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one HPTLC assaying platform
versus traditional densitometric method for
simultaneous quantification of alfuzosin and
solifenacin in their dosage forms as well as
monitoring content uniformity and drug residues
on the manufacturing equipment†

Mina Wadie, * Ezzat M. Abdel-Moety, Mamdouh R. Rezk and Hoda M. Marzouk

The large popularity and rapid technology of smartphones have opened new avenues for their integration

into different analytical methodologies and drug quality monitoring as a portable, easily accessible, and

user-friendly detector. Herein, a novel and portable smartphone-based high-performance thin layer

chromatographic (HPTLC) approach is proposed for the simultaneous analysis of two urological drugs,

alfuzosin and solifenacin, which treat benign prostatic hyperplasia accompanied by overactive bladder

syndrome. First, chromatographic separation was accomplished using an ecofriendly mobile phase, then

the developed plates were visualized using Dragendorff's reagent and photographed via a smartphone's

rear-facing camera fixed on a fabricated two-illumination-source chamber. The intensities of the drug

spots were quantified using open-source image analysis software ImageJ over the concentration ranges

of 2.0 to 30.0 mg per band for both drugs with acceptable results in ICH validation parameters. To

improve the method's accuracy and reproducibility, various construction and shooting key parameters

were investigated and optimized. Moreover, the study was extended to compare the obtained results

with those of a benchtop densitometric method using a Camag TLC Scanner 3 at 215.0 nm; the

densitometric method provided an additional assessment tool for peak purity and was capable of

assaying lower drug concentrations over a linearity range of 0.2–8.0 mg per band for alfuzosin and 0.1–

6.0 mg per band for solifenacin. The fast, simple, reliable, green merits of the proposed HPTLC/

smartphone method suggest that it is an excellent platform for assaying marketed combined capsules

and assuring their content uniformity. Moreover, the high sensitivity of the densitometric method was

used, for the first time, to determine the residual content of the cited drugs on manufacturing

equipment surfaces for cleaning validation. Finally, the environmental impact of the developed methods

was evaluated based on green analytical chemistry principles.
Introduction

Adopting smartphone-based analytical methods is considered
a pioneering strategy to face the current global economic crisis
and can hamper the availability of expensive detectors or
adherence to their maintenance schedule. One successful
application of smartphones is their integration with high-
performance thin-layer chromatography (HPTLC).
Researchers' efforts have been directed to ameliorate the bulky
size, high price and massive operating power consumption of
Pharmacy – Cairo University, Kasr El-Aini

a.wa.yousif@pharma.cu.edu.eg; Tel: +20

tion (ESI) available. See DOI:

51
the traditional HPTLC benchtop densitometric scanner by
employing the astounding capabilities of smartphones as
inexpensive, portable and easily accessible detectors.1

Smartphone-based HPTLC involves the rapid capture of devel-
oped HPTLC plates using a smartphone camera with the
possibility of illuminating the plates with various light sources.
Digital image analysis is then employed to gauge the spot colour
intensity of calibration standards so that the concentration of
unknown samples can be found via the obtained regression
equation. Such an approach has been broadly applied and has
proven its validity for the determination of pharmaceutical
drugs2,3 and medicinal plants4,5 as well as monitoring counter-
feit drugs.6,7

The digital image analysis is executed through either various
chemometric manipulations or commercially available mobile
© 2023 The Author(s). Published by the Royal Society of Chemistry
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applications and computer programs.5,6,8 One of the most
common and modern soware packages is ImageJ, an open-
source image analysis soware developed by the National
Institutes of Health (NIH) organization.9,10 ImageJ is well-
established soware for the quantication of electrophoretic
gels and has been recently integrated with TLC imaging anal-
ysis.2,4,11 It is characterized by a user-friendly interface that
allows straightforward application without requiring sophisti-
cated manipulation steps or highly trained personnel. In
comparison to other mobile applications for image analysis,
ImageJ is superior in dealing with different image formats
regardless of the smartphone operating system. It is also
compatible with most computer operating systems, including
Windows, Mac OS and Linux and is devoid of any copyright
restrictions. Moreover, the soware's validity in generating
reliable and reproducible results is assured by NIH as an
authorized scientic organization rather than by uncertied
application developers.10

In addition, the concept of “cleaning validation” has
currently been introduced in the pharmaceutical industry as an
integrated part of good manufacturing practice (GMP) guide-
lines.12,13 It aims to verify the efficacy of cleaning procedures in
removing drug residues from industrial equipment to prevent
cross-contamination of subsequently manufactured pharma-
ceutical products.14 Cleaning validation is performed not only to
comply with international regulatory authorities but also to
assure patient safety, especially upon manufacturing narrow
therapeutic index drugs.15 Two challenging prerequisites have
to be fullled for accurate residual estimation.16 The rst one is
the selection of an appropriate sampling technique, as the Food
and Drug Administration (FDA) recommends two different
sampling protocols: direct surface sampling via swabbing
technique or indirect sampling through collecting the rinsing
solution aer the cleaning process.14 Although the rinsemethod
provides a good tool for sampling large surfaces and inacces-
sible areas in the equipment, it fails to collect residues that are
physically occluded in manufacturing equipment or practically
insoluble in the rinsing solution. Such limitations are resolved
upon adopting the swabbing method, with the capability of
sampling dried-out residues.12,17 However, it is of great impor-
tance to take numerous swabbing samples across equipment
and to carefully evaluate various sampling parameters such as
applied protocol, utilized solvents and sampling sites.16,18 The
second prerequisite for good cleaning validation practice is
developing a reliable analytical method.12 Such an analytical
method has to be specic and sensitive enough to quantify
traces of active analytes remaining aer the cleaning of
manufacturing equipment.14,16 HPTLC is considered a prom-
ising eco-friendly approach for cleaning validation in the realm
of liquid chromatography. It allows the monitoring of multiple
swab samples simultaneously with minimal energy, mobile
phase consumption, and waste generation. Furthermore,
HPTLC complies with the principles of green analytical chem-
istry through swapping hazardous solvents with more sustain-
able ones.19,20 A literature survey revealed the adoption of the
high-performance liquid chromatographic (HPLC) technique
for detecting residual content of drugs,21–24 but the applicability
© 2023 The Author(s). Published by the Royal Society of Chemistry
of the HPTLC technique as a greener analytical candidate for
cleaning validation has not yet been reported in any published
work.

Therefore, this work is dedicated to developing and opti-
mizing an eco-friendly HPTLC method with two different
detection approaches: the conventional densitometric scanner
and the new smartphone-based one. This comparative study
was performed for simultaneous analysis of two urological
drugs, alfuzosin hydrochloride (ALF, Fig. S1A†) and solifenacin
succinate (SOL, Fig. S1B†), prescribed for alleviating benign
prostatic hyperplasia in concurrence with overactive bladder
syndrome.25 A literature review revealed the determination of
the two cited drugs by spectrophotometric,26 LC-MS/MS,27

HPLC,28 chiral HPLC,29 two stability-indicating chromato-
graphic30,31 and potentiometric32 techniques. None of those
methods explored the applicability of a smartphone camera for
rapid, onsite quantication of the cited drugs or adopted eco-
friendly solvents for their HPTLC separation. Consequently,
two eco-friendly HPTLC methods are proposed to spotlight the
feasibility of smartphones for drug monitoring and to highlight
the merits and demerits of each method. ICH validation and
statistical analysis with pharmacopeial methods for each drug
were also conducted to evaluate the methods' performances.
The proposed methods were used to assay ALF and SOL in their
marketed combined tablets and to assure the content unifor-
mity of dosage units. Finally, this work discusses, for the rst
time, the suitability of the HPTLC technique inmonitoring drug
residues in cleaning validation swab samples from
manufacturing equipment surfaces.
Experimental
Chemicals and reagents

The ethyl acetate, ethanol, methanol and ammonia solution
(25% w/w) were HPLC grade and purchased from Sigma-
Aldrich, Darmstadt-Germany. Dragendorff's reagent was
prepared by mixing 5 mL of solution A (1.7 g basic bismuth
nitrate in 100mL water/acetic acid (4 : 1)) and 5mL of solution B
(40 g potassium iodide in 100 mL water) with 20 mL acetic acid
and 70 mL distilled water.33 Pure ALF (BN: AH018045196),
manufactured by Hetero Labs, Telangana-India, was kindly
donated by Eva Pharma, Cairo-Egypt. SOL (BN: 801802553),
a product of Glenmark Pharmaceuticals Ltd., Mumbai-India,
was generously supplied by Marcyrl Pharmaceuticals Ind.,
Cairo-Egypt. Applying their corresponding official methods34

revealed their potencies to be 100.45 ± 0.408% for ALF and
99.35 ± 1.706% for SOL. Commercially available Solitral
capsules (BN: MPF18001SK), with labelled contents of 10 mg of
ALF and 5 mg of SOL per capsule and manufactured by Sun
Pharmaceutical Ind, Ltd., Mumbai-India, were purchased from
a local Indian market.
Standard solutions

Stock standard solutions of ALF and SOL were separately
prepared in ethanol with concentrations of 1.0 mg mL−1 for the
HPTLC/densitometric method and 4.0 mg mL−1 for the HPTLC/
RSC Adv., 2023, 13, 11642–11651 | 11643
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smartphone method. The prepared stock solutions were stored
at 4 °C and found to be stable for three weeks.

Construction of illumination chamber

For the HPTLC/smartphone method, a customized illumination
chamber was designed as shown in Fig. 1a, with dimensions of
30 cm length, 15 cm width and 15 cm height. The building
material was medium-density bre (MDF) boards, an inexpen-
sive, widely available and easily tailored material, with a thick-
ness of 5 mm. In the middle of the upper housing part,
a rectangular window was drilled to t the rear camera of the
selected smartphone model (Redmi Note 8, Xiaomi, Beijing-
China). The plate was inserted from the removable bottom lid
and tted using a static paper clip to keep the plate adequately
in the camera eld of view (Fig. 1b). The chamber was also
equipped with two illumination sources: a 254 nm UV lamp
(Philips, model: G11T5, 11 W, 21 cm length) and a daylight LED
strip (cold white, 7 W), each plugged into an electrical outlet
rather than a battery source to avoid uctuation in the light
intensity (Fig. 1b).

Chromatographic conditions

HPTLC silica gel 60 F254 aluminium sheets (Merck, Darmstadt-
Germany) were utilized as the stationary phase for chromato-
graphic separation. First, the plates were washed overnight in
methanol and then activated by heating in an oven at 80 °C for
15 minutes. A Camag Linomat-5 autosampler (Muttenz-
Switzerland) applied a sample aliquot, 10 mL for the HPTLC/
Fig. 1 Structural design of the (A) exterior and (B) interior of the
smartphone-based illumination chamber.

11644 | RSC Adv., 2023, 13, 11642–11651
densitometric method and 25 mL for the smartphone method,
to the 20 cm× 10 cm plates at speed of 150 nL s−1 in the form of
compact 4mm spots. Amobile phase composed of ethyl acetate,
ethanol and ammonia (2.0 : 8.0 : 0.5 by volume) was accurately
prepared, transferred to a twin trough glass jar and le for 30
minutes for saturation and phase equilibrium. Aer that, the
plates were inserted in the glass jar, allowing the development
of the mobile phase in a linear ascending manner over
a distance of 8.0 cm. The plates were then raised and le to dry
in a vertical position.
Calibration curve and plate detection

HPTLC/densitometric method. From the ALF and SOL stock
solutions (each 1.0 mg mL−1), serial aliquots equivalent to 0.2–
8.0 mg and 0.1–6.0 mg, respectively, were withdrawn and
transferred into two separate series of 10 mL volumetric asks.
Ethanol was then added to the mark as a diluent. Chromato-
graphic procedures were conducted as previously mentioned
and the developed plates were quantied densitometrically
using a Camag TLC scanner (model 3, S/N 1302319) run with
winCATS® soware. The scanner was set to reectance
measuring mode with a measuring wavelength of 215.0 nm, slit
dimension of 4 × 0.45 mm and scanning speed of 20 mm s−1.
The purity of the resolved peaks was also assessed via the win-
CATS® spectral correlation tool.

HPTLC/smartphone method. Aliquots equivalent to 0.8–
12 mg were accurately transferred from the ALF and SOL stock
solutions (each 4.0 mg mL−1) into two individual sets of 10 mL
volumetric asks. The volume was then completed to the mark
with ethanol and the previously mentioned chromatographic
procedures were followed. Each plate included a total of four-
teen samples with about 1 cm spacing to guarantee the absence
of spot overlap. The developed plates were divided into two
equal parts along the direction of mobile phase development so
that every developed track was adequately tted in the camera's
eld of view. Each part was immersed in Dragendorff's
reagent33,35,36 for 30 seconds, rinsed with a small amount of
distilled water and le until complete dryness. Aer that, the
plates were xed on the bottom lid of the illumination chamber
using the paper clip and illuminated under the daylight LED
strip. Before image acquisition, the lamp was allowed to warm
up for about 5 minutes to stabilize the light intensity and limit
the variability among measurements. The smartphone was
placed on the upper housing part where the 48 MP wide rear
camera with f/1.8 aperture was facing the plate. Different
camera settings were optimized and nally adjusted to shutter
speed of 1/250 s, ISO sensitivity of 100, autofocus and daylight
white balance along with switching off the camera ash. All
images were transferred to ImageJ soware (NIH, Maryland-
USA) on a laptop, opened as RGB colour images and analysed
via the “Gels” function. First, sample tracks were identied by
drawing equally sized rectangles using the “rectangular selec-
tion” tool followed by selecting the “Plot Lanes” option from the
Gels menu. Peaks corresponding to each spot were generated
and their areas were then manipulated using the “Straight” and
“Magic Wand” tools. The different procedures of the proposed
© 2023 The Author(s). Published by the Royal Society of Chemistry
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HPTLC/smartphone method are schematically illustrated in
Fig. S2.†

Application to pharmaceutical formulations analysis

Ten Solitral capsules were evacuated and their contents were
ground into ne powder using a hand mortar. For the HPTLC/
densitometric method, a weighed quantity claiming to contain
10 mg ALF and 5 mg SOL was thoroughly transferred into
a conical ask and sonicated in 30 mL ethanol for 30 minutes.
The contents were then ltered through Whatman® (grade 1)
lter paper and quantitatively transferred into a 50 mL volu-
metric ask to obtain a nal solution of 0.2 mg per mL ALF and
0.1 mg per mL SOL. A sample volume of 10 mL was applied.
Similarly, an assay of the dosage forms via the HPTLC/
smartphone method was conducted, using a 25 mL volu-
metric ask and applying a sample volume of 25 mL. The
subsequent procedures were followed as previously explained
under each method to determine the concentration of the two
cited drugs.

Content uniformity testing

The above procedures for quantifying the ALF and SOL in
Solitral® capsules were followed using only one capsule. Ten
capsules were individually analysed by each method and the
uniformity of their contents was examined as per USP
guidelines.37

Cleaning validation

Swabbing protocol for sample extraction. Square stainless-
steel plates (10 cm × 10 cm) were spiked with known
amounts of ALF and SOL to simulate manufacturing equipment
surfaces covered with drug residues. This was achieved by using
micropipettes to add 500 mL, in the form of small droplets all
over the stainless-steel plate, from standard mixture solutions
containing ALF and SOL at various concentration levels in
ethanol (0.6/0.3 mg mL−1, 1.2/0.6 mg mL−1 and 2.4/1.2 mg
mL−1). The stainless-steel plates were allowed to dry until
complete evaporation of the solvent, leaving drug residues. A
swabbing protocol was then adopted using an Alpha® polyester
swab (model: TX714A, Texwipe, North Carolina, USA). First, the
swab was wetted with ethanol and the excess diluent was
squeezed. Sampling began by swabbing the surface with the
rst side of the swab in unidirectional, horizontal, parallel and
overlapping strokes. The swab was ipped to the other side
where the same sampling technique was applied but in
a perpendicular direction. The head of the swabs was then cut
and transferred into a clean 25 mL screw-cap test tube con-
taining 7 mL ethanol. The procedure was repeated with
a second swab at 45° to enhance extraction recovery and the
second swab head was added to the same screw-cap test tube.
Aer sonication for 10 minutes, the solution was quantitatively
transferred to a 10 mL measuring ask and the volume was
adjusted to the mark with ethanol.

Analytical method. The chromatographic conditions and
scanning procedures of the HPTLC/densitometric method were
tracked as previously explained to determine the residual
© 2023 The Author(s). Published by the Royal Society of Chemistry
content of the two cited drugs using a volume of 20 mL. The
recovery efficacy of the adopted swabbing technique was eval-
uated by comparing the obtained concentrations with the
nominal ones.

Results and discussion
Development and optimization of HPTLC separation

One of the most challenging issues during development of
a new analytical method is controlling its impacts on health,
safety and the environment without affecting its desired
performance.28,38,39 Adopting the 3R green philosophy (reuse,
replace, reduce), the sustainability extent of HPTLC could be
greatly promoted through either substituting hazardous
solvents with eco-friendlier ones or reducing their
consumption.19,20

Consequently, our efforts were focused on excluding any
reported hazardous solvents used for ALF and SOL separation,
like methanol, acetonitrile, chloroform, dichloromethane and
toluene, and resorting to greener ones as per the Glax-
oSmithKline (GSK) solvent sustainability guide.40 Of these
solvents, n-butanol, isopropanol, ethanol, ethyl acetate and
acetone were examined in various ratios for efficient separation
of the studied drug mixture. Preliminary trials revealed the
promising capability of an ethyl acetate and ethanol mixture to
separate the two drugs, but in form of streaks rather than
compact spots. This tailing dilemma was resolved by exploring
the chemical structures of the studied drugs, as demonstrated
in Fig. S1A,† where the existence of basic functional groups
suggested the addition of a basic reagent such as ammonia or
triethylamine.41 A few drops of ammonia were found to possess
a better enhancement effect on peak shape than triethylamine
and optimum chromatographic parameters were attained with
a mixture of ethyl acetate, ethanol and ammonia at a volumetric
ratio of 2.0 : 8.0 : 0.5. The two drugs were successfully resolved
with retardation factor (Rf) values of 0.77 for ALF and 0.50 for
SOL (Fig. 2). Table 1 summarizes the calculated system suit-
ability parameters42 where the values were within the acceptable
ranges.37

Development of densitometric quantication

The scanning wavelength in the HPTLC/densitometric method
was optimized via recording spectrodensitograms of each drug
aer the chromatographic process. As demonstrated in Fig. 3A
and B, SOL has poor absorptivity and sensitivity at higher
wavelengths in addition to being the minor component in the
pharmaceutical dosage form ratio. As a result, the selection
criteria were chosen in favour of SOL rather than ALF and
a wavelength of 215.0 nm was found to achieve minimum
background noise and the highest densitometric response for
SOL without greatly affecting the sensitivity towards ALF.43

Development of HPTLC/smartphone method

The tremendous revolution in the built-in digital cameras of
smartphones has opened new horizons for their applicability in
different analytical techniques.44,45 In this work, a HPTLC/
RSC Adv., 2023, 13, 11642–11651 | 11645
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Fig. 2 HPTLC chromatogram of the resolved mixture of ALF (2.0 mg
per band) and SOL (1.0 mg per band) using a mobile system composed
of ethyl acetate, ethanol and ammonia (2.0 : 8.0 : 0.5, by volume) with
detection at 215.0 nm.

Table 1 System suitability parameters of the proposed HPTLCmethod
for determination of alfuzosin and solifenacin

Parameters SOL ALF

Retardation factor (Rf) 0.50 0.77
Capacity factor (k′) 1.00 0.30
Selectivity factor (a)a 3.33
Resolution (Rs)

b 3.42
Tailing factor (T)c 0.85 0.91
Theoretical plate number (N)d 1600 6745
Height equivalent to theoretical plate (HETP) [mm] 0.050 0.012

a a ¼ k
0
2=k

0
1, where k

′ is the capacity factor k′= (1− Rf)/Rf.
b Rs = [2(z2−

z1)]/(w1 + w2), where z is migration distance and w is peak width at the
baseline. c T = W0.05/2f, where W0.05 is peak width at 5% of height and
f is distance between peak maximum and leading edge. d N = 16(z/
w)2, where z is the migration length of the spot and w is the spot width.

Fig. 3 Superimposed spectrodensitograms for the standard and
sample tablet solutions of (A) ALF and (B) SOL for wavelength selection
and peak purity assessment. (C and D) Scanning 3D profiles in range of
0.2–8.0 mg per band for ALF and 0.1–6.0 mg per band for SOL,
respectively.
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smartphone method was proposed, excluding any sophisticated
instruments or arduous work, where the developed plates were
captured by smartphone camera and rapidly processed to
extract chromatographic results. To improve the method's
accuracy and reproducibility, various key construction and
shooting parameters were investigated and optimized as dis-
cussed below.

Designing and optimization of illumination chamber. Since
any external light or stray shadows from the surrounding
environment might interfere with the analysis process, it was
essential to control these variables through designing a tightly
closed illumination chamber so that HPTLC plates would be
exposed to uniform and consistent illumination throughout the
whole analysis process (Fig. 1). The chamber also served to
securely orient the smartphone camera and the plate at the
same position and distance during image acquisition. Two
main construction parameters were thoroughly optimized. The
11646 | RSC Adv., 2023, 13, 11642–11651
rst was the vertical distance from the HPTLC plate to the
smartphone camera; sharp and wide photos were captured at
15 cm. Increasing this distance slightly disturbed the image
sharpness and its resolution, while capturing at a nearer
distance reduced the camera shooting range and required
cutting the plate into more parts. The second parameter was
centering the position of the two illumination sources with
reference to the plate to ensure complete brightness of the plate
and the absence of any light reection zone on the plate (Fig. 1).

Selection of illumination mode. The constructed illumi-
nated chamber was equipped with two light sources: a 254 nm
UV lamp and a daylight LED strip to offer multiple modes;
consequently, it could be employed for further analysis of
various compounds. Preliminary trials revealed that the low
absorptivity of SOL at 254 nm hindered its direct quantication
using the UV-illumination mode (Fig. 4A). To overcome this
limitation, several TLC staining reagents were tried to achieve
stable, intensely coloured spots for both studied drugs without
fading with time.2,33 Those reagents included iodine crystals,
Dragendorff's reagent, ninhydrin, anisaldehyde and phospho-
tungstic acid. Although the literature reported the utilization of
iodine crystals as a universal visualizing agent producing brown
spots,6,45 the intensity of the coloured spots was found to be
highly variable, very sensitive to time and rapidly diminishing.
Satisfactory and rapid results were obtained upon immersing
the developed plate in Dragendorff's reagent for 30 seconds,
with intense orange spots achieved for ALF and SOL.35,36 This
may be attributed to the abundance of nitrogenous groups in
the chemical structures of ALF and SOL (Fig. S1A†). The plates
were then rinsed with a small amount of distilled water to
remove the excess reagent and le until complete dryness.
Quantication was performed under the daylight-illumination
mode using the constructed chamber (Fig. 4B).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Images of the assembled smartphoneHPTLC analyser under (A)
254 nm UV lamp and (B) daylight lamp after visualization using Dra-
gendorff's stain.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 7

/2
1/

20
24

 1
1:

21
:0

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Optimization of image acquisition and analysis. The
shooting parameters of the smartphone camera under daylight-
illumination mode were manually adjusted by switching to pro-
mode rather than auto-mode to standardize the camera expo-
sure among images.4 The shooting parameters adjusted were
the shutter speed, ISO sensitivity and white balance. The
inuence of the different levels for each parameter was moni-
tored by capturing the same plate and comparing the obtained
peak areas. First, the shutter speed was examined in the range
of 1/600 s to 1/10 s. Extending the shutter speed permitted
extensive light to enter to camera lens and the image to become
brighter with a limitation of increasing background noise.4 A
shutter speed of 1/250 s achieved maximum peak area with
minimum noise. ISO sensitivity was another key parameter
controlling image brightness and its sharpness. Its effect was
assessed in gradual increments from 100 to 800, and optimum
results were attained at a value of 100. Finally, the white balance
was optimized to adjust the colour temperature of pictures
under LED illumination. Although varying the white balance
slightly inuenced the peak reading, a daylight white balance
was found to be best in comparison to the tungsten or uo-
rescent ones.

The images were subsequently opened in the ImageJ desktop
soware. Sample tracks were identied and the soware auto-
matically detected the signals over the background for each
track. Colour intensities of the spots were converted into
analytical signals in the form of peak areas.
Validation of the proposed methods

The capability of the proposed methods for reliable quanti-
cation of ALF and SOL was validated in accordance with ICH
guidelines.46

Linearity and range. For the HPTLC/densitometric method,
linear correlations (Fig. S3†) were constructed between the
integrated peak area and the corresponding concentrations in
a range of 0.2–8.0 mg per band for ALF (Fig. 3C) and 0.1–6.0 mg
© 2023 The Author(s). Published by the Royal Society of Chemistry
per band for SOL (Fig. 3D). In contrast, the proposed HPTLC/
smartphone method gave linear responses over the concentra-
tion range of 2.0–30.0 mg per band for both drugs. The limit of
detection (LOD) was calculated based on the slope of the cali-
bration curve and the standard deviation of response. Table 2
summarizes the different regression parameters and their
relative standard errors.

Accuracy. To assure the methods' accuracy, ALF and SOL
were assessed in triplicate at ve concentration levels: 0.3, 0.5,
1.0, 3.0 and 5.0 mg per band for the HPTLC/densitometric
method and 5.0, 10.0, 15.0, 20.0 and 25.0 mg per band for the
HPTLC/smartphone method (Fig. S4†). Acceptable mean
recoveries were achieved in the range of 98–102%, highlighting
the good accuracy of the two proposed methods (Table 2).

Precision. First, the variability extent in the scanning
performance of each method was assessed via intra-plate
precision repeatability. This was performed by triplicate scan-
ning of the same spots corresponding to three different
concentration levels (0.3, 1.0 and 5.0 mg per band for the
HPTLC/densitometric method and 5.0, 15.0 and 25.0 mg per
band for the smartphone method, Fig. S5†). Intermediate
precision was conducted by analysing the same concentrations
either on two successive days or on three different plates
(Fig. S6†). Relative standard deviations (RSD%) for eachmethod
were calculated and found to be less than two (Table 2). In
addition, the obtained RSD% values of the smartphone-based
measurements were in line with those of the benchtop
densitometer.

Specicity. The specicity of the proposed methods towards
ALF and SOL was evaluated by their ability to analyse laboratory-
prepared mixtures containing various concentrations along
their linearity ranges (Fig. S7†). Good mean recoveries were
obtained, revealing the selective determination of ALF and SOL
without pronounced interference from each other (Table 2).
This work also assured method specicity by checking the
purity of the obtained peaks in the HPTLC/densitometric
method.43 For each drug peak, UV-absorption spectra were
recorded at three levels: peak start slope (s), peak maximum (m)
and peak end slope (e) (Fig. 3A and B). The correlation between
those spectra were then manipulated using the winCATS®
spectral correlation tool, giving two correlation coefficients (rs,m
and rm,e). Their values were found to surpass 0.9990, a good
indication of the peaks' homogeneity as well as the absence of
any masked co-eluting components.47,48 Moreover, the similar
identity of the standard and sample of each drug was guaran-
teed through the good correlation and superimposition of their
UV spectra, as illustrated in Fig. 3A and B.

Robustness. The developed HPTLC chromatographic
conditions were reassessed aer deliberate alteration in the
ethanol and ethyl acetate ratio with a value of ±0.1. No
remarkable variation was detected in system suitability
parameters, as reected by low RSD% values (Table 2). The
robustness of the densitometric measurements was addition-
ally evaluated by a slight change in the selected wavelength (±1
nm). For the HPTLC/smartphone method, the impact of minor
changes in shooting parameters, including shutter speed and
ISO sensitivity, was investigated. Table 2 displays the
RSC Adv., 2023, 13, 11642–11651 | 11647
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Table 2 Method validation parameters for determination of alfuzosin and solifenacin by the proposed HPTLC/densitometric and smartphone
methods

Parameter

HPTLC/densitometric method HPTLC/smartphone method

ALF SOL ALF SOL

Range (mg per band) 0.2–8.0 0.1–6.0 2.0–30.0 2.0–30.0
Slope 2962.9 2549.1 3411.1 1464.8
Intercept −69.389 192.72 46 423 24 809
SE of the slope 26.865 12.781 35.022 14.901
SE of the intercept 111.827 36.583 631.915 268.867
Correlation coefficient (r) 0.9998 0.9999 0.9997 0.9998
Limit of detection (LOD, mg per band) 0.062 0.034 0.655 0.577
Accuracy (mean � RSD%) 100.18 � 0.961 100.08 � 1.139 100.23 � 0.975 100.03 � 1.215
Robustness (RSD%) 1.237 1.596 1.836 1.491
Precision (RSD%)
-Repeatability 0.162 1.081 0.903 0.453
-Intermediate precision 0.832 1.158 1.273 0.711
Specicity (mean � RSD%) 99.39 � 0.937 99.68 � 1.397 100.34 � 1.123 99.78 � 1.240
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satisfactory values of RSD% for both methods, reecting their
good robustness.
Application of the two proposed methods for assaying Solitral
capsules

ALF and SOL were successfully determined in the ratio of their
marketed pharmaceutical formulation without any noticeable
contribution from tablet excipients. The percentage values of
found amount ± RSD% are summarized in Table 3. These
satisfactory results provide insight into the eligibility of the
proposed HPTLC/smartphone method as a greener and faster
candidate for drug assaying at quality control laboratories,
particularly in developing countries.
Content uniformity testing

Regulatory and pharmacopeial compendia emphasize per-
forming content uniformity testing as one of multiple quality
control tests to guarantee the potency of a manufactured drug
product. Multiple dosage units were randomly selected from the
production batch followed by their individual quantications.49

However, such analysis consumes much time, effort and
Table 3 Quantitative estimation of alfuzosin and solifenacin in Solitral c

Application

Solitral capsules

Found % � RSDa

HPTLC/densitometric
method HPTLC/smartphone meth

ALF 99.42 � 1.385 99.84 � 0.898

SOL 100.53 � 1.597 100.29 � 1.798

a Average of ve determinations of tablet dosage form solution. b Average

11648 | RSC Adv., 2023, 13, 11642–11651
resources, raising the need for fast, cost-effective and reliable
analytical methods with little impact on the environment.
Herein, the proposed HPTLC/smartphone method offers
a sustainable and onsite analytical platform to monitor the
content uniformity of the marketed pharmaceutical formula-
tion. The procedures and processes were conducted as per USP
guidelines50 and the acceptance value (AV) was found using the
following equation.

AV = jM − �X j + k × SD

Ten capsules were individually assayed and the obtained
means of their recovery percents (�X) were found to be in the
range of 98.50–101.50% (Table S1†). In this case, the reference
value (M) equals the mean (�X) and thus AV was the multipli-
cation product of the acceptability constant (k) and the sample
standard deviation (SD). Since a sample size of ten was
analyzed, the value of k was set at 2.4 (i.e. AV = 2.4 × SD). The
calculated AV for ALF and SOL in Solitral capsules was smaller
than the maximum allowed level, assuring adequate content
uniformity of the capsules (Table S1†). Moreover, the
apsules (BN: MPF18001SK) and in cleaning validation samples

Cleaning validation

Nominal concentration
(mg per
band)

Recovery % � RSDb

od HPTLC/densitometric method

0.6 98.36 � 0.485
1.2 98.53 � 0.824
2.4 98.02 � 1.138
0.3 97.89 � 0.324
0.6 98.52 � 0.652
1.2 98.21 � 0.725

of three determinations.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Greenness profile evaluation of (A) proposed HPTLC/densito-
metric method, (B) proposed HPTLC/smartphone method and (C)
reported HPTLC method for simultaneous determination of ALF and
SOL using AGREE metric.
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functionality of the proposed HPTLC/smartphone method was
conrmed by comparing these results with those of the
conventional HPTLC/densitometric method and similar values
were obtained (Table S1†).
Cleaning validation

Establishing cleaning limits. In the pharmaceutical industry,
successive production of different drug products on the same
manufacturing equipment must be accompanied by highly
stringent cleaning procedures to eschew any contamination
from previous drug residues.51 This is monitored by establish-
ing the maximum allowable carryover (MACO) limit, which is
the maximum acceptable amount of the previous drug that can
be transferred to the following products.16 The instrument is
considered clean if the previous drug residues are found below
this limit. The principle of the MACO limit is that the patient
should not receive the previous drug in an amount exceeding
0.1% of its therapeutic daily dose.12 Thus, the adopted calcu-
lation formula is based on the dosage criteria that consider the
therapeutic daily doses of the previous (TDDa) and next (TDDb)
products, the minimum batch size of the next product (MBS),
the total surface area of all equipment and the safety factor (Sf,
usually 100 for oral dosage form) as per the following equation.

MACO ¼ TDDa �MBSb

Sf � TDDb

The acceptance limit for residue per surface area is calcu-
lated using the following equation.

Acceptance limit for residues ¼ MACO� swab surface area

total equipment surface area
© 2023 The Author(s). Published by the Royal Society of Chemistry
In our work, the MACO limit and further calculations were
performed at a worst-case scenario of large TDDb and equip-
ment surface area as well as a small batch size to assess the
sensitivity of the proposed HPTLC/densitometric method to
quantify trace amounts of the studied drugs.18,52 The acceptance
limits were calculated to be 6.67 mg cm−2 for ALF and 3.33 mg
cm−2 for SOL.

Swabbing recovery and sample assay. The high sensitivity of
the proposed densitometric method the over smartphone-based
one was used, for the rst time, to determine drug residues
during cleaning validation. The recovery of the sampling tech-
niques was optimized to assure a high extent of drug extraction
from the stainless-steel surfaces. First, enhancement in the
extraction efficacy was attained by re-swabbing the surface with
the other swab side in a perpendicular direction. Moreover,
higher recovery values (>90%) were observed upon adopting
a double swabbing protocol at an angle of 45°. The recovery
results of the extracted samples from the simulated
manufacturing surfaces are summarized in Table 3, high-
lighting the potential of the proposed HPTLC/densitometric
method to monitor the residual content of ALF and SOL at
the levels of the acceptable allowed limits.

Statistical comparison between the proposed and official
methods

To guarantee the performance of the two proposed HPTLC
methods for determining ALF and SOL, the results were statis-
tically compared with those obtained upon conducting the
corresponding official method for each drug.34 The Student's t-
test and the F-test revealed a lack of pronounced difference
between the proposed and official methods upon adjusting the
p-value at 0.05 (Table S2†).

Methods evaluation and greenness prole assessment

A comprehensive comparative study was conducted to illustrate
the additional advantages of the proposed HPTLCmethods over
previously reported ones in terms of analytical performance and
method sustainability. Although the reported spectrophoto-
metric methods were based on distilled water as a solvent and
were greener,26 the performance of the proposed HPTLC
approaches was superior in allowing determination of several
samples in one run as well as being easier and faster without
requiring several manipulation steps to resolve the two drugs.
In addition, our proposed methods excelled over the reported
HPLC methods,27–29,31 as multiple samples could be simulta-
neously analysed with the lowest energy, mobile phase
consumption and waste per sample. In the view of green
analytical chemistry, the proposed methods were superior or
relatively similar to such HPLC methods in utilizing ethanol
and ethyl acetate as greener and bio-based organic solvents
instead of the hazardous acetonitrile, as endorsed by the GSK
solvent sustainability guide.26,29,40 Finally, the sustainability of
the whole analytical method consisting of the two proposed
methods and the reported HPTLC one30 was appraised by the
state-of-the-art Analytical Greenness (AGREE) metric.53 It
provides a simple and quantitative benchmark for the
RSC Adv., 2023, 13, 11642–11651 | 11649
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greenness prole assessment of analytical methods through
free downloadable soware.54 The ndings are diagrammati-
cally summarized in a circular pictogram with an overall
assessment score. Methods with a higher score are considered
greener. As demonstrated in Fig. 5, the independence of the
proposed HPTLC/smartphone from the high energy-
consumption detector and the facility of its at-line detection
promoted it as the most sustainable method, followed by the
proposed HPTLC/densitometric one, while the reportedmethod
had the lowest score owing to the hazardous solvents in its
mobile phase composition.

Conclusion

This work introduced new and eco-friendly HPTLC methods for
determining ALF and SOL in their binary mixture. Its sustain-
ability was increased by swapping hazardous solvents for
greener ones such as ethyl acetate and ethanol. Two quanti-
cation methods were developed: the rst used conventional
densitometry while the second was a smartphone-based
method that allowed fast quantication of the studied drug in
daylight-illumination mode aer a simple visualization step.
The smartphone method was integrated with the license-free
soware ImageJ for image analysis and a constructed multi-
illumination chamber for light uniformity. This work
described a comprehensive evaluation of the analytical perfor-
mance and greenness prole of the HPTLC/smartphone
method compared to conventional benchtop densitometric
scanners for drug analysis. The comparative study revealed the
superiority of the densitometric method in determining lower
drug concentrations; however, the proposed HPTLC/
smartphone method is a promising alternative for more
sustainable, onsite drug detection with minimal image pro-
cessing. The results shone a light on not only the successful
applicability of smartphones for drug assaying and content
uniformity testing in quality control laboratories but also the
capability of HPTLC for tracing drug residues during cleaning
validation.
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