet in USD.

The main objectives of the uniformity of dosage units test are to ensure good manufacturing
practices, appropriate tablet size, and the content uniformity of the formulation (42). To that end,
friability and weight variation tests were carried out first. The tablet weight variations in all the
tested brands were low (< 3.5% deviation from the average). These results complied with the USP
specification (32). The highest weight variation was observed for brand C, approaching 3.5%. With
respect to hardness, the mean values were in the range of 14.10-23.20 kp (Table 2). Although no
specific goals were explicitly stated in the USP regarding tablet breaking force, the obtained
results for all tested brands were relatively comparable, except for brand B, demonstrating
relatively higher kp values. The USP states that the tablets friability should be less than 1% (31).
This specification was met by all tested brands except brand C (Table 2), which showed higher
friability values compared with all other brands. The reason behind the latter finding cannot be
delineated in this study but could be related to specific batch issues, including differences in
excipients composition and/or improper transport or storage of the product. Very low moisture
levels can result in more friable tablets, so the high temperatures and dry climate characteristics
of the area coupled with inappropriate transport/storage conditions could have contributed to
the friability data of brand C(10, 14).

Disintegration may be directly related to the dissolution and subsequent bioavailability of a drug,
and a drugincorporated in a tablet formulation is released more rapidly as the tablet disintegrates
(16). As shown in Table 2, all tested brands compiled with the USP specification for disintegration,
(33). It is noteworthy that although brand B showed the highest hardness as stated above, the
disintegration of this brand was the fastest. This could be related to the presence of a high
concentration of disintegrant excipients that offset the high kp for this brand.

The dissolution of a drug from an oral solid dosage form is a necessary criterion for its
bioavailability, and as such the drug must be solubilized in the aqueous environment of the
gastrointestinal tract to be absorbed (19, 20). Acetaminophen tablets should release not less than
80% of the drug at 30 minutes, which is USP requirement that was met by all tested brands (Fig.
2) (34). When comparing the dissolution profiles of tested brands with that of the innovator
(brand A) using a plot of the cumulative drug release versus time, the drug release rate for brands
B (83 + 7% vs 88 + 10%) and C (82 + 11% vs 88 + 10%) was significantly lower, whereas that of
brand E was markedly higher (97 = 7% vs 88 + 10%), all p < 0.05. These differences could be
attributed to existing differences in shape and size of each pharmaceutical formulation as well as
the amount and type of excipients used (43, 44).
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Table 2. Weight Variation, Hardness, Friability, and Disintegration Results for 500-mg Acetaminophen
Tablet Formulations

Brand Weight (g) Hardness (kp) Friability Disintegration Time
Code mean  SD mean t SD (% loss) (sec)®
A? 0.598 + 0.010 16.64 + 1.394 0.001 300
B 0.610 + 0.008 23.20 £ 2.950 0.160 5
C 0.643 £0.012 14.10£0.931 1.133 160
D 0.560 £ 0.003 15.55 +0.883 0.625 139
E 0.650 £ 0.013 15.80+2.778 0.076 86
% Innovator acetaminophen brand.
b Maximum time registered for complete disintegration.
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Figure 2. Dissolution profiles of commercially available acetaminophen 500-mg tablet brands (A—E). Data
points are mean percentage of labeled amount (n = 6) dissolved at each sampling time with
corresponding error bars (standard deviation).

To study the mechanism of drug release, the dissolution profiles of the five tested products were
evaluated by fitting the experimental data to zero-order, first-order, Higuchi, Hixson-Crowell,
Korsmeyer-Peppas and Weibull models (Table 3). The data for all five products demonstrated poor
fit patterns with the zero-order model (i.e., low R? values, 0.279 — 0.680). In contrast, when the
dissolution data were plotted according to the first-order, Korsmeyer-Peppas, and Weibull
models, stronger fit patterns (i.e., high R? values, 0.868—0.999) were obtained. The Korsmeyer-
Peppas model provided the highest R?> and lowest AIC values, suggesting that drug-release
kinetics for all tested brands are best described by this model (Table 3). The release exponent (n)
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of the Korsmeyer-Peppas model was < 0.5 across all studied acetaminophen formulations,
indicating a non-swellable matrix diffusion-controlled mechanism of drug release (37).

With respect to model-independent dissolution profiles comparison (Table 4), the values for AUC
and DE of brands B and C were statistically smaller (p < 0.05) compared with the innovator,
indicating less overall dissolution than that of the innovator. The values for AUC and DE of brand
E were significantly higher (p < 0.05) compared with the innovator, indicating a higher dissolution
efficiency for this particular brand. This conclusion was further supported by the fact that brand
E exhibited significantly faster dissolution, as evidenced by the markedly lower MDT value for this
brand (Table 4).

Table 3. Modeling of Release Kinetics of 500-mg Acetaminophen Tablet Formulations

Model Brand A® Brand B Brand C Brand D Brand E
Ko 0.538 0.456 0.493 0.448 0.510
Zero-order R? 0.441 0.374 0.417 0.320 0.341
AIC 62.08 61.75 61.56 63.13 64.28
K1 0.105 0.095 0.081 0.143 0.178
First-order R? 0.959 0.868 0.930 0.936 0.993
AIC 41.70 48.85 44,71 44.54 30.43
Kn 11.87 11.03 11.06 11.69 12.86
Higuchi R? 0.510 0.384 0.498 0.279 0.341
AIC 59.16 59.63 58.50 61.54 62.27
Khe 0.013 0.012 0.012 0.013 0.013
Hixson-Crowell R? 0.664 0.542 0.680 0.463 0.495
AIC 56.51 57.55 55.35 59.47 60.41
Korsmeyer- Kip 55.61 60.25 51.10 71.63 69.65
Peppas R? 0.999 0.999 0.981 0.998 0.998
AIC 15.54 9.22 37.58 17.88 16.75
a 2.113 1.308 0.887 0.940 2.149
Weibull B 0.443 0.235 0.160 0.202 0.600
R? 0.996 0.998 0.998 0.998 0.996
AIC 27.67 19.39 22.27 23.04 30.51

9Innovator acetaminophen brand.
R?: regression constant; AIC: Akaike Information Criteria. Bold indicates the best fit model.

It is imperative to appreciate that the fit factors (f2 and fi) are of value when comparing
dissolution profiles as per the FDA recommendation (45). These fit factors were calculated for
each brand using brand A (innovator) as a reference (Table 4). The f, value is believed to be more
sensitive in predicting dissimilarities between dissolution curves than fi1, but these values are
dependent on the number of sampling time points selected. According to the FDA, fi values less
than 15 and f; values greater than 50 should ensure equivalence between the dissolution curves
and are suggestive of an average difference of no more than 10% at each sample time point. With
this stipulation in mind, the dissolution curves corresponding to brands B, C, and D (not E) were
similar and thus considered pharmaceutically comparable to that of the reference formulation,
thereby assuring their interchangeability (Table 4).
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Table 4. Pair-Wise Comparison of Dissolution Profiles for 500-mg Acetaminophen Tablet Formulations.

if:: AUC (min %) MDT (min) DE (%) f2 fi
A? 10504.0 16.4 87.5 N/A N/A
B 9758.0° 14.5 81.3" 67 4
C 9775.5" 14.5 81.4" 53 12
D 10337.5 12.8 86.1 61 10
E 11438.5" 9.9 95.3" 48.25 17

Data were analyzed by one-way ANOVA followed by Dunnett post-hoc analysis.

% Innovator acetaminophen brand.

* Statistically significant difference (p < 0.05) vs innovator (A).

AUC: area under the curve; MDT: mean dissolution time; DE: dissolution efficiency; fi: difference factor; f»:
similarity factor.

In summary, five acetaminophen brands were able to pass all USP specifications for physical
properties, with the exception of brand C failing only the friability test. The dissolution profiles
obtained with the analyzed products were found to be quite different across tested products,
indicating that the results from dissolution tests are formulation-dependent. The Korsmeyer-
Peppas model was the best fit, with maximum determination coefficients and smallest AIC values.
In general, brands B and C exhibited poor drug release kinetics while brand E surpassed those of
the innovator. When fit factors are considered, only brand E is deemed as pharmaceutically
inequivalent with the innovator.

Relative variations were observed amongst the in-vitro dissolution profiles of acetaminophen
tablets of different commercial preparations. As acetaminophen is a BCS class 3 drug, these
products are grossly interchangeable; however, evaluations and assessments of the different
excipients, particularly brands B, C, and E, are required to determine their effects on the overall
characteristics of these drug products. These data will help inform policies and regulations
adopted by the Saudi Arabia’s Pharmaceutical Agencies with respect to ensuring appropriate
production quality, providing ideal transport and storage conditions, and ultimately guaranteeing
optimal product effectiveness to the end user.
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