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Abstract

Hot-melt extrusion (HME) is widely used in pharmaceutical manufacturing; however,
reliable analytical tools are required to simultaneously monitor drug content and excipient
stability under thermal processing. In this study, a selective and robust HPLC–UV method
was developed and validated for the concurrent determination of triamcinolone acetonide
(TA) and triethyl citrate (TEC) in HME polymeric films and porcine buccal mucosa. Chro-
matographic separation was achieved on a C18 column using an acetonitrile–water mobile
phase (30:70, v/v) at a flow rate of 0.6 mL min−1, with detection at 240 nm for TA and
210 nm for TEC. The method was validated for selectivity, linearity, precision, and accuracy,
including selectivity assessment in the presence of mucosal extract and polymeric matrix
components, and recovery of TA in porcine buccal mucosa. Excellent linearity was obtained
over 0.20–12.5 µg mL−1 for TA and 4.5–30.0 µg mL−1 for TEC (r ≥ 0.998), with precision
below 6.3% and TA recovery exceeding 94%. Application to extruded films confirmed
uniform analyte distribution and enabled simultaneous monitoring of TA degradation
and TEC loss under thermal stress. These results demonstrate that the proposed method
is suitable for formulation development, process monitoring, and stability assessment of
HME-based pharmaceutical systems.

Keywords: HPLC–UV; method validation; hot-melt extrusion; triamcinolone acetonide;
triethyl citrate; polymeric film

1. Introduction
Hot-melt extrusion (HME) has emerged as a versatile and solvent-free manufacturing

platform for pharmaceutical dosage forms, offering advantages such as continuous process-
ing, scalability, and enhanced control over drug dispersion within polymeric matrices [1,2].
In recent years, HME has been increasingly explored for the development of advanced
drug delivery systems, including buccal and mucosal systems [2]. Despite these advan-
tages, the high temperatures and intense shear forces inherent to the extrusion process
pose significant analytical challenges, particularly regarding the stability and quantitative
determination of both active pharmaceutical ingredients and excipients after processing [3].

Extruded pharmaceutical systems are typically based on thermoplastic polymers
(e.g., polyvinyl alcohol, polyvinylpyrrolidone–vinyl acetate copolymers, and cellulose
derivatives) and require the incorporation of plasticizers to improve processability and to
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tailor the mechanical and physicochemical properties of the final product [4,5]. Eudragit®

L100 (EL100), an anionic methacrylic acid copolymer, is commonly used as a polymeric
matrix in HME systems due to its film-forming properties and suitability for controlled
drug release in mucosal environments [6–8]. As the polymeric carrier in such systems,
EL100 may also contribute to matrix-related analytical interference, reinforcing the need
for methods capable of selectively quantifying analytes in its presence.

Triethyl citrate (TEC) is one of the most widely used plasticizers in pharmaceutical
formulations due to its biocompatibility, low toxicity, and ability to reduce the polymer’s
glass transition temperature, thereby enhancing the flexibility and adhesion of formula-
tions [9–11]. However, TEC is a relatively volatile compound and may partially evaporate
or redistribute during high-temperature processing, potentially altering formulation perfor-
mance, mechanical integrity, and drug release behavior [12]. Consequently, monitoring of
plasticizer content is as critical as drug quantification in hot-melt extruded systems. Never-
theless, analytical methods reported for TEC determination are scarce and are generally
limited to single-analyte quantification [9,13,14].

In parallel, triamcinolone acetonide (TA) is a synthetic corticosteroid commonly incor-
porated into buccal delivery systems due to its high local anti-inflammatory activity and
ability to reduce lesion recurrence in oral mucosal disorders [15–17]. However, from an
analytical perspective, TA is a challenging compound to monitor in thermally processed sys-
tems, as it degrades under elevated temperatures, light exposure, and pH variation [2,12,18].
These factors become particularly relevant in hot-melt extruded formulations, where ther-
mal and mechanical stress may alter drug integrity or alter its distribution within the
polymeric matrix. Therefore, methods capable of quantifying TA in the presence of matrix
components and excipients, especially when processed under thermal stress, are essential
for accurately assessing drug content, stability, and formulation performance. In addi-
tion, when evaluated together with volatile excipients such as TEC, TA quantification
becomes particularly dependent on methods capable of selectively monitoring composi-
tional changes induced by thermal processing.

Given these complexities, from an analytical perspective, the development of buccal de-
livery systems based on HME requires robust and selective methods capable of quantifying
both the drug and formulation excipients within complex polymeric and biological matri-
ces. In addition, given the intended mucosal application, analytical evaluation in biological
matrices becomes relevant, particularly for studies of drug retention, permeation, and local
bioavailability. Although analytical methods have been reported for the determination
of TA in mucosal tissues [19,20], these approaches are typically limited to single-analyte
determination or simple matrices. Moreover, they do not address the analytical challenges
associated with thermally processed polymeric systems such as those obtained by HME,
nor do they enable the simultaneous evaluation of drug-excipient systems under these
conditions. Moreover, no studies have reported the simultaneous determination of TA and
TEC in HME-derived systems, nor have they evaluated them across both polymeric and
biologically relevant matrices.

Therefore, this study aimed to develop and validate a robust, selective, and reliable
HPLC–UV method for the simultaneous quantification of TA and TEC in HME systems. In
addition, the method was designed to support TA quantification in mucosal tissue extracts,
which are relevant for buccal retention, permeation, and local bioavailability studies.
The method was validated according to international guidelines and applied to assess
analyte distribution and thermally induced compositional changes under HME-relevant
conditions, providing a valuable analytical tool for formulation development, process
monitoring, and process-related stability assessment of thermally processed pharmaceutical
delivery systems.
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2. Materials and Methods
2.1. Materials and Reagents

Triamcinolone acetonide (TA, purity > 99.0%, lot TCA-BL2701/0620) was obtained
from Symbiotica Specialty Ingredients Sdn. Bhd (Penang, Malaysia). Eudragit® L100
(EL100; methacrylic acid–methyl methacrylate copolymer, 1:1; lot B160703010) was kindly
provided by Evonik Industries (Darmstadt, Germany). Triethyl citrate (TEC; lot S7425151)
was purchased from Merck (Darmstadt, Germany). HPLC-grade acetonitrile (ACN) and
methanol (MeOH) were obtained from J.T. Baker (Philipsburg, PA, USA). Ultrapure wa-
ter was produced using a Milli-Q purification system (Millipore, Illkirch Graffenstaden,
France). Porcine buccal mucosa was collected from a local slaughterhouse (Via Carnes,
Formosa, Brazil) immediately after slaughter and transported to the laboratory under
refrigerated conditions.

2.2. Preparation of Mucosa Extract

The adipose tissue layer was carefully removed from the porcine buccal mucosa using
surgical scissors and a scalpel. Tissue fragments of approximately 3 cm2 were cut into small
pieces and transferred to glass flasks containing 10 mL of ACN. The samples were stirred
overnight at room temperature to promote the extraction of endogenous components.
Subsequently, the extracts were filtered through 0.22 µm membrane filters and stored at
4 ◦C until analysis by HPLC–UV.

2.3. Preparation of Stock Solutions

Stock solutions of TA (100 µg mL−1) were prepared by dissolving 2.5 mg of the
drug in 25 mL ACN. For TEC, aliquots of the liquid plasticizer were accurately weighed
directly into 25 mL volumetric flasks using an analytical balance, and the corresponding
masses were recorded prior to dilution to volume with MeOH. Subsequent dilutions were
performed using ACN to obtain the desired concentrations. This gravimetric approach
was adopted due to the viscous nature of TEC, which limits precise volumetric handling
and ensures accurate and traceable concentration determination. A stock solution of EL100
(100 µg mL−1) was prepared by dissolving 2.5 mg of the polymer in 25 mL of MeOH and
further diluted as described for TEC. All solutions were prepared in an ultrasonic bath
(approximately 15 min of sonication) and used immediately after preparation.

2.4. Instrumentation and Analytical Conditions

Chromatographic analyses were performed using a high-performance liquid chro-
matography (HPLC) system (LC-20AT, Shimadzu, Kyoto, Japan) equipped with an autosam-
pler (SIL-20AD), a column oven (CTO-20AS), and a diode-array detector (SPD-M20A). Data
acquisition and processing were carried out using LabSolutions software (version 5.99, Shi-
madzu). Separations were achieved on a C18 reversed-phase column (150 × 4.6 mm, 5 µm;
Discovery®, Sigma-Aldrich, St. Louis, MO, USA). Detection wavelengths were set at 240 nm
for TA and 210 nm for TEC, corresponding to the maximum absorption of each compound
in the UV spectrum [13,21].

2.5. Chromatographic Method Validation

The HPLC–UV method was developed and validated for the simultaneous quantifica-
tion of TA and TEC in the presence of mucosal extract and EL100. Validation parameters
included selectivity, linearity, limits of detection (LOD) and quantification (LOQ), precision,
and accuracy, in accordance with the International Council for Harmonization (ICH) Q2
(R2) guidelines [22].
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2.5.1. System Suitability

System suitability was evaluated to ensure adequate chromatographic performance
and reproducibility. Standard solutions containing TA at 7.5 µg mL−1 and TEC at
22.5 µg mL−1 were prepared as previously described and injected in sextuplicate to verify
system precision and data integrity [23–26]. The evaluated parameters included retention
time (RT), peak area repeatability (%RSD), tailing factor (TF), resolution (Rs), theoretical
plate count (N), and capacity factor (k′) [23,26]. The capacity factor was calculated using
the mean retention times and the column hold-up time (t0), which was estimated from
column geometry and mobile phase flow rate, assuming a typical porosity factor for packed
reversed-phase columns [23,27].

2.5.2. Selectivity

Selectivity was evaluated to assess the proposed HPLC–UV method’s ability to accu-
rately quantify TA and TEC in the presence of potential interferents, including mucosal
components and the polymeric matrix. Individual solutions of TA and TEC were prepared
at nominal concentrations of 7.5 and 22.5 µg mL−1, respectively. To assess interference
from mucosal constituents, the final volume of each solution was completed with mucosa
extract. Polymer interference was evaluated by spiking TA or TEC solutions with EL100 at
45 µg mL−1, corresponding to its relative proportion in the TA/TEC/EL100 (10:30:60, m/m)
formulation. Additionally, mixed solutions containing TA and TEC at a fixed 1:3 (v/v) ratio
were prepared to mimic the formulation composition. All experiments were performed in
triplicate, and chromatograms were evaluated for peak purity, retention time reproducibil-
ity, and absence of co-eluting peaks. The chromatographic profiles were plotted using
OriginPro 2023b software (Origin-LabCorp, Northampton, MA, USA).

2.5.3. Linearity

Linearity was evaluated by constructing calibration curves relating analyte concen-
tration to detector response. Calibration solutions were prepared in triplicate by diluting
the stock solutions with ACN, maintaining a fixed TA/TEC ratio of 1:3 (v/v). The evalu-
ated concentration ranges were 0.20–12.5 µg mL−1 for TA and 4.5–30.0 µg mL−1 for TEC.
Calibration curves were obtained by plotting peak area versus analyte concentration, and
linear regression analysis was performed. The slope and intercept were evaluated using a
t-test (α = 0.05). The residues were calculated as the difference between the theoretical and
experimental values obtained from the regression curve and were evaluated to verify the
absence of systematic deviations throughout the calibration range.

2.5.4. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The limits of detection (LOD) and quantification (LOQ) were determined according to
ICH Q2 (R2) guidelines, based on the standard deviation of the response (σ) obtained from
the linear calibration curve and the slope (S) of the regression, using Equations (1) and (2).

LOD = 3.3σ/S (1)

LOQ = 10σ/S (2)

2.5.5. Precision

Precision was evaluated as repeatability (intra-day precision) and intermediate preci-
sion (inter-day precision). Repeatability was assessed using six replicates at the nominal
concentrations of TA (7.5 µg mL−1) and TEC (22.5 µg mL−1). Intermediate precision was
evaluated on two different days by two independent analysts at three concentration levels
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(5.0/15.0, 7.5/22.5, and 10.0/30.0 µg mL−1, TA/TEC, 1:3 v/v). Precision results were
expressed as the coefficient of variation (CV) [22].

2.5.6. Accuracy

Accuracy was evaluated through recovery studies of TA spiked into porcine buccal
mucosa at three concentrations (5.0, 7.5, and 10.0 µg mL−1). Known volumes of TA solu-
tions were added to mucosal tissue fragments, and the solvent was allowed to evaporate
overnight. Subsequently, ACN was added to reach the target concentrations, followed by
stirring and sonication (≈15 min) to promote extraction. After filtration, samples were
analyzed by the validated HPLC–UV method, and recovery percentages were calculated
by comparing measured and nominal concentrations [28].

2.5.7. Robustness

Method robustness was evaluated by introducing small deliberate variations in critical
chromatographic parameters to assess the reliability of the proposed HPLC–UV method
under minor operational changes [22,29]. Standard solutions containing TA (7.5 µg mL−1),
TEC (22.5 µg mL−1), and a TA/TEC, 1:3 (v/v), were analyzed in triplicate (n = 3) under
modified chromatographic conditions. The evaluated variations included ±1.5% changes
in mobile-phase composition and flow rate, and ±1 ◦C changes in column temperature. The
lower condition corresponded to ACN–water (29.5:70.5, v/v), flow rate of 0.59 mL min−1,
and column temperature of 34 ◦C, while the upper condition consisted of ACN–water
(30.5:69.5, v/v), flow rate of 0.61 mL min−1, and column temperature of 36 ◦C. Chro-
matographic performance was assessed based on retention time (RT), tailing factor (TF),
resolution (Rs), theoretical plate count (N), and PDA peak purity analysis [23,26].

2.6. Application of the Developed HPLC-UV Method

The applicability of the validated method was demonstrated using hot-melt extruded
samples composed of TA/TEC/EL100 (10:30:60, m/m), processed at 180 ◦C and 65 rpm.
HME samples were accurately weighed, dissolved in MeOH, sonicated (≈15 min), and
diluted with ACN before analysis. A forced degradation study was conducted by exposing
the samples to thermal stress at 180 ◦C for predetermined time intervals (0.5–4 h). Following
exposure, samples were prepared and analyzed as described above.

3. Results and Discussion
3.1. Optimization of Analytical Conditions

TA is known to be susceptible to photodegradation, particularly in protic organic sol-
vents such as methanol, which may promote hydrogen bonding and accelerate degradation
pathways [30,31]. Therefore, an aprotic solvent is recommended to minimize chemical
instability during sample preparation. In this study, ACN, an aprotic solvent with low
hydrogen-donor capacity and high solubilization efficiency for TA, was selected for the
preparation of stock and working solutions. This choice ensured chemical stability of the
analyte throughout the analytical procedure. In contrast, stock solutions of TEC were
prepared in methanol to facilitate initial solubilization, then diluted with ACN to obtain
the desired working concentrations.

As the primary objective of this study was the simultaneous quantification of TA and
TEC in hot-melt extruded polymeric samples, initial chromatographic conditions were
selected based on previously reported methods for the individual determination of these
compounds [32,33]. Preliminary experiments were conducted under isocratic conditions
using an ACN–water mobile phase (40:60, v/v). The flow rate was 0.7 mL min−1, with an
injection volume of 10 µL and a column temperature of 35 ◦C.
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Under these initial conditions, chromatographic separation of TA and TEC was inade-
quate (Figure 1). When analyzed individually and as a mixture (TA/TEC, 1:3 v/v), both
compounds exhibited overlapping or closely eluting peaks at the detection wavelengths of
240 nm and 210 nm. At 240 nm, TEC eluted at a retention time like that of TA. At 210 nm,
TA produced a detectable signal that overlapped with the TEC peak. This behavior is
attributed to insufficient resolution under the selected mobile phase conditions. In these
conditions, analyte retention is strongly influenced by mobile phase strength, which directly
affects peak separation and signal intensity in reversed-phase systems [34,35]. As a result,
partial coelution was observed. This indicated mutual interference between the analytes
and raised concerns regarding selectivity and quantitative reliability. Consequently, further
optimization of chromatographic parameters was required to achieve adequate resolution
and ensure accurate simultaneous quantification.

Figure 1. Chromatograms of TEC, TA, and TA/TEC mixture (1:3, v/v) detected at 240 nm (drug
wavelength) and 210 nm (plasticizer wavelength) obtained using ACN and water (40:60, v/v),
flow rate of 0.7 mL min−1, at 35 ◦C. The hidden Y-axis represents detector response in arbitrary
intensity units (mAU). TA: triamcinolone acetonide; TEC: triethyl citrate; RT: retention time (min); TF:
tailing factor.

Method optimization focused primarily on adjusting the mobile phase composition
and flow rate to improve chromatographic resolution. The optimized conditions consisted
of an ACN–water mobile phase (30:70, v/v) delivered at a flow rate of 0.6 mL min−1. Under
these conditions, well-resolved and symmetrical peaks were obtained for both analytes,
with TEC eluting at 10.5 min and TA at 14.2 min, regardless of the detection wavelength
(Figure 2). Although TA exhibited a minor response at 210 nm, its signal intensity was
negligible compared to that observed at 240 nm, confirming wavelength selectivity. At
210 nm, additional low-intensity signals associated with nonspecific matrix absorption may
be observed due to the reduced spectral selectivity at lower UV wavelengths; however,
these signals did not interfere with analyte quantification under the validated chromato-
graphic conditions. In addition, tailing factors for both analytes were below 1.5, indicating
satisfactory peak symmetry and column performance [36]. The total runtime was set at
17 min to ensure complete elution of the analytes and adequate column washout. Blank
injections (ACN) performed between sample sequences confirmed the absence of carryover
and supported the selected runtime.

To further support selectivity, peak purity was assessed using PDA detection across
representative matrices (standard solutions, HME samples, and mucosa-based samples).
For TA, purity index values ranged from 0.001 to 0.115, while TEC values (standard
solutions) ranged from 0.004 to 0.739, all below the acceptance threshold of 1.0. These
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results confirm spectral homogeneity of the analyte peaks and the absence of co-eluting
interferences under the optimized conditions [37,38]. These findings demonstrate that
the optimized chromatographic conditions were suitable for the selective and reliable
simultaneous quantification of TA and TEC.

Figure 2. Chromatograms of TEC, TA, and TA/TEC mixture (1:3, v/v) detected at 240 nm (drug
wavelength) and 210 nm (plasticizer wavelength) obtained using ACN and water (30:70, v/v),
flow rate of 0.6 mL min−1, at 35 ◦C. The hidden Y-axis represents detector response in arbitrary
intensity units (mAU). TA: triamcinolone acetonide; TEC: triethyl citrate; RT: retention time (min); TF:
tailing factor.

3.2. System Suitability

System suitability was assessed to confirm adequate chromatographic performance
and reproducibility [23,24]. The obtained k′ values were 4.08 for TA and 2.75 for TEC. These
values indicate adequate analyte retention and comply with the common criterion of k′ > 2
for robust chromatographic methods [23,26].

Peak symmetry was satisfactory. The tailing factors were close to unity (TA: 0.95 ± 0.01;
TEC: 1.09 ± 0.04) and within the acceptance range of 0.9–2.0 [23,24]. High column efficiency
was observed, with theoretical plate counts of approximately 4900 for TA and 6300 for TEC.
These exceeded the minimum requirement of N > 2000 and more stringent values reported
in the literature [25,39].

In addition, resolution values remained consistently above 1.5, confirming effec-
tive chromatographic separation for quantitative analysis [23,40]. Injection repeatability
demonstrated excellent precision for TA (%RSD = 0.55%) and acceptable precision for TEC
(%RSD = 3.14%). The slightly higher variability observed for TEC is likely associated with
detection at 210 nm, a wavelength more susceptible to baseline noise and reduced signal
stability [26,34].

3.3. Chromatographic Method Validation
3.3.1. Selectivity

Selectivity is a critical parameter in method validation, as it reflects the ability of
the analytical method to unequivocally quantify the analyte of interest in the presence of
matrix components, excipients, and potential interferents [29]. In this study, selectivity
was evaluated not only for the simultaneous determination of TA and TEC but also in the
presence of the polymeric matrix (EL100) and mucosal extract. While chromatographic
resolution and spectral purity were established during method optimization, this section
focuses on confirming method performance under complex sample conditions.

https://doi.org/10.3390/analytica7020039
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For TA, complete chromatographic separation from TEC, EL100, and mucosal extract
components was achieved under the optimized conditions (Figure 3). Endogenous mucosal
constituents eluted within the first 10 min of the run. TA showed consistent retention
times from 14.2 to 14.4 min across all tested conditions. The measured TA concentrations
in samples with potential interferents did not differ significantly from those for TA alone.
This confirmed that the analytical response was unaffected by matrix components.

Figure 3. (A) Representative chromatograms from the selectivity assay for TA at 240 nm, analyzed
alone and in the presence of potential interferents, including ME, EL100, and TEC. The hidden Y-axis
represents detector response in arbitrary intensity units (mAU). (B) TA concentration in the presence
of interferents. TA: triamcinolone acetonide; ME: mucosal extract; EL100: Eudragit® L100; TEC:
triethyl citrate; RT: retention time (min); TF: tailing factor. Values are expressed as mean ± standard
deviation for each sample.

Similarly, the chromatographic selectivity for TEC was confirmed in the presence
of TA, EL100, and mucosal extract (Figure 4). TEC exhibited stable retention times of
10.4–10.6 min, with no coeluting peaks or peak distortion. The presence of the drug,
polymeric matrix, or biological extract did not affect peak shape or quantitative response.
In addition, TEC concentrations measured in the presence of potential interferents were
statistically equivalent to those obtained from isolated TEC solutions.

Across all chromatograms, tailing factors (TF) for both TA and TEC were within
the ideal range of 0.8–1.5 (Figures 3A and 4A). This confirmed the symmetry of analyte
peaks and robustness of the system under all tested conditions [36]. With the peak purity
results from above, these findings confirm that the method provides selective, interference-
free quantification of both analytes in complex polymeric and biological matrices. The
absence of significant matrix effects, evidenced by consistent analytical responses and
recoveries across matrices, indicates that reliable quantification is possible without an
internal standard under the proposed conditions.
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Figure 4. (A) Representative chromatograms from the selectivity assay for TEC at 210 nm, analyzed
alone and in the presence of potential interferents, including ME, EL100, and TA. The hidden Y-axis
represents detector response in arbitrary intensity units (mAU). (B) TEC concentration in the presence
of interferents. TA: triamcinolone acetonide; ME: mucosal extract; EL100: Eudragit® L100; TEC:
triethyl citrate; RT: retention time (min); TF: tailing factor. Values are expressed as mean ± standard
deviation for each sample.

3.3.2. Linearity

Excellent linearity was observed for both TA and TEC over the evaluated concentration
ranges. Calibration curves for TA (0.20–12.5 µg mL−1) and TEC (4.5–30.0 µg mL−1) had
correlation coefficients of 0.999 and 0.998. Both exceeded the minimum criterion of 0.99.
Linear regression analysis showed a strong proportional relationship between analyte
concentration and detector response. The residuals were randomly distributed, with no
evidence of systematic deviation. In both cases, the slopes of the calibration curves differed
significantly from zero.

The resulting regression equations were y = 32,708.0 x − 4709.1 for TA and y = 1049.1 x
− 1155.3 for TEC, where y represents the detector response and x the analyte concentration
in µg mL−1. These results confirm the suitability of the method for quantitative analysis of
TA and TEC across the concentration ranges relevant to formulation and stability studies.

3.3.3. LOD and LOQ

The LOD and LOQ obtained for TA (0.05 and 0.16 µg mL−1, respectively) and TEC
(0.06 and 0.18 µg mL−1, respectively) demonstrate the high sensitivity of the developed
method, enabling the detection and quantification of low analyte levels in polymeric and
biological matrices, even under conditions involving partial degradation or excipient loss.
The standard deviation of the response (σ) obtained from the linear regression was 403.27
for TA and 472.94 for TEC, supporting a statistically robust estimate of method sensitivity
in accordance with ICH recommendations. Indeed, although numerous analytical methods
have been reported for TA determination in complex matrices, many remain limited by
matrix-induced signal suppression [41]. The sensitivity achieved in the present study
is comparable to that reported for conventional HPLC–UV methods for TA determina-
tion, while additionally enabling the simultaneous quantification of TEC in thermally
processed polymeric systems, which remains scarcely explored in the literature [13,14,41].
No significant matrix effect on analyte sensitivity was observed, as evidenced by consistent
quantification performance in the presence of mucosal extract and polymeric components.
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For TEC, the low LOQ supports the method’s usefulness during dissolution studies. It
allows evaluation of plasticizer leaching from the formulation or interactions with biological
substrates, factors that could impact system performance [10]. These findings confirm the
method’s sensitivity and robustness for simultaneous quantification of TA and TEC in
HME-based pharmaceutical systems.

3.3.4. Precision

The method precision was confirmed through repeatability and intermediate precision
studies (Table 1). Repeatability assays conducted at the nominal concentrations of TA
and TEC resulted in coefficients of variation below 1.67%, indicating excellent short-term
precision. Intermediate precision, evaluated across different days and analysts, yielded
CV values below 6.26% for all tested concentration levels. These values are well within
the acceptance limits recommended for bioanalytical methods, confirming the method
reproducibility and robustness under routine laboratory conditions.

Table 1. Repeatability and intermediate precision of the developed HPLC-UV method for the
simultaneous quantification of triamcinolone acetonide (TA) and triethyl citrate (TEC) (1:3, v/v). TC:
theoretical concentration (µg mL−1); EC: experimental concentration (µg mL−1); CV: coefficient of
variation (%). Values are expressed as mean ± standard deviation for each sample.

Repeatability TA/TEC (1:3, v/v)

TC
7.5/22.5

EC
7.5 ± 0.1/22.8 ± 0.4

CV
0.2/1.7

Intermediate precision TA/TEC (1:3, v/v)

TC
EC

Overall CV
Analyst Day 1 Day 2

5.0/15.0
1 5.2 ± 0.1/15.1 ± 0.5 5.0 ± 0.2/14.6 ± 0.9 3.4/4.7
2 5.0 ± 0.3/15.2 ± 0.4 5.2 ± 0.1/14.8 ± 0.3 3.6/2.5

7.5/22.5
1 7.8 ± 0.1/22.1 ± 0.2 7.4 ± 0.2/23.7 ± 1.0 3.5/4.9
2 7.5 ± 0.2/22.5 ± 0.3 6.8 ± 0.2/22.4 ± 0.8 6.3/2.5

10.0/30.0
1 10.2 ± 0.3/30.0 ± 1.1 9.9 ± 0.72/29.1 ± 0.4 5.1/3.0
2 9.8 ± 0.6/29.8 ± 0.2 9.3 ± 0.4/29.5 ± 0.5 5.5/1.2

3.3.5. Accuracy

Accuracy was evaluated through recovery studies of TA spiked into porcine buccal
mucosa, a complex biological matrix that closely resembles the intended site of applica-
tion of the formulation. The assessment of accuracy in biological tissues is particularly
challenging due to potential analyte–matrix interactions, including adsorption to tissue
components, partitioning into lipid domains, and incomplete extraction, which may lead
to underestimation of the true analyte concentration [42].

In the present study, the extraction protocol was designed to balance efficient analyte
recovery with chemical stability, avoiding harsh conditions that could promote corti-
costeroid degradation or the co-extraction of interfering endogenous compounds. The
combination of mechanical agitation and sonication facilitated solvent penetration into the
tissue matrix and enhanced analyte desorption without compromising chromatographic
selectivity. Given these constraints, the accuracy assessment focused on TA as the active
pharmaceutical ingredient. In contrast, TEC, being a volatile liquid, showed low and
inconsistent recovery during method development, attributed to co-evaporation during
sample preparation. Therefore, TEC was not included in the accuracy assessment.
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Recovery values ranged from 94.2 ± 1.2% to 96.3 ± 0.6% across the evaluated concen-
tration levels, demonstrating both high accuracy and low variability (Table 2). These results
indicate that the extraction procedure was sufficiently robust to overcome matrix effects
commonly observed in mucosal tissues while preserving analyte integrity. Moreover, the
low coefficients of variation observed confirm the reproducibility of the recovery process
and the absence of significant systematic bias.

Table 2. Accuracy of the developed HPLC-UV method for the recovery of triamcinolone acetonide
(TA) from porcine mucosal tissue. TC: theoretical concentration (µg mL−1); MC: measured concentra-
tion (µg mL−1); CV: coefficient of variation (%). Values are expressed as mean ± standard deviation
for each sample.

TC MC CV Drug Recovery (%)

5.0 4.8 ± 0.1 1.5 95.3 ± 1.2
7.5 7.0 ± 0.1 1.6 94.2 ± 1.2

10.0 9.6 ± 0.1 0.5 96.3 ± 0.6

Overall, the accuracy data demonstrate that the developed HPLC–UV method pro-
vides reliable quantification of TA in biological substrates relevant to buccal drug delivery.
The high and consistent recovery values, combined with the mild extraction conditions
employed, support the suitability of the method for bioanalytical applications involv-
ing polymeric formulations and mucosal tissues, including permeation, retention, and
stability studies.

3.3.6. Robustness

Robustness evaluation demonstrated that small deliberate variations in mobile phase
composition, flow rate, and column temperature did not significantly affect chromato-
graphic performance or analyte selectivity [22,26]. Representative chromatographic param-
eters obtained under modified conditions are summarized in Table 3.

Table 3. Robustness evaluation of the proposed HPLC–UV method under deliberate variations in
chromatographic conditions (±1.5%). Triamcinolone acetonide (TA, 7.5 µg mL−1) was analyzed at
240 nm, while triethyl citrate (TEC, 22.5 µg mL−1) was analyzed at 210 nm, either individually or
as a TA:TEC mixture (1:3, v/v). The evaluated chromatographic variations consisted of ACN–water
(29.5:70.5 and 30.5:69.5, v/v), flow rates of 0.59 and 0.61 mL min−1, and column temperatures of 34
and 36 ◦C. Values are expressed as mean ± standard deviation (n = 3). RT: retention time (min); TF:
tailing factor; Rs: resolution; N: theoretical plate count.

Variation Sample RT TF Rs N

−1.5%

TA 15.82 ± 0.04 1.00 ± 0.01 19.5 ± 1.5 6162 ± 40

TEC 11.23 ± 0.01 1.02 ± 0.05 12.2 ± 0.8 6259 ± 201

TA in mixture 15.83 ± 0.01 1.01 ± 0.01 20.8 ± 0.01 6434 ± 21

TEC in mixture 11.25 ± 0.02 1.00 ± 0.01 11.2 ± 0.5 7113 ± 250

+1.5%

TA 13.42 ± 0.01 1.02 ± 0.01 18.2 ± 1.0 5950 ± 5.0

TEC 10.11 ± 0.02 1.00 ± 0.08 16.0 ± 1.2 6081 ± 210

TA in mixture 13.48 ± 0.01 1.00 ± 0.01 19.4 ± 0.01 6192 ± 10.0

TEC in mixture 10.12 ± 0.01 0.91 ± 0.04 11.5 ± 1.0 6537 ± 17.0

As expected for reversed-phase chromatography, slightly longer retention times were
observed under the lower chromatographic condition (−1.5%) due to the reduced mobile
phase strength and lower flow rate, whereas the upper condition (+1.5%) promoted earlier
analyte elution [27,42]. However, these variations did not compromise chromatographic
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separation or analyte detection. Under all evaluated conditions, tailing factors remained
close to unity, indicating preservation of peak symmetry and stable column performance
within the recommended acceptance range of 0.9 to 2.0 [23,24,26].

In addition, resolution values consistently remained substantially above the minimum
acceptance criterion for quantitative analysis (Rs > 1.5), confirming effective separation be-
tween TA and TEC even after deliberate variation of chromatographic parameters [23,26,40].
High column efficiency was also maintained throughout the robustness assay, with the-
oretical plate counts consistently exceeding 5000 [23,39]. PDA peak purity analysis fur-
ther confirmed the method’s selectivity under the modified conditions, with all purity
indices remaining below the acceptance threshold [18,26]. These results indicate preserva-
tion of analyte spectral homogeneity and absence of co-eluting interferences despite the
chromatographic variations introduced. Overall, the obtained findings demonstrate that
the proposed HPLC–UV method is robust within the evaluated experimental range and
suitable for routine simultaneous quantification of TA and TEC in thermally processed
polymeric systems.

3.4. Application of the HPLC-UV Method

The practical applicability of the validated HPLC–UV method was demonstrated
by its use in the quantitative analysis of HME samples containing TA, TEC, and EL100
(10:30:60, m/m). Analysis of freshly extruded samples (time zero) revealed a uniform dis-
tribution of both analytes within the polymeric matrix. Measured contents were 98.1 ± 5%
for TA and 98.4 ± 11% for TEC, both relative to their theoretical values.

These results indicate efficient dispersion of the drug and plasticizer during extru-
sion and confirm the suitability of the developed method for the determination of both
analytes in thermally processed polymeric systems. Importantly, the method provided
consistent quantification of both components despite their differing chemical nature and
detection wavelengths.

To further evaluate the method’s performance under stress conditions relevant to
pharmaceutical processing, a forced degradation study was conducted. The extruded
samples were exposed to thermal treatment at 180 ◦C for predetermined time intervals. This
temperature was selected based on the processing conditions employed during extrusion
and the known evaporation range of TEC. Following thermal exposure, a pronounced
decrease in peak areas was observed for both analytes. This change corresponded to
degradation or loss exceeding 75% after 0.5 h (Figure 5). Although both analytes showed
similar reduction profiles over time, the underlying mechanisms are distinct. The reduction
for TA is associated with thermal degradation, while loss of TEC is predominantly due to
volatilization during prolonged exposure to processing temperature.

These findings reflect the combined effects of TA thermal degradation and TEC
volatilization and demonstrate the method’s sensitivity in detecting compositional changes
within the formulation.

Notably, the developed HPLC–UV method enabled simultaneous monitoring of drug
degradation and plasticizer loss in a single analytical run. This provides valuable insight
into formulation stability under thermal stress. The thermal stress study was designed
to simulate prolonged exposure to the processing temperature employed during HME. It
was not intended to establish comprehensive degradation kinetics or a stability-indicating
profile. This capability is relevant for hot-melt extruded delivery systems, where changes
in plasticizer content may impact mechanical properties, drug release, and product perfor-
mance. Therefore, beyond routine quantification, the proposed method is a useful analytical
tool for formulation optimization and for assessing process control in HME-based pharma-
ceutical systems.
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Figure 5. Thermal stress-induced compositional changes in hot-melt extruded samples composed of
TA/TEC/EL100 (10:30:60, m/m): (A) degradation profile of triamcinolone acetonide (TA) and (B) loss
profile of triethyl citrate (TEC) during prolonged exposure to 180 ◦C. Detection was performed at
240 nm for TA and 210 nm for TEC. The results demonstrate the applicability of the developed
HPLC–UV method for simultaneously monitoring drug degradation and plasticizer loss under
thermally relevant HME processing conditions.

4. Conclusions
A selective and reliable chromatographic method was developed and validated for

the simultaneous quantification of TA and TEC in hot-melt extruded polymeric samples.
The method met the established validation criteria for linearity, precision, accuracy, sen-
sitivity, and selectivity in the presence of polymeric and biological matrices. It enabled
the simultaneous determination of both analytes and the monitoring of drug degradation
and plasticizer loss under thermally relevant processing conditions. Overall, the proposed
method may serve as a useful analytical approach for evaluating analyte stability and
compositional changes in hot-melt extruded polymeric systems.
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HME Hot-melt extrusion
TA Triamcinolone acetonide
TEC Triethyl citrate
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EL100 Eudragit® L100
ACN Acetonitrile
MeOH Methanol
HPLC High-performance liquid chromatography
k′ Capacity factor
%RSD Peak area repeatability
Rs Resolution
N Theoretical plate count
LOD Limit of detection
LOQ Limit of quantification
ICH International conference of harmonization
CV Coefficient of variation
RT Retention time
TF Tailing factor
ME Mucosal extract
TC Theoretical concentration
EC Experimental concentration
MC Measured concentration
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