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A new high-performance liquid chromatographic method coupled with UV detection (HPLC-UV) to
quantify ethambutol (ETH) post permeation studies following microneedle administration has been
developed. This method involves the derivatization of ETH with phenethyl isocyanate (PEIC) at room
temperature for 90 min. The separation of the derivative was performed using a C18 column that utilised
a mobile phase consisting of 25 mM sodium dihydrogen phosphate buffer (with 1% v/v triethylamine, pH
3.0 adjusted using orthophosphoric acid) and methanol (25 : 75 v/v). The developed analytical method
was validated according to the standards set by the International Council on Harmonization (ICH)
guidelines. The method is linear for drug concentrations within the range of 0.39-12.5 ug mL™ (R? =
0.9999). The validated method was found to be specific, precise, and accurate. Moreover, the ETH
derivative was found to be stable under specific storage conditions. In addition, a simple and
straightforward extraction procedure for extracting and quantifying ETH from the skin was developed
and evaluated. The extraction procedure displayed recovery rates that range from 101.77 + 7.10% to
102.33 £ 8.69% indicating high extraction efficiency. The developed method was utilised in assessing the
permeation of ETH across dermatomed neonatal porcine skin following microneedle application.
Collectively, the simple and stable HPLC method developed in this study may be of great utility in
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1. Introduction

Tuberculosis (TB) is an infectious disease and is one of the
leading causes of death worldwide, posing a major health,
social and economic burden, primarily in low and middle-
income countries." The most common combination of TB
pharmacotherapeutic agents typically entails the daily admin-
istration of rifampicin, isoniazid, pyrazinamide and etham-
butol (ETH) over the course of two months. The regimen is then
followed by daily administration of rifampicin and isoniazid
only for the subsequent four months.>* For the treatment of TB,
ETH is available as an oral tablet containing the dextro-isomer
of the drug.® Despite the ease and simplicity via oral adminis-
tration, frequent oral dosing may be associated with adverse
side effects and imposes a high pill burden among patients that
may result in noncompliance.® Transdermal delivery offers
promising improvements for long duration therapies of TB
disease.
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screening formulations for ethambutol within a preclinical setting through in vitro permeation studies.

Microneedle (MN) array technology provide an elegant
approach to deliver the high-dose drugs required in TB regimes
transdermally, in a painless and minimally invasive manner.”
Such a device is applied to the skin surface to form micropores
that could be utilised by drug molecules to permeate and reach
the microcirculation.”® Among the classes of MN available,
hydrogel-forming MN array technology, has been reported to
effectively and successfully deliver molecules of varying physi-
ochemical properties, ranging low molecular weight to high
molecular drugs.®* Such a delivery strategy provides a simple
yet effective approach to transdermal delivery of high doses of
TB drugs and may of great value in managing cutaneous TB,
a condition that is a result of chronic infection of Mycobacterium
tuberculosis, Mycobacterium ovis and occasionally by the
Calmette-Guerin bacillus.*

The development of an effective drug delivery system must
be complimented by the development of a simple yet sensitive
analytical method. Such an analytical method would be of great
value in evaluating the drug delivery performance of formula-
tions, thus guiding future formulation design and refinement.
In the case of ETH, several researchers have developed an ion
pairing method via reversed phase HPLC for quantifying ETH in
pharmaceutical dosage forms.™ Ion-pair chromatography is
able to increase the affinity of charged analytes to the stationary
phase, thus improving the peak shape and retention time of the
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solutes.” However, such HPLC methods are typically associated
with inconsistent results, due to the separation of the ion-pairs
during HPLC analysis, thus limiting its utility in both formu-
lation evaluation and biological analysis.'® Therefore, the uti-
lisation of a precolumn derivatisation method offers the
advantage of enhancing the sensitivity, selectivity and separa-
tion behaviour of the analyte of interest relative to ion-pair
chromatography.” Yan et al. developed a method based on
precolumn derivatisation with phenethyl isocyanate using an
LC-MS detector for determination of ETH in tablet dosage
forms.'® Despite the sensitivity conferred by the method devel-
oped by Yan and co-workers, the expensive cost of acquiring,
maintaining, and using LC-MS limits the utility of the method
as not all researchers would have access to such instrumenta-
tion. In addition, the greater intra sample variation with each
LC-MS injections relative to HPLC-UV along with the limited
range of compatible buffers available for LC-MS methods are
other disadvantages associated with the method.

In order, to circumvent this issue, one may opt to use HPLC-
UV that is more cost-effective and is compatible with a wider
range of buffer for sample analysis while overcoming the issue of
intra sample variation. Nevertheless, sample analysis via HPLC-
UV is not possible for compound like ETH that lack any UV
chromophore. In this instance, pre-column derivatisation offers
an elegant approach to introduce a UV chromophore to the drug
or analyte to be detected via HPLC-UV. Collectively, there is an
impetus to develop a simple yet sensitive analytical method for
detecting ETH within biological tissues. In the case of
microneedle-based delivery, the method should be able to detect
the presence of the drug within skin tissues as this would be the
first site where the drug would be released from the formulation.
In addition, the ability of the method to detect the presence of
ETH in the skin is of great clinical value in order to evaluate the
effectiveness of microneedle-based delivery systems in providing
localised delivery antibiotics for cutaneous TB.

In this paper, we present, for the first time, the development
of a novel yet sensitive analytical method to quantify ETH in
following in vitro skin permeation study. The method employs
the use of HPLC-UV to detect ETH via precolumn derivatisation
with phenethyl isocyanate. The analytical method has been
validated per the International Council on Harmonization
(ICH) guidelines. The method was then used to assess the drug
permeation of ETH into skin tissues following MN adminis-
tration in vitro. To the best of our knowledge, this is the first ever
paper to report the development and validation of a HPLC-UV
method for detecting ETH in skin tissues. This is of great
value in evaluating the effectiveness of MN formulation in
delivering antibiotics to the skin for the treatment of cutaneous
TB. In addition, it is hoped that the HPLC method developed
would also serve as an analytical tool for the screening and
evaluation of drug delivery systems for ETH.

2. Experimental part

2.1 Chemical and materials

Ethambutol dihydrochloride (ETH) (purity, =98%)
purchased from Alfa Aesar (Lancashire, UK). Phenethyl

was
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isocyanate (PEIC) was purchased from Tokyo Chemical Industry
(zwijndrecht, Belgium). HPLC column Phenomenex® Luna C18
(Phenomenex, 4.6 x 150 mm, 5 pm particle size) was purchased
from Phenomenex (Cheshire, UK). All other reagents were of
analytical grade and purchased from standard commercial
suppliers. Dermatomed neonatal porcine skin was trimmed
from stillborn piglets (i.e. those that are dead upon birth) less
than 24 hours post-mortem, rinsed in PBS and frozen at —20 °C
until use. The piglets were kindly donated by the Agri-Food and
Bioscience Institute, Hillsborough, Northern Ireland UK.

2.2 Instrumentation and chromatographic conditions

The HPLC system used was an Agilent Technologies 1220
Infinity compacted LC Series, consisting of a degasser, binary
pump and standard auto injector and UV detector (Agilent
Technologies UK Ltd, Stockport, UK). Isocratic analysis of ETH
was performed on a C18 Phenomenex® Luna column (150 x 4.6
m) with particle size of 5 pm pore size of 100 A at room
temperature. The mobile phase consisted of a mixture 25 mM
sodium dihydrogen phosphate buffer (with 1% v/v triethyl-
amine, pH 3.0 adjusted using orthophosphoric acid) and
methanol (25 : 75 v/v). The injection volume of all samples was
50 pL, UV detection at 210 nm, flow rate of 1 mL min ' with
a run time of 7 min.

2.3 Preparation of stock and standard solutions

Stock of derivative reagent was prepared by diluting 20 mg of
PEIC in acetonitrile in a 10 mL volumetric flask to achieve
a 2 mg mL " final concentration. An ETH stock solution was
prepared by dissolving 10 mg of compound in phosphate
buffered saline (PBS) pH 7.4 in a 10 mL volumetric flask. In
order to obtain a 100 pg mL ™" test solution, 1 mL of standard
solution was taken and then diluted with PBS pH 7.4 in a 10 mL
volumetric flask. The calibration standard solutions were ob-
tained by diluting ETH standard solution in PBS.

2.4 Optimization of derivatization method

2.4.1 Derivative procedure. A 1.2 mL volume of ETH test
solution was added into an Eppendorf tube containing 0.3 mL
of PEIC (2 mg mL™ ") and vortexed for 30 s. In order to determine
the most appropriate homogenisation method, the mixtures
were then placed in several conditions, namely on the bench
top, in the rotator and in a sonicator bath for 2 hours to facil-
itate the chemical reaction. Following this, a 50 puL of each
mixture was injected into the HPLC system.

2.4.2 Temperature effect. The ETH test solutions (1.2 mL)
were added into the Eppendorf tubes (containing 0.2 mL of
PEIC stock solution) and placed at several temperature condi-
tions, including room temperature, refrigeration (2-8 °C), in an
incubator at 37 °C and in a hotbox oven at 70 °C for 2 hours to
investigate the effect of temperature on the derivatization
process.

2.4.3 Concentration of derivatization agent and reaction
time. The ETH test solutions (1.2 mL) were added into the
Eppendorf tubes containing different concentrations of PEIC
(in the range of 0.2 to 2.0 mg mL™"). In order to determine the
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optimal reaction time, derivatisation mixtures were shaken
using a rotator at 20 rpm for different time. Samples of each
replicate were taken at 15, 30, 45, 60, 75, 90, 105, 120, 135, 150,
165 and 180 min for further HPLC analysis.

2.5 Preparation of calibration standard and quality control
solution

Calibration standards (CCs) were obtained by diluting the stock
solutions of ETH to obtain a range of concentrations ranging
from 0.19-12.5 pg mL ™. Quality control (QC) solutions were also
prepared at three different concentrations: 1, 5, and 10 pg mL™ .

2.6 HPLC method validation

2.6.1 Specificity. The specificity of the method was assessed
by analysing six different sources of blank skin samples and
samples spiked with known amount ETH. All preparations were
carried out according to the derivatization procedure described
in section 2.4.1.

2.6.2 Linearity, LOD, and LOQ. Linearity was evaluated by
preparing the calibration curves using the CCs mentioned
previously in section 2.5. The calibration curves were obtained
by analysing CCs at seven different concentrations. The limit of
detection (LOD) and limit of quantification (LOQ) were calcu-
lated using the following equations, upon obtaining the stan-
dard deviation (SD) of the response and the slope of the
calibration curve.

LOD = 3.30/S (1)
LLOQ = 100/S )

where ¢ = the SD of the response of the data and S = the slope
of the calibration curve.

2.6.3 Accuracy and precision. Accuracy and precision were
determined for the QC samples at low, medium and high
concentration, as mentioned above in six replicates. The
precision was evaluated by calculating the relative standard
deviation (RSD) of the responses for all solutions and the
accuracy was evaluated by calculating the relative errors (RE). In
this study, the intra-day and inter-day accuracy and precision
were evaluated. Both RSD and RE of each replicate were calcu-
lated using the following equations. The method was deemed
accurate and precise should the RSD and RE from all samples
fall below =15%.

%RE = Absolute error/True value (3)
%RSD = SD/Mean of concentration (4)

From the above equation, the absolute error is the value
determined from deviation between measured concentration
and theoretical concentration of the standard (true value).

2.7 Skin extraction recovery

Extraction recovery of ETH from dermatomed neonatal porcine
skin were obtained by comparing the measured values of ETH
from extracted samples at low, medium and high
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concentrations with the standard solutions. Briefly, skin
samples were spiked with ETH solutions and incubated for 24
hours at 37 °C to mimic the condition for in vitro permeation
study. Following this, deionised water was added to the glass
vials containing the skin samples, and the mixture were then
sonicated for 30 min. All the samples were then centrifuged at
14 000 rpm for 15 min followed by the pre-column derivatisa-
tion procedure prior to HPLC analysis.

2.8 Stability studies

The stability of PEIC-ETH products from different derivatisa-
tion steps was evaluated. Firstly, the working solutions of pure
ETH were prepared and kept under different conditions for
seven days. Samples were taken every 24 hours and then
transferred to an Eppendorf tube containing PEIC to perform
the derivatisation procedure prior to HPLC analysis. The
purpose of this step was to determine the stability of pure ETH
solution as the PEIC can only form the derivatisation product
with remaining ETH molecules at a certain time. Secondly, the
mixture of ETH and PEIC was subjected to different storage
environments and then analysed via HPLC to determine the
stability of ETH-PEIC derivatives. The stabilities of all samples
were evaluated under different storage conditions: bench-top
(ambient temperature), refrigerator (2-8 °C), incubator at
37 °C and freeze-thaw at —20 °C. Additionally, a series of
solutions were covered with aluminium foil to investigate if the
derivative was prone to photodegradation. Over seven consec-
utive days, 1 mL of sample was taken and analysed from each
vial stored under the respective conditions. All samples were
prepared in triplicate and analysed using the validated HPLC
method in order to evaluate the percentage of recovery.

2.9 Application of the method to in vitro permeation study

An in vitro permeation study was performed using a Franz cell
(Permergear, Hellertown PA, USA) set up. Briefly, the Franz cells
were set up using dermatomed porcine skins. PBS (pH 7.4) was
degassed and pre-heated to 37 & 1 °C before being added to the
receiver compartment. This in vitro system is used to evaluate
two different drug reservoir systems. Lyophilised (LYO) reser-
voirs that were prepared by casting an aqueous mixture of 50%
w/w drug and 2.5% w/w gelatin. The casted mixture was then
lyophilised for 24 hours. On the other hand, poly(ethylene
glycol) (PEG) reservoirs were fabricated by dissolving the drug
into PEG mixture which consisted of 75% w/w PEG 200 and 25%
w/w PEG 6000. The PEG reservoirs were then transferred to the
refrigerator at —20 °C for 15 min to solidify. Hydrogel-forming
MN arrays were prepared via micromoulding from an aqueous
blend consisting of 20% w/w Gantrez® S-97, 7.5% PEG 10 000
and 3% w/w Na,CO; based on a previously reported method.’
The drug-containing reservoir was then placed on top of
a hydrogel-forming MN arrays. The combined formulation was
then applied onto the porcine skin within the donor
compartment.

After 24 hours, skin and dissolution media from the receiver
compartment were collected and prepared for HPLC injection.
Prior to the analysis, deionised water was added to the glass vial
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containing skin sample, and the mixture were then sonicated
for 30 min. All the samples were then centrifuged at 14 000 rpm
for 15 min followed by the injection of the supernatant into the
HPLC column. Where necessary, samples and external stan-
dards were diluted in PBS (pH 7.4). The drug concentration
([Druglsampie) from the skin and receptor compartment after 24
hours was calculated using eqn (5).

AUCgmple X [Drug]

D
[ rug] AUCslandard

standard  Tyjlytion factor (5)

sample =

where, AUCgample is the area under curve (AUC) of sample
representing ETH and AUCgandara iS AUC of external standard
of ETH.

2.10 Statistical analysis

Least squares linear regression analysis, correlation analysis,
percentage accuracy, percentage RSD, RE, LOD, LOQ and
calculation of means and SD were all performed using Microsoft
Excel™ 2019 (Microsoft Corporation, Redmond, USA). Addi-
tionally, statistical analysis on drug stability studies was carried
out using GraphPad Prism® version 8.0 (GraphPad Software,
San Diego, California, USA). One-way analysis of variance
(ANOVA) was used for comparison in several factors of deriva-
tisation optimisation. Two-way ANOVA was used for compar-
ison using two factors, namely storage conditions and storage
duration. In all cases, p < 0.05 was used to denote statistical
significance.

3. Result and discussion
3.1 Chromatographic method development

In this study, sample analysis was carried out on a C18 column
(4.6 x 150 mm, 5 um particle size) due to its versatility and
suitability for a broad range of compounds. The derivatization
products of PEIC-ETH have an extensive range of polarity.
Additionally, the molecules of PEIC-ETH are able to appear in
different ionisation states at different pH values. Accordingly,
the composition of mobile phase was optimised to obtain
a consistent degree of ionisation and polarity of the analytes.
In the ETH-PEIC separation method, the aqueous portion of
the mobile phase was a phosphate buffer at pH 3.0. As a product
of precolumn derivatisation, ETH-PEIC was completely ionised
over the pH range of 1-10. Therefore, it is possible to use
a nonspecific buffer to elute the analytes from the stationary
phase. However, the UV wavelength used in this method was
210 nm, which can increase the likelihood of PBS solvent peaks
interference. This may pose a problem for ETH-PEIC detection,
as PBS is the solvent used in ETH-PEIC working solution."
Therefore, a specific pH is required to achieve specific func-
tional group ionisation on the ETH-PEIC derivative. However, it
is known that the cationic form ETH is present over the pH
range of 0 to 4.2, due to the presence of secondary amine
groups, NH, of ETH. Leveraging on this physiochemical prop-
erty of the derivative, phosphate buffer solution at pH 3.0 was
deemed the appropriate choice of buffer to maintain the ion-
isation of the secondary amine group while improving
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chromatographic separation. Nevertheless, an asymmetrical
peak (tailing) was observed in the chromatogram of ETH.
Therefore, 1% v/v of triethylamine (TEA) was used in this study
as one component of mobile phase to improve peak symmetry
of PEIC-ETH.

Such improvement in peak symmetry upon the addition of
TEA is attributed the masking properties of TEA within the
mobile phase.* PEIC-ETH is a basic charged solute which, in
the absence of TEA, undergoes an ion-exchange process with
the Si-OH along the stationary phase of the HPLC column, as
shown in eqn (6) below. This results in the formation of a strong
SiO-PEIC-ETH' complex which does not follow regular hydro-
phobic retention, ultimately resulting in poor peak symmetry.

PEIC-ETH" + SiO-H" = H" + SiO-PEIC-ETH" (6)

However, the presence of TEA competes with the charged
derivative of PEIC-ETH" for the silanol groups on the silica-
based HPLC column. Such competition between PEIC-ETH"
with TEA for the silanol group is under constant equilibria
governed by Le Chatelier's principle, as shown in eqn (7) below.
This mitigates the strong ionic interaction of SiOH with PEIC-
ETH', limiting it to the conventional hydrophobic retention,
thus improving peak symmetry.

SiO-PEIC-ETH" + TEA" = SiO-TEA" + PEIC-ETH" (7)

3.2 Optimization of derivatization method

Several studies have explored ETH quantification via HPLC-UV.
Nevertheless, such method developments for ETH quantifica-
tion via HPLC-UV are indeed challenging to develop due the
absence of a strong chromophore group on ETH. A number of
chemical agents have been explored in the development of ETH
precolumn derivatisation, namely 4-fluoro-7nitrobenzo-2oxa-
1,3-diagole, copper sulphate, octylamine and PEIC.'®***> Most
of these derivatising agents typically requires ETH extraction via
the use of organic solvents, such as chloroform, prior to deri-
vatisation. Such a requirement adds an extra layer of sample
processing which could lead to incomplete drug extraction prior
to sample analysis, thus limiting their utility in precolumn
derivatisation method development.** However, PEIC has been
reported to offer relatively high sensitivity and selectivity in
precolumn derivatisation. In this work, PEIC was chosen as the
derivatising agent as the secondary aliphatic amine of ETH can
react with the electrophilic isocyanate group on PEIC, resulting
in the formation of PEIC-ETH derivative for analyte detection.>
In addition, the reactivity of PEIC with ETH obviates the need of
ETH extraction via the use of organic solvents prior to deriva-
tisation, thus enabling a simple and straightforward sample
processing post permeation experiments. The proposed chem-
ical reaction and derivatisation mechanism of PEIC-ETH deri-
vatisation is illustrated in Fig. 1. It can be seen from Fig. 1 that
the main derivative proposed from the reaction of ETH with the
derivatising agent consist of two PEIC motif on one drug
molecule. This is because in the current work, the derivatisation
reaction occurred when the concentration ratio of ETH to PEIC

This journal is © The Royal Society of Chemistry 2022
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Fig.1 (A) Chemical reaction of PEIC-ETH derivatisation and (B) the proposed mechanism of PEIC-ETH derivatisation resulting in the formation

of double derivative as PEIC was excess in the presence of ETH.

was 1 to 200, thus ETH was reacted in excess PEIC. It is postu-
lated that under such condition that double derivatisation
would most likely to occur due to the second nucleophilic
addition of an additional molecule of PEIC on the second
secondary amine group on ETH. The formation of double
derivatisation of ETH when the drug is reacted in the presence
of excess PEIC has been previously confirmed and evidenced via
LC-MS as reported by Yan et al.*®

In order to develop a derivatisation method for PEIC-ETH,
a homogenisation method along with the processing tempera-
tures were optimised to achieve the most reliable and consistent
analytical conditions. The concentration of PEIC and reaction
time were investigated, as these factors were considered to
affect the outcome of the derivatisation process.

3.2.1 Derivatisation procedure. Derivatisation reactions
typically require optimised homogenisation conditions to facili-
tate the chemical reaction in a reliable and consistent fashion.
Initially, a sonicator bath and rotator were compared in order to
identify which equipment was most suitable during the
homogenisation step. In addition, a series of PEIC-ETH mixtures

This journal is © The Royal Society of Chemistry 2022

were placed on the bench top for 2 hours as a control to deter-
mine the propensity of the mixture to undergo spontaneous
chemical reaction. However, it was discovered that there were no
significant differences (p > 0.05) with respect to relative peak area
for all the derivatisation conditions (Fig. 2A). This result may be
explained by the high reactivity of PEIC in the solution, which is
able to form the drug-derivative products spontaneously without
external interventions. Guided by this set of data, the sponta-
neous reaction of PEIC with ETH on the bench top was selected
as the method of choice, as it is straightforward and obviates the
need of any additional lab equipment. Such simplicity in the
derivatisation procedure may be of great translational value and
could be adapted to various research settings where access to
a sonicator bath and rotator is an issue.

3.2.2 Effect of temperature. Comparisons were made in
terms of relative peak area of the derivatised product when the
reaction temperature was varied to 5, 25,37 and 70 °C. As shown
in Fig. 2B, the highest peak area was at 70 °C. It was noted that
an increase in the reaction temperature was followed by
increased quantities of derivatised product. This result

Anal. Methods, 2022, 14, 125-134 | 129
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Fig.2 The effect of several factors on the PEIC-ETH derivatizations, namely (A) homogenisation methods, (B) temperature (means + SD, n = 3),

(C) time and PEIC concentrations (means + SD, n = 3).

indicates that the reaction is indeed temperature dependent.
However, in order to prevent any potential heat induced
degradation of ETH that might be occurred during the reaction,
as the drug has a low melting point of 88 °C, the derivatisation
was set at room temperature.”* In addition, the use of high
temperature was also avoided as such elevated processing
conditions may result in difficulties for quantitative analysis,
since solvent evaporation may occur.”

3.2.3 Concentration of derivatisation agent and reaction
time. The rationalised reaction time and derivatising agent
concentration were investigated using a fixed concentration of
ETH (100 ug mL~"). The aim of this experiment was to explore
the rationalised PEIC concentration and the time needed for the
reaction to complete. Comparisons were made in term of rela-
tive peak area of the PEIC-ETH derivative product when the
reaction time and PEIC concentration were varied. As presented
in Fig. 2C, the derivatisation reaction was completed within
90 min, irrespective of PEIC concentration. In addition, the
relative peak area reached a plateau after 90 min, indicating
that no further side reaction or degradation of the derivatised
product took place. With regards to the PEIC concentrations,
this work showed that, by increasing the amount of derivatising
agent, the relative area of the ETH derivative also increased. The
relative peak area reached a maximum value in a concentration
range of 1200 to 2000 pg mL~', whereas no reaction was ach-
ieved using 200 and 400 pg mL~". This result suggests that the
number of PEIC-ETH derivatives formed were indeed
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dependent on PEIC concentration. Ultimately, the reaction time
was set to 90 min, with a PEIC concentration of 1200 pg mL ™" as
the optimal ETH-PEIC derivatisation procedure.

3.3 HPLC method validation

3.3.1 Specificity and selectivity. The specificity and selec-
tivity were evaluated in order to identify compounds that might
interfere with analyte elution in the chromatogram. Several
components, namely PBS (pH 7.4) and skin sample, that may
affect the analyte chromatogram were evaluated to ensure
a good separation with minimal interference for the analytical
method as highlighted by Pereira et al.>® As presented in Fig. 3,
no interfering peaks were found in the chromatograms. In
addition, we have also considered the impact and presence of
possible contaminants other than that of skin from other
components such as hydrogel-forming microneedle and the
drug reservoirs excipients on the area and the retention time of
the drug-derivative peak as shown in Fig. S1.f Overall, these
data indicate that derivatisation and analytical method for ETH
quantification showed good specificity and selectivity.

3.3.2 Linearity, LOD, and LOQ. In order to evaluate the
linearity of the method, a range of concentrations were
prepared in six replicates and analysed over three consecutive
days. The LOD and LOQ of this method and the characteristics
of the calibration curve were obtained - the slope, y-intercept
and coefficient of correlation are presented in Table 1. The
result suggests that calibration curve for ETH derivative

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Representative HPLC-UV chromatogram of PEIC in blank PBS (pH 7.4) (A), standard solution of PEIC-ETH derivative (B), sample obtained
from skin spiked with PEIC solution (1.2 mg mL™) (C) and sample obtained from skin spiked with standard solution (D) of PEIC (1.2 mg mL™?) and

ETH (100 pg mL™Y).

Table 1 Properties of the calibration curve for quantification of ETH
with LOD and LOQ values (n = 6)

Concentration
range (ug mL™") Slope

LOD LOQ

y-intercept R® (g mL™") (ug mL™Y)

0.39-12.5 225.43 61.82 0.9999 0.08 0.25

exhibited a linear response with a regression coefficient (R?)
=0.998 over the concentration rage analysed. The LOQ was
found to be 0.25 ug mL ™ *. This suggest that both the derivati-
sation and analytical method offer adequate sensitivity to
examine ETH post skin permeation studies.

3.3.3 Accuracy and precision. Accuracy and precision were
assessed three times within one day (intra-day variability) and on
three consecutive days (inter-day variability). The results of
accuracy and precision for the QC samples are reported in Table
2. Based on the result shown, this analytical methods was
deemed accurate, since the values of %RE for all QC samples
were found to be within the range of 0.45-4.81%, which is
acceptable under the required limits of 20%.>” In term of

precision, the %RSD values were found to be within the range of
0.07 to 1.82%, indicating this method was precise, as the
required limit should be lower than 15%.>*® Collectively, these
results from the validation steps confirmed that this derivatiza-
tion and analytical method combination was accurate, precise,
and suitable for ETH quantification following skin permeation
studies.

3.4 Skin extraction recovery

The skin extraction recoveries of ETH following extraction from
dermatomed neonatal porcine skin were obtained by comparing
the concentrations of spiked samples at three different concen-
trations (1, 5 and 10 pg mL™") to the standard solutions. The
results from recovery test are presented in Table 3. The mean
recoveries of ETH were between 101.77 &+ 7.10% and 102.33 +
8.69%. The high recovery rates displayed indicate the extraction
procedure displayed high extraction efficiency of ETH from the
skin. Moreover, based on the result shown, the extraction
method was considered to be consistent, precise and reproduc-
ible, since the %RSD values were found to be in the within the
range of 3.32-8.49%, which is under the required limit of 15%.*

Table 2 Intra-day and inter-day accuracy and precision of ETH derivatization products (means + SD, n = 6)
Intra-day Inter-day
Concentration Concentration Precision Accuracy Concentration Precision Accuracy
added (pg mL™") found (ug mL™") (%RSD) (%RE) found (ng mL™") (%RSD) (%RE)
1 1.03 £ 0.01 1.82 3.43 1.04 £+ 0.00 0.07 4.81
5 4.97 + 0.02 0.54 —0.45 5.03 + 0.02 0.40 0.62
10 9.72 + 0.05 0.52 —2.70 9.84 + 0.01 0.15 —1.58
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Table 3 Mean skin extraction recoveries of ETH from dermatomed
neonatal porcine skin (means + SD, n = 4)

Concentration %Skin extraction

added (ug mL™") recovery + SD %RSD
1 101.77 £ 7.10 6.97

5 102.33 + 8.69 8.49
10 102.03 *+ 3.39 3.32

3.5 Stability studies

The stability of ETH-PEIC derivative within the receptor media
was investigated. In addition, several conditions were evaluated
to decipher under which storage conditions would the drug
solution remain stable. In this study, the degradation was
recorded as the decline in percentage of drug recovery for every
24 hours. As displayed in Fig. 2A supplemental data, a negligible
loss of ETH was observed after four days of storage under all the
conditions evaluated. Moreover, no significant differences with
respect to degradation were found amongst the storage condi-
tion evaluated for ETH working solution over the course of four
days (p > 0.05). In terms of the stability of the derivative product
(Fig. 2B supplemental data), PEIC-ETH was stable under all
conditions for up to seven days. This finding was confirmed by
previous published work, where it was described that PEIC can
form stable isourea linkages with molecules containing amine
group, thus endowing the derivative with good sample stability
prior to analysis.*

In summary, the ETH working solutions and ETH-PEIC
mixture solutions can be prepared and stored for four and seven
days, respectively. Such stability conferred by the derivatisation
product suggests the analytical procedure does not necessitate
immediate sample analysis post derivatisation. Coupled with
the simplicity in the spontaneous bench top reaction of PEIC
with ETH, the analytical method developed in the current work
offers great flexibility in analysis with respect to research
settings where access to equipment is not always immediate. In
addition, such good stability also offers the simplicity and ease
of sample transfer from one research institute to another
without the need of cold storage. Furthermore, the validated
method presented in our current work does not only display
a simple, straightforward and stable method for derivatising
ETH but chromatographic conditions used in analysing the
sample is far shorter, 7 min, relative to the 20 min run time
presented by Yan and co-worker.™ This shorter run time may be
of great benefit for formulators and analytical scientists to
rapidly analyse large samples number within a shorter period of
time during formulation development and optimisation.

3.6 Application of the method to in vitro permeation study

We evaluated two types of drug reservoirs used in tandem with
hydrogel-forming MN arrays for the delivery ETH. These reser-
voirs were LYO reservoir and PEG reservoir. The validated HPLC
method was employed to quantify the amount of ETH that have
permeated into and across the skin following a 24 hours MN
application (Fig. 4). The amount of ETH extracted from the skin
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Fig. 4 The percentage of ETH extracted from skin and receiver
compartment at 24 h after MN application (means + SD, n = 3).

was found to be 0.46 £ 0.02 mg and 5.90 £+ 1.32 mg from PEG
and LYO reservoir, respectively. In addition, the combination of
the LYO reservoir with hydrogel-forming MN arrays delivered
17.01 £ 1.07 mg into the receptor compartment following a 24
hours MN application. The amount of ETH permeated across
the skin was significantly higher than that of PEG reservoir,
which delivered only 8.26 + 0.52 mg at 24 hours (p < 0.05). This
suggest that the combination of LYO reservoir with hydrogel
forming microneedles offer an excellent synergy in terms of the
amount of ETH that can be delivered into and across the skin.
Such enhancement in the delivery of ETH through the combi-
nation of LYO reservoir with hydrogel forming MNs may be
attributed to the presence of gelatin within the wafer.

Upon skin application, interstitial fluid from the skin slowly
imbibes into the MNs leading to the swelling and formation of
a continuous hydrogel network. Once the hydrogel network has
been established within the MNs, water molecules can then
diffuse into the LYO wafer that functions as a drug reservoir.
This wafer layer also contains gelatin that is traditionally used
as tablet binder. However, this pharmaceutical excipient is very
hygroscopic in nature.*® The presence gelatin endows the
reservoir with additional osmotic pressure to draw water up
more water molecules at a faster rate from the skin via the
hydrogel network into the wafer.*” This would promote faster
dissolution and release of ETH from the reservoir and into the
skin relative to the PEG reservoir. The absence of gelatin within
the PEG reservoir fails to draw up as much water molecule
relative to LYO wafer. In the case of PEG reservoir, the diffusion
of water molecules into the drug containing layer will be
a passive process without the assistance of any additional
osmotic pressure.

This delivery profile exhibited by LYO wafer when used in
combination with hydrogel forming MNs may be of great clin-
ical value in delivering systemic and intradermal doses of ETH
for managing TB. The ability of this combinatorial approach to
deliver high doses of ETH intradermally may be of great ther-
apeutic benefit for the treatment of cutaneous TB. Collectively,
this result highlighted that the HPLC method developed in this
study was effectively applied to evaluate and quantify the
permeation of ETH from different drug reservoir-hydrogel MN
combinations. Such quantification enables us to elucidate the
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different release profiles from the different drug reservoirs.
Indeed, the current work highlights that the analytical method
is successful in evaluating ETH permeation profile following
MN application. However, we envisioned that this analytical
method would still be applicable in evaluating and elucidating
the delivery profile of other transdermal delivery systems such
as the conventional transdermal patch, niosomes and jet
injectors.

4. Conclusion

In conclusion, the current work highlights the development and
validation of a simple derivatisation method and analytical
procedures for the sensitive and reliable detection and quanti-
fication of ETH. The method was successfully developed using
HPLC-UV for detecting ETH following in vitro permeation
studies post MN application. The analytical method was vali-
dated following the criteria recommended by the ICH guide-
lines. The specificity, linearity, linear concentration range, LOD,
LOQ, accuracy and precision were determined for the method.
In addition, the analytical method was shown to be specific,
with acceptable precision and accuracy. In addition, the deriv-
atization product of PEIC and ETH was found to be stable under
the specific storage condition and storage time. The HPLC
method was successfully applied to determine ETH permeation
profile from an in vitro permeation study following MN appli-
cation. It is hoped that such method may be of great heuristic
value in preclinical ETH formulation screening, evaluation, and
development.
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