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Advanced drug delivery systems have become widely investigated to improve the efficacy of treatments for
several diseases. These devices offer improved efficient, sustained, and targeted delivery which improves
patient compliance, quality of life and minimises potential systemic side effects. As these therapeutic
devices have advanced there is a potential for the development of products which deliver multiple drugs
for simultaneous treatment of diseases. Given the interest in these dual-delivery devices it follows that
new analytical methods need to be developed to detect and quantify different analytes during device
development and validation. Here, for the first time, a reverse-phase high performance liquid
chromatography (RP-HPLC) method is validated, utilising UV detection, for the dual detection of
fluconazole and clobetasol propionate. The method is tested on a dual loaded model implant material
intended as mucosal patches for the direct treatment of lichen planus and associated fungal infections.
The method described here exhibited specificity and robustness with accurate and precise results. Good
linearity was obtained between 0.25 and 2.5 mg mL™! for fluconazole and 5 and 50 ug mL™! for
clobetasol propionate, with an R? value of 0.9999 for the dual detection of fluconazole and clobetasol
propionate. The developed method demonstrated selectivity and the solution containing both
fluconazole and clobetasol propionate remained stable over a range of storage temperatures for up to
28 days. Within this validation study, the protocol was applied to a relevant dual loaded film showing the
suitability of the method in studying drug release characteristics. The method described here also has
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1. Introduction

Oral lichen planus (OLP) is a relatively common chronic
inflammatory disease mediated by T lymphocytes, which affects
the mucous membranes of the oral cavity. In its most severe
form, OLP is associated with mucosal erosion and ulceration,
resulting in significant pain and discomfort, particularly during
eating or drinking. The World Health Organisation (WHO)
suggests that OLP is a potentially malignant disorder, but there
has been controversy over the malignant transformation, which
has been reported to range from zero to 9.52% across patients."
Reports indicate that the worldwide prevalence of OLP is up to
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a broader applicability for analysis and quantification of in vitro and in vivo drug release studies.

1.01% of the global population.> There are reports of higher
incidences of the disease in patients over the age of 40 and some
evidence of a geographical influence in disease development
with increased incidences reported in regions such as Europe
and South America.® Routine treatment involves the use of
corticosteroids usually applied directly to the painful area or
sometimes taken systemically.* There is no cure for this disease,
but these treatments can reduce pain and improve healing
potential around the affected area. However, these treatments
usually require long-term regimens, which can bring adverse
consequences associated with prolonged steroid use.*® One of
the side-effects of long-term steroid use is the susceptibility of
patients to fungal infections, leading to the need for a second
prescription to treat the fungal infection.” The key drawback
with using topical ointments for treatment of these afflictions is
the short contact time with the affected area, as well as poor
transdermal bioavailability.*** This is especially prevalent in
the oral cavity due to the effects of salivary washout. Whilst
treatments such as intralesional injections and laser therapy
have shown some promise as treatments for OLP these are
invasive procedures which are not suitable for all patient
groups.ll,IZ

This journal is © The Royal Society of Chemistry 2025
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The most prescribed corticosteroid for the purpose of OLP
treatment is clobetasol propionate (CP).**** This drug works by
binding to cytoplasmic glucocorticoid receptors, thereby acti-
vating receptor mediated gene expression. The downstream
changes in protein syntheses associated with these gene
expression changes include an increase in anti-inflammatory
protein synthesis and a decrease in the production of pro-
inflammatory mediators.”> Specifically, CP acts to produce
phospholipase A2 inhibitory proteins that help control the
release of arachidonic acid from phospholipid membranes
which is an inflammatory precursor.®

Fungal infections, identified as a common secondary
complication of long-term steroid treatment, are routinely
treated using fluconazole (FLU). This drug shares a mechanism
of action with many other fungal treatments via disruption of
the fungal cell membrane.'” Disruption to the membrane is
achieved by preventing the conversion of lanosterol to ergos-
terol, responsible for forming a crucial part of the fungal cell
membrane, via interaction of the drug with 14-demethylase.

Given the fact these two drugs are commonly prescribed in
unison it would be helpful to have a means of dual quantifica-
tion following delivery for analysis of parameters such as effi-
cacy in delivery and tissue targeting by respective drugs.
Additionally, recently the development of new drug delivery
mechanisms in this field has become of interest to improve
treatment outcomes via prolonged drug contact times and
sustained release mechanisms.' Often steroidal treatments are
applied as topical ointments and cannot maintain prolonged
contact times with the affected areas. Currently there is
expressed interest in developing in situ patch style, drug eluting
type treatments for these sorts of infections.'>*” Via this patch
style delivery system, the prolonged delivery of multiple drugs
becomes more achievable, these multi drug therapies are
already the norm in cancer treatments and are extending into
normal practice in both the dual targeting of primary ailments,
and in the targeting of both the primary source of disease and
related secondary complications. With the development of
these new drug delivery systems comes the need for new
analytical methods capable of detecting and quantifying the
analytes used in the development of new formulations. These
new drug delivery interventions require extensive in vitro drug
dissolution studies during development stages. Whilst many
studies have described the individual detection of either CP or
FLU,*> none to the authors knowledge, have reported on
a reliable method for the dual detection of the two drugs. The
development of such an HPLC method leads to many advan-
tages such as cost and time savings, versatility, and high
sensitivity and specificity, all whilst using readily available
equipment with no need for specialist or in-house modifica-
tion.** Using HPLC for this application is appropriate given that
both CP and FLU are UV-active compounds and can therefore be
separated and detected using a single HPLC method.**?® To
ensure the suitability of the method developed the system
suitability factors such as resolution, retention time, tailing
factor and capacity factor were assessed. Therefore, here we
present a single-wavelength UV-HPLC quantification method
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for the simultaneous detection and quantification of FLU and
CP which is validated following ICH guidelines.

2. Materials and methods

2.1. Materials

CP powder, =98%, was purchased from Cambridge Bioscience
(Cambridge, England, UK). FLU powder, 98%, dimethylforma-
mide (DMF), methanol (MeOH), trifluoracetic acid (TFA) and
acetonitrile (ACN) were procured from fisher scientific (Lough-
borough, England, UK). Polyvinyl alcohol (PVA) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (Dorsett,
UK).

2.2. Stock solution, working standards, quality control
solutions of FLU and CP

A stock solution containing 2.5 mg per mL FLU and 50 pg
per mL CP was prepared in a 70 : 30 MeOH : dH,O (v/v) solution.
Six standard solutions were prepared by further dilution of the
FLU-CP stock solution with the MeOH : dH,0O solution, which
were used for the calibration curve, giving concentrations of
FLU and CP corresponding to (0.25, 0.5, 1, 1.5, 2 and 2.5 mg
mL™") and (5, 10, 20, 30, 40 and 50 pg mL ") respectively.
Quality control (QC) solutions at three concentrations were
prepared from the same stock solution of FLU-CP at concen-
trations of 0.5 mg mL~'-10 ug mL ™", 1 mg mL™"-20 pg mL "
and 2 mg mL™"-40 pg mL~" which were utilised for accuracy
and precision studies. These concentration ranges for the
analysis of FLU and CP were chosen as they are reflective of the
therapeutic dosage of these drugs when prescribed in their
topical form.””**

2.3. Chromatographic conditions

HPLC analysis was conducted using an Agilent Technologies
1100 Infinity compact LC Series (Agilent Technologies, Stock-
port, Cheshire, UK), comprising a degassing unit, binary pump,
autosampler, and UV-detector with a Zorbax LC column (5 pm
particle size, C18, 170 A, 250 x 4.6 mm) from Agilent Technol-
ogies (Stockport, Cheshire, UK) was employed for chromato-
graphic separation. The separation of analytes occurred at 24 °©
C, utilising mobile phases composed of 0.1% TFA in water and
0.1% TFA in ACN. Conditions were as follows; 35% of ACN in
water for 5 minutes at a flow rate of 0.6 mL min ", the flow rate
was then increased to 1 mL min ' between 5 and 6 minutes,
finally the mobile phase composition was ramped to 100% ACN
(+0.1% TFA) between 5 and 15 minutes at 1 mL min~". The
conditions were then held as such until 20 minutes. UV signal
was measured using an Agilent G1315A DAD detector at 250 nm.
For each concentration, single injections of 20 uL were made to
obtain the peak area for constructing the calibration curve.
Detection of the analytes transpired after 7.3 minutes for FLU
and 17.4 minutes for CP. The UV absorption maximum of each
drug was determined using a Unicam UV-500 UV-vis spec-
trometer (Thermospectronic, Leeds, UK) to identify the optimal
wavelength necessary to validate the HPLC method. A 1 cm”
quartz cuvette filled with 70 : 30 MeOH : dH,O (v/v) was used as
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a blank for FLU and CP. Standard solutions containing each
drug were scanned at room temperature between 220 and
400 nm to produce a spectrum for both drugs.

2.4. Method validation

The analytical method was validated according to ICH guide-
lines, ‘Validation of Analytical Procedures Q2(R2)’,* covering
aspects such as linearity, limit of detection (LOD), limit of
quantification (LOQ), specificity, accuracy, precision, and
robustness.

2.4.1. Specificity and selectivity. Specificity and selectivity
of the method was evaluated by comparing chromatograms of
the lowest and highest concentrations from the calibration
curve containing both drugs (FLU and CP) with those of blank
media (70:30 MeOH :dH,O (v/v)). The chromatograms were
inspected for any signs of interference between the peaks for the
two drugs and for any peak interaction caused by the solvents.

2.4.2. Linearity, LOD and LOQ. Standard solutions at
different concentrations were employed to check the linearity of
the analytical method. Calibration curves were generated by
analysing the known drug concentration against the peak area
using least squares linear regression. The solution containing
FLU and CP was prepared in concentrations as described in
Section 2.2. Assuming a normal distribution, the limit of
detection (LOD) and limit of quantification (LOQ) were calcu-
lated as the signal equal to three and ten times the noise level
(signal-to-noise ratio) as described by eqn (1) and (2), respec-
tively, where o is the standard deviation of the response and S is
the gradient of the slope of the calibration curve.

3.30

LOD = < (1)
100

L0Q= 1o/ 2)

2.4.3. Accuracy and precision. Accuracy, often referred to as
the relative error, refers to how closely the calculated value
aligns with the accepted reference value. To be deemed
acceptable, all concentrations must exhibit accuracy within
+2%.

On the other hand, the precision evaluates the level of
agreement between multiple measurements taken using
various samples of the same homogenous drug solution under
the predetermined conditions. Thus, assessing the presence of
random error. Metrics like relative standard deviation (RSD)
(eqn (3)) where ¢ is the standard deviation, repeatability, and
intermediate precision were computed based on the estimated
concentrations. For concentrations under analysis, an RSD
value lower than 10% is considered acceptable.

RSD = x 100 (3)

main value

2.4.4. Carry over. Sample carry-over was analysed by
injecting a blank sample of MeOH:dH,0O after the highest
concentration of the calibration standard solution of FLU-CP
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(2.5 mg mL ™", 50 pg mL ™' respectively). Acceptable perfor-
mance is determined when the area of peak observed for each
drug in the blank samples is not greater than 20% of the area of
a sample solution at the LOQ concentration. This analysis is
based on the chromatogram of the blank solution.

2.4.5. Dilution integrity. The dilution integrity was inves-
tigated by spiking a sample of FLU-CP in MeOH :dH,O at
a concentration of double the maximum concentration from
the calibration curve. Samples were initially prepared at
a concentration of 5 mg per mL FLU and 100 pg per mL CP and
then diluted 5 and 10 times in the MeOH : dH,O buffer to give
FLU-CP solutions of final concentrations of 1 mg mL ™ '-20 pg
mL ™' and 0.5 mg mL~'-10 ug mL " respectively. Accuracy and
precision were determined based on three replicates for each
dilution via comparison with the calibration curve.

2.4.6. Robustness. Robustness of the method was investi-
gated by deliberately altering the chromatographic conditions.
To ascertain the reliability of the method, a standard concen-
tration of FLU-CP solution was examined to assess the
percentage recovery under different conditions. Specifically, the
following alterations were made to the HPLC method previously
described; column temperature (£0.5 °C), mobile phase
composition (£0.2%) and flow rate (£0.01 mL min ).
Following the analysis of the samples under varying conditions
using HPLC, data was compared to that of the standard solution
using the HPLC conditions described in Section 2.3.

2.5. Stability of analytical solution

To assess the degradation of FLU and CP in the release media
(MeOH : dH,0), stability studies were conducted. A standard
solution of FLU and CP was prepared in MeOH : dH,O 70 : 30 (v/
v) and stored under various conditions: room temperature, in
an incubator (37 °C), in the refrigerator (4 °C), and in the freezer
(—25 °C). The concentration of each drug was quantified using
the HPLC method at intervals of 7, 14, 21, and 28 days.

2.6. Applications of the validated analytical method

The validated HPLC method was then further applied for the
simultaneous quantification of FLU and CP release from
a model drug delivery patch dual loaded with both drugs. The
percentage drug encapsulation within the film and the
percentage cumulative release over a 24-hour study was per-
formed employing the use of the HPLC method in this
application.

2.6.1. Preparation of the dual loaded polymer films. A
solution of 12% (w/w) PVA was prepared in a 2:3 (v/v) ratio of
DMSO : DMF by stirring for 3 hours at 130 °C. The solution was
allowed to cool whilst stirring to homogenise, the drugs were
then added to the solution with FLU and CP added to a final
concentration of 2.5 mg mL ™" and 150 ug mL ™" respectively.
Solutions were mixed to homogenise and then cast in 6-well
plates and allowed to cool naturally over 12 hours to room
temperature. The solvent was evaporated overnight and then
films removed for use in the drug release study.

2.6.2. Calculation of drug encapsulation efficiency. The
prepared films were redissolved, and the solution placed in

This journal is © The Royal Society of Chemistry 2025
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dialysis tubing with a molecular weight cut off 12-14 kDa. This
was then dialysed against MeOH :dH,O overnight and the
supernatant collected for analysis. This solution was then used
to quantify the amount of drug encapsulated in each film.

2.6.3. In vitro drug release study. Films were prepared as
previously described, placed in 10 mL of release media, MeOH :
dH,O 70:30 (v/v), and incubated at 37 °C under atmospheric
humidity for up to 24-hours. At predefined timepoints 1 mL of
release media was removed for analysis by the HPLC method
previously described and replaced with 1 mL of prewarmed
release buffer. The samples were analysed immediately, without
further post processing, upon collection using the previously
described HPLC method. The experiment was run in triplicate
and the cumulative release calculated based on the maximum
release possible calculated by the encapsulation efficiency study
using eqn (4).

releaser, + releaser, , N
maximum release

Cumulative releaser, (%) = 100 (4)

The equation used to calculate cumulative release from
scaffolds at time x, where releaser, = total release at time x,
releaser,_, = total release at time x — 1 and maximum release =
full possible release from the scaffold.

2.7. Statistical analysis

Quantification of drug concentration was carried out using peak
integration in OpenLab CDS (Agilent Technologies, California,
USA). Means, standard deviation, relative standard deviation
(RSD), and relative error were calculated using Microsoft®
Excel® Version 2402 (Microsoft Corporation, Redmond, USA).
GraphPad Prism® 10.1.0 (Graphpad Software, San Diego, Cal-
ifornia, USA) was used for any statistical analysis of data and for
graphing purposes.

3. Results and discussions

3.1. Method validation

The UV absorbance of FLU and CP were examined using a UV-
vis spectrophotometer to identify at which wavelength the
signal was most intense and demonstrated the best specificity.
The UV-vis spectra for 2.5 mg per mL FLU and 50 pg per mL CP
in the MeOH : dH, 0 buffer showed maximum absorption peaks
at 258 and 244 nm respectively for each drug. The point at which
the two spectra overlap is considered the maximum absorption
for both drugs simultaneously and therefore should be used in
the single wavelength detection of the mixture, here this is
observed at 250 nm, as shown in S1.}

3.1.1. Method optimisation. The HPLC method was opti-
mised to obtain the best parameters to ensure optimal perfor-
mance for the separation and quantification of FLU and CP.
Three different wavelengths were chosen for analysis, 244 nm,
as this was the optimal detection wavelength for FLU, 258 nm,
as this was the maximum absorption for CP and 250 nm as the
point at which the FLU and CP UV-vis spectra overlapped.
Different flow rates were also investigated for the elution of FLU
and CP from the analytical solutions. Initially a flow rate of 1
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mL min~" was used for the duration of the method. As shown in
S2 and 3,7 this method yielded poor resolution, capacity factor
and asymmetry values, particularly for FLU, at all wavelengths.
This is clearly demonstrated in the chromatograms presented
in S47 in which the FLU peak interacts with the solvent front in
the spectrum. The flow rate was adjusted to prolong the reten-
tion of FLU on the column and initial flow rates for the first 5
minutes of the method were trialled at 0.8 mL min~" and 0.6
mL min ' with subsequent increase to 1 mL min " for the
remainder of the method. The reduction of flow rate to 0.8
mL min ' for the initial 5 minutes slightly improved the
capacity factor for FLU from 0.51 to 0.85 (S2 and 3t), however
this still did not exceed the recommended minimum capacity
factor of 1.>° Reducing the initial flow rate to 0.6 mL min~" had
a more profound positive effect on enhancing the performance
parameters. Under these conditions the capacity factor was
increased within the acceptable range at all wavelengths
investigated. The peak for FLU was distinctly separated from all
adjacent peaks, as shown in S6,T however calculation of the
resolution showed that only wavelengths of 244 nm and 250 nm
showed adequate resolution, both exceeding the recommended
limit of 1.6.*° Finally, to confirm the most appropriate wave-
length for dual detection the areas under the peaks were
considered. At 244 nm the area under the FLU peak was greatly
reduced to 4950.7 mAu compared to the value of 14 886.87 mAu
obtained using 250 nm. Whilst the difference in the area under
the CP peak was less affected by this change in wavelength with
a difference of only 231.58 mAu. Therefore, the final wavelength
selected for analysis was 250 nm.

3.1.2. Specificity and selectivity. To identify any potential
interferents with the elution of analytes in the chromatogram
a study on specificity and selectivity was conducted. The study
was carried out at a wavelength of 250 nm. A blank sample of
MeOH : dH,0 alongside samples of FLU-CP solution at the
highest and lowest concentration used in the calibration curve.
The retention times for FLU and CP under the selected chro-
matographic conditions were 7.3 minutes and 17.4 minutes,
respectively, within a total running time of 20 minutes. The
individual detection of CP has been reported up to a retention
time of 18 minutes*"** and that of FLU usually utilises methods
lasting between 6 and 10 minutes.”>*® At present it would be
necessary to individually detect these components using
different analysis methods, the novel dual detection method
presented here allows the opportunity for the rapid detection of
both elements, saving considerable time when analysing large
numbers of samples. Additionally, the possibility of detecting
both components in a single method reduces the required
sample volume for analysis, often sample volumes may be
extremely limited and requirement for multiple analyses puts
strain on the available resources. As shown in Fig. 1B and C, the
presence of both drugs in the sample chromatogram is well-
defined and the two are well separated without any interac-
tion, indicating the method's specificity for the selected drugs.
Conversely, the blank sample exhibited no peak at the retention
times corresponding to those of the drugs. The data here
confirms that the analytical method for dual detection of FLU
and CP demonstrates good specificity and selectivity.

Anal. Methods, 2025, 17, 3694-3704 | 3697
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Fig.1 Chromatograph spectrum of (A) a blank sample using the MeOH : dH,0 buffer, (B) FLU-CP in a concentration of 0.25 mg per mL FLU, 5 ng
per mL CP and (C) FLU-CP in a concentration of 2.5 mg per mL FLU, 50 ng per mL CP, respectively where the x-axis represents the time in
minutes and the y-axis represents the peak height in mAU, without blank subtraction.

3.1.3. Chromatographic performance parameters. The
chromatographic performance was confirmed using the
following performance parameters, resolution, capacity factor
and peak asymmetry, for each eluted compound. The peak at
7.3 minutes for FLU yielded the following results, resolution of
2.41, between this peak and the previous adjacent peak,
capacity factor of 1.575 and peak asymmetry of 0.879. The CP
peak at 17.4 showed resolution, capacity factor and peak
asymmetry of 56.37, between it and the FLU peak, 5.28 and 1.03
respectively. To ensure measurable separation and quantifica-
tion between two adjacent peaks it is recommended that the
resolution value should be at least 1.6 to give an accurate
quantitative result.’ Given the high calculated values of 2.41
and 56.37 for the FLU and CP peaks against their previous
adjacent peaks the resolution and certainty of accurate quan-
tification is confirmed.

Capacity factor describes the interaction of analytes with the
sorbent in the column, taking into account the void volume
time of the column. Typically, capacity factors of 1-10 are
considered good for chromatographic separation,*® meaning
the values obtained here are acceptable for the detection and
quantification of FLU and CP. Additionally, the ratio of the

3698 | Anal Methods, 2025, 17, 3694-3704

capacity factors for the two eluted compounds provides infor-
mation on the selectivity of the method. Here, this separation
factor, is calculated as 3.35, which greatly exceeds the accepted
value of 1.1 which indicates good selectivity of a method.

Peak asymmetries of less than 2 are generally acceptable
when the asymmetry factor is calculated at 10% of the peak
height, with values of less than 1.05 being described as excel-
lent.** The asymmetry for the peaks of both eluted compounds
in this method are therefore considered excellent regarding
asymmetric properties.

Table1 Physicochemical properties of calibration curves used for the
quantification of FLU and CP

FLU CP
Calibration standards range 0.25-2.5 mg mL ™" 5-50 ug mL ™"
Slope 6730.10 38.99
y-Intercept —10.64 0.38
R’ 0.9999 0.9999
LOD 0.003 mg mL ™" 0.004 ug mL ™"
LOQ 0.008 mg mL ™" 0.012 pg mL™*

This journal is © The Royal Society of Chemistry 2025
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Table 2 Determination of accuracy of FLU detection using the HPLC
method described here

Quality control Percentage Mean recovery

concentration (mg mL ") recovery (%) + SD (%)

0.5 Day 1 101.92 101.05 £+ 1.54
Day 2 101.96
Day 3 99.27

1 Day 1 101.71 101.49 £+ 0.63
Day 2 101.98
Day 3 100.78

2 Day 1 100.48 99.11 £ 1.19
Day 2 98.48
Day 3 98.37

3.1.4. Linearity, LOD and LOQ. The linearity of the

analytical method was assessed over a concentration range of 5-
50 pg mL~" for CP and 0.25-2.5 mg mL ™" for FLU. Each if these
standards were run in triplicate with both calibration curves
displaying good linearity within the analysed range.

Results presented in Table 1 summarise the values for slope,
y-intercept, coefficient of correlation, LOD and LOQ achieved
from this method. The correlation coefficient (R*) was 0.99 for
both FLU and CP, confirming a robust linear response across
the concentration ranges investigated. The LOD and LOQ were
calculated as 0.003 mg mL ™" and 0.008 mg mL ™" respectively
for FLU, and 0.004 ug mL™" and 0.012 pg mL ™" respectively for
CP. Previous studies have described lower values for the limit of
quantification of FLU using HPLC methods within the nano-
gram range.***® These studies dealt primarily with lower
concentration ranges for quantification due to the proposed
application of the methods for quantification being detection of

Table 3 Determination of accuracy of CP detection using the HPLC
method described here

Quality control Percentage Mean recovery
concentration (ug mL ") recovery (%) + SD (%)
10 Day 1 99.33 99.26 £ 0.73
Day 2 99.09
Day 3 99.37
20 Day 1 101.35 99.31 £ 1.78
Day 2 98.17
Day 3 98.40
40 Day 1 101.13 101.34 + 0.49
Day 2 98.40
Day 3 101.48
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FLU in human plasma. A study by Singh et al. demonstrated
that these factors are media dependent with LOD ranging from
0.2-0.39 pug mL ™" and LOQ ranging from 0.61-1.19 pg mL ™"
depending on the media in which the FLU was contained.?”
However, another study with an application closer to that
described here, into the detection of FLU in solid dosage forms
gave similar LOD and LOQ to those found in our validation
study.*® Therefore, it is confirmed that the ranges for FLU
quantification investigated here are appropriate for the inten-
ded application. The LOD and LOQ reported in the current
study are improved over those described previously in the
literature for the detection of CP using RP-HPLC methods. In
the past LOQs of 0.64-9.72 pg mL ™" for CP have been reported,
suggesting an enhanced performance of the method investi-
gated here.**** Fontana et al. reported values of 0.45 ug mL "
and 1.38 pg mL " for LOD and LOQ respectively during their
validation of a single detection method of CP using HPLC.*
Similarly, Bagad et al. reported much greater values of LOD and
LOQ (3.20 and 9.72 ug mL ™" respectively) than those obtained
in our method.*® In a method for the dual detection of nadi-
floxacin and CP, one group have obtained LOD and LOQ of 0.21
pg mL " and 0.64 pg mL~" respectively.®* Whilst these values lie
closer to those obtained in our study, still the values obtained in
our method suggest that the new method validated here offers
reliable detection and quantification of the analyte at lower
concentrations than those previously described. Given the
intended application of the method under validation the
chosen range for linearity studies within the milligram range
for FLU and microgram range for CP is appropriate and ensures
relevance of the method validation for future research.

3.1.5. Accuracy and precision. To assess the accuracy of the
method, quality control solutions at three concentrations
within the range of the calibration curve were measured. These
solutions were of the following concentrations for FLU and CP
respectively, 0.5 mg mL™', 1 mg mL™ ' and 2 mg mL™~ " and 10 pg
mL %, 20 ug mL ™" and 40 pg mL ™.

Samples were prepared and injected in triplicate over three
consecutive days. To calculate the percentage recovery the
nominal concentration of quality control samples was
compared with those obtained using the developed method.
Results are presented in Tables 2 and 3. Across the concentra-
tions used for this experiment, the mean percentage recovery
falls within the range of 98-101.35% is within the acceptable
standards of 98-102% as described the FDA.*

Additionally, to ensure the reliability and repeatability of the

method for analysing FLU and CP within the same

Table 4 Determination of precision of FLU detection using the HPLC method described here

Intra-day precision

Inter-day precision

Mean concentration
found + SD (mg mL ")

Quality control
concentration (mg mL ")

Relative standard
deviation (%)

Relative standard
deviation (%)

Mean concentration
found + SD (mg mL )

0.5 0.53 £ 0.01 1.60
1 1.04 £+ 0.01 0.41
2.02 £ 0.02 0.89

This journal is © The Royal Society of Chemistry 2025

0.51 + 0.01 1.55
1.01 + 0.01 1.20
1.98 £ 0.04 1.77
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Table 5 Determination of precision of CP detection using the HPLC method described here

Intra-day precision

Inter-day precision

Mean concentration found
+ SD (ug mL ™)

Quality control
concentration (ug mL ")

Relative standard
deviation (%)

Relative standard
deviation (%)

Mean concentration
found + SD (ug mL ™)

10 9.86 £ 0.06 0.58
20 20.35 £ 0.12 0.59
40 38.25 £ 0.35 0.92

concentration ranges described previously, the precision of the
method was assessed. For this assessment, samples of the three
different concentrations were quantified in triplicate on a single
day (intra-day) and across three consecutive days (inter-day).
The results are presented in Tables 4 and 5, mean and relative
standard deviation are described, indicative of precision. Again,
the calculated results remained within acceptable limits, as the
variability (RSD) for all concentrations was below 2%.* This
study aimed to develop a suitably sensitive and accurate
approach for the detecting and quantifying FLU and CP
simultaneously. The chosen analytical technique for dual
detection of FLU and CP was HPLC due to its capability to
handle complex molecules with diverse polarity and molecular
mass. The results presented here show that the HPLC method
for FLU and CP has been successfully developed and validated
following guidelines put in place by the ICH, via testing for
specificity, linearity, range LOD and LOQ, accuracy, and preci-
sion. The results obtained show that this method is suitable for
in vitro quantification of both FLU and CP.

3.1.6. Carry-over. Carry-over was evaluated by running
a blank MeOH : dH,0 sample after injecting FLU-CP at the

A)

B)

1

9.93 + 0.12 1.26
19.86 £ 0.33 1.68
40.42 £+ 0.79 1.96

highest concentration of the calibration curve. As shown in
Fig. 2B chromatograms of the blank samples revealed no
evidence of peaks around 7.3 minutes or 17.4 minutes, corre-
sponding to the retention times of FLU and CP, respectively.
This indicates the absence of any carry-over effect after injecting
the high-concentration drug sample.

3.1.7. Dilution integrity. An evaluation of the dilution
integrity was performed to assess the impact dilution has on the
concentration of FLU-CP in the MeOH : dH,O buffer. In this
experiment dilution factors of 5 and 10 were used. Percentage
recovery for FLU was calculated as 99.11 + 4.48% and 101.29 +
0.29% for the 1 in 10 and 1 in 5 dilutions respectively. The CP
solutions showed percentage recoveries of 103.94 £ 3.94% and
101.06 £ 4.68% for the 1 in 10 and 1 in 5 dilutions respectively.
Results obtained here lie within the acceptable precision range
of £15% outlined in the ICH guidelines.*®

3.1.8. Robustness. The robustness of the method is defined
as the methods ability to remain unaffected by small deliberate
minor changes in the chromatographic conditions. This
provides insight into the reliability of the method under normal
conditions. To investigate the method robustness a standard

16

Fig.2 Chromatograph spectra of (A) a sample of the highest sample concentration used in the calibration curve (FLU-CP at 2.5 mg mL~*and 50
ng mL~! respectively) (B) a blank sample (MeOH : dH,O buffer) injected immediately after the highest concentration sample, without blank

subtraction.
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Table 6 Robustness testing of the HPLC method for quantification of FLU and CP expressed as percentage recovery at different method
variations involving changes to the column temperature, flow rate and mobile phase composition

FLU CP
Recovery Retention Peak area  Recovery Retention Peak area
Parameter Condition (%) time (min)  (mMAU) (%) time (min)  (mAU)
Column temperature (°C) 20.5 99.94 7.3 16 980.8 100.17 17.5 2032.0
21 100 7.3 16991.3 100 17.5 2028.6
21.5 99.65 7.3 16 931.9 99.76 17.5 2023.7
Flow rate, 0-5, 5-20 min (mL min_l) 0.59, 0.99 99.57 7.4 16918.4 100.97 17.5 2048.3
0.6, 1 100 7.3 16 991.3 100 17.5 2028.6
0.61, 1.01 99.64 7.2 16 929.7 99.64 17.4 2021.2
Mobile phase, 0-5, ramping to 20 min 64.8:35.2,0.2: 99.43 7.3 16 894.3 100.65 17.4 2041.7
(dH,O : MeOH) 99.8
65:35,0:100 100 7.3 16 991.3 100 17.5 2028.6
65.2:34.8, 0:100 99.08 7.3 16 834.8 100.43 17.4 2037.4

solution of 2.5 mg per mL FLU and 50 pg per mL CP was ana-
lysed to calculate the percentage recovery under a number of
different conditions. Deliberate changes in the following
parameters were employed in this study; column temperature
(£0.5 °C), flow rate (£0.01 mL min~') and mobile phase
composition (+£0.2% v/v). These results are detailed in Table 6.
Following the analysis of samples by HPLC, data was compared
with that of the standard solution. Results confirm that this
FLU-CP method exhibits excellent robustness, with percentage
recovery under different variation factors falling within the
range of 99.07-99.94% for FLU and 99.64-100.97% for CP.
These outcomes again lie well within with the ICH guidelines
stating that percentage recovery should lie within 95-105%.%

3.2. Stability of analytical solution

Stability of the analytical solution has an important role in
estimating the shelf life of samples when stored under
controlled environmental conditions taking into consideration
factors such as temperature, humidity, and light exposure.
Additionally, in order to perform successful drug release or
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dissolution experiments, it is necessary for the FLU and CP to
remain stable in solution for an extended duration to enable
accurate drug quantification. In this study a solution containing
2.5 mg per mL FLU, and 50 pg per mL CP was stored under
various conditions: —20 °C, 4 °C, 21 °C and 37 °C. Sampling was
conducted at predetermined time points up to 28 days and drug
concentration quantified using the HPLC method. Fig. 3 shows
the stability of the solution over the 28-day period.

Whilst previous reports have been made on the stability of
FLU when in solution, many have not investigated the stability
over the temperature ranges described here. Nevertheless, the
results obtained in the present study reflect those obtained by
other studies. The preparation of FLU in a buffer for oral
delivery was shown to be stable at room temperature for up to
77 days, demonstrating percentage recovery of over 90% at all
timepoints throughout the study period.** Another stability
study using FLU in solution at temperatures of —20 °C and -
80 °C for up to 4 months showed high levels of recovery of 97.7
and 98.1% respectively at 4 months of storage.” Most closely
related to the current study, Bin Liew et al. reported on the
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Fig. 3 Stability of the FLU-CP solution at the highest standard concentration used, containing 2.5 mg mL~* and 50 ng mL™* respectively (A) FLU
stability (B) CP stability over 28 days in vitro at a range of storage temperatures.

This journal is © The Royal Society of Chemistry 2025
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(A) Mean encapsulation efficiency of FLU and CP in the PVA films used to calculate the cumulative release during the drug release study.

(B) Cumulative release profile of FLU and CP from a model biomaterial, PVA hydrogel, over a 24-hour period demonstrating the potential
applications of the dual detection and quantification method described here.

stability of FLU in a methanol solution at room temperature,
giving a percentage recovery of 104.83% at 8 hours.*® No studies
to date report on the stability of FLU in solution at 37 °C,
however if this drug is to be incorporated into drug delivery
devices for prolonged delivery the compound stability under
post-administration conditions need to be evaluated. The
results shown in Fig. 3A confirm the drug stability under such
conditions demonstrating percentage recoveries between
95.15% and 96.73% for FLU throughout the experiment at 37 °©
C.

Investigating the stability of CP in solution showed prom-
ising stability over 28-days across all storage temperatures. This
aligns with results reported elsewhere describing the stability of
CP in solution at temperatures below 80 °C whereas storage
temperatures between 80 and 100 °C showed evidence of
degradation products eluting in corresponding chromato-
grams.” Therefore, as the highest storage temperature here was
37 °C it is unsurprising that the solution remained stable
despite the prolonged incubation duration. Furthermore, else-
where stability studies at 4 °C and room temperature report on
the stability of CP in a number of different solvents for up to 7
days.”* Fig. 3B shows that the current stability study demon-
strated percentage recoveries between 95.97% and 104.87% for
CP.

3.3. Drug release study

An invitro drug release study was conducted to demonstrate the
applicability of the method to relevant experiments. The
cumulative release was calculated with Fig. 4B showing the
release profile of FLU and CP from the PVA hydrogel. Both drugs
demonstrated burst release with the majority of FLU and CP
released within the initial 6 hours of release. At 6 hours 92% of

3702 | Anal. Methodss, 2025, 17, 3694-3704

FLU was released whilst 68% CP release was observed. The
release data was fitted to a number of release models to assess
the release kinetics with the release profile of both drugs best
fitting the Korsmeyer-Peppas model of release Kkinetics
demonstrating R squared values of 0.98 and 0.99 for FLU and CP
respectively.

The chromatographic peaks remained well resolved and
drug release was successfully quantified using the validated RP-
HPLC method. From a quantification perspective, it can be
concluded that the method developed and validated here is
capable enough of detection and quantification of both FLU
and CP simultaneously. The method described here is therefore
appropriate for the investigation of in vitro physicochemical
properties.

4. Conclusions

This study introduced a novel, sensitive and reliable RP-HPLC
method with UV detection for the simultaneous detection and
quantification of FLU and CP. The method underwent rigorous
validation in alignment with the guidelines set out in the ICH
for validation of analytical procedures. Results confirmed the
efficacy, specificity, and high precision of the method for the
quantification of both FLU and CP. A hallmark indicator of the
high sensitivity of this method was the low values obtained for
LOQ, these were calculated as 0.008 mg mL™" and 0.012 pg
mL ™" for FLU and CP respectively. Accordingly, the validated
HPLC method was successfully applied to investigate the drug
release from a PVA hydrogel over a 7-day period in vitro. The
analytical method is therefore valid, fit for use and can be used
for regular, routine analysis such as stability studies, drug
encapsulation and drug release investigations. This dual

This journal is © The Royal Society of Chemistry 2025
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detection analysis method will also provide advantages in the
study of oral lichen planus and the development of new dual
delivery therapeutic devices. The method provides the capa-
bility of rapid testing of the efficacy of dual drug diffusion
across mucous membranes, allowing analysis of the spatial
distribution of delivered drugs across different tissues. In terms
of future applications, via this method, it can be determined if
therapeutics are being delivered systemically or to the target
tissues to predict the potential for secondary complications
because of long-term treatment regimens if steroids such as CP.
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