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Abstract

Background. Hypertension is a leading risk factor for cardiovascular diseases, contributing significantly to global morbidity and
mortality. Combination therapy using an angiotensin-converting enzyme (ACE) inhibitor with a diuretic offers distinct
advantages over monotherapy in managing hypertension. With the increasing use of fixed-dose combination therapies, there is a
growing demand for analytical methods that can accurately, precisely, and cost-effectively assess these complex formulations.
Objective. This review examines the various analytical methods used to analyze ACE inhibitor combinations with
hydrochlorothiazide, focusing on studies published between 1990 and 2024. The methods are critically evaluated, compared, and
assessed for their practical applicability. Results. A review of the literature revealed that different analytical techniques have been
employed for the determination of ACE inhibitor—hydrochlorothiazide combinations. Recent trends indicate a preference for
HPLC (48.7%), spectrophotometric methods (23.1%), thin-layer chromatography (TLC) (15.4%), capillary electrophoresis
(7.7%), and Fourier transform infrared (FTIR) spectroscopy (5.1%). Conclusion and main ideas. HPLC remains the gold
standard for the analysis of ACE inhibitor—hydrochlorothiazide combinations. However, alternative methods like
spectrophotometry and TLC provide viable options for simpler and cost-effective analysis The selection of an appropriate
analytical technique should align with analytical goals, regulatory compliance, and available resources. Future research may
focus on advancing rapid and environmentally friendly analytical techniques.
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1. Introduction

Hypertension is a leading risk factor for cardiovascular [1-4]. Projections indicate that by 2025, the prevalence of
diseases, contributing significantly to morbidity and mortality =~ hypertension could rise by 30%, with low- and mid-
worldwide. It is estimated to cause approximately 9.4 million dle-income countries (LMICs) accounting for nearly 75% of
deaths annually and is strongly linked to an increased likeli- the global hypertensive population [5]. Currently, over 80% of
hood of stroke, heart attack, heart failure, and kidney failure the health burden related to high blood pressure is concen-
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trated in LMICs [6]. In these regions, more than 70% of in-
dividuals receiving treatment for hypertension have uncon-
trolled blood pressure.

The primary goal of antihypertensive treatment is to pre-
vent cardiovascular complications. Achieving target blood
pressure levels is critical once drug therapy begins, yet studies
reveal that only about 50% of patients on antihypertensive
medication reach their control targets [7]. Using a single drug
often falls short of achieving desired blood pressure control
[8].

Antihypertensive therapy typically starts with a single drug
at a low dose. If side effects occur or the medication proves
ineffective, switching to another drug class is recommended.
When adequate blood pressure reduction is still not achieved,
either increasing the dose of the initial drug or adding a sec-
ond low-dose medication from a different drug class is ad-
vised. Studies have shown that combination therapy using two
different classes of drugs at low doses tends to produce more
effective blood pressure reductions than doubling the dose of
a single medication [9, 10].

Clinical practice guidelines from numerous countries,
professional organizations, and the WHO strongly advocate
for the use of fixed-dose combinations in managing hyper-
tension. These guidelines also recommend initiating treatment
with two medications, particularly for individuals with sig-
nificantly elevated blood pressure. Fixed-dose combinations
of two drugs have been shown to improve blood pressure
control more effectively than monotherapy, without leading to
a higher rate of treatment discontinuation due to adverse ef-
fects. Enhancing hypertension control rates by 25% could
significantly increase the number of individuals successfully
managing their condition [11, 12].

The combination of an angiotensin-converting enzyme
(ACE) inhibitor and a diuretic offers distinct advantages over
monotherapy in managing hypertension [13]. ACE inhibitors
mitigate the compensatory increase in angiotensin II typically
induced by diuretic therapy, while thiazide diuretics can ac-
tivate the renin-angiotensin system, thereby amplifying the
antihypertensive effect of ACE inhibitors [14]. This syner-
gistic interaction often proves effective for patients who do
not achieve satisfactory results with ACE inhibitor mono-
therapy. Additionally, combination therapy allows for lower
dosages of each component in some cases, reducing the like-
lihood of dose-dependent side effects [15].

Some commercially available dual therapy fixed-dose
combinations containing hydrochlorothiazide and ACE in-
hibitors are listed in Table 1.

Despite all ACE inhibitors being 2-methylpropionyl-L-proline
analogs, they are distinguished by their unique chemical struc-
tures, these agents inhibit ACE by forming a zinc-binding ligand
[16]. Based on the molecular structure of their enzyme-binding
sites interacting with the active core of ACE, ACE inhibitors are
categorized into three classes: sulfhydryl-containing compounds,
dicarboxylate-containing agents, and phosphonate-containing
drugs (see Figure 1 and Table 2)
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Table 1. Some commercially available dual therapy fixed-dose
combinations containing hydrochlorothiazide (HCT) and ACE in-
hibitors (ACEI).

ACE inhibitor ACEI/HCT mg/mg

5/6.25
) 10/12.5

Benazepril

20/12.5

20/25

25/15

25/25
Captopril

50/15

50/25

5/12.5
Enalapril

10/50

10/12.5
Lisinopril 20/12.5
20/25
7.5/12.5
Moexipril

15/25

12.5/10
Quinapril 12.5/20
25/20

Table 2. ACE inhibitors chemical classes with examples.

Chemical class Drug
. Captopril(CAP)
sulfhydryl-containing drugs
Zofenopril (ZOF)

Lisinopril (LIS)

Enalapril (ENA)
dicarboxylate-containing agents
Ramipril (RAM)

Benazepril (BEN)

phosphonate-containing medicines Fosinopril (FOS)

Hydrochlorothiazide (HCT) is a thiazide-type diuretic that
inhibits sodium resorption in the distal convoluted tubules of
the kidney. It has been shown to reduce major cardiovascular
events. Hydrochlorothiazide is FDA-approved for treating
essential hypertension either as a primary agent or an adjunct
to other antihypertensive therapies [17].

Fixed-dose combinations of ACE inhibitors and hydro-
chlorothiazide are widely recognized as an effective option
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for managing hypertension and are readily available in the
healthcare systems of many countries. However, to the best of
our knowledge, no comprehensive review on the analytical

methods for their determination has been published. This
study aims to fill that gap by providing an in-depth review of
the analytical approaches used for these combinations.
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Figure 1. Chemical structure of hydrochlorothiazide and some ACE inhibitors.
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The literature for this analysis was meticulously selected
from accessible publications spanning 1990 to 2024. Journal
articles were sourced from specialized databases such as
Science Direct, Springer Link, PubMed, Scopus, and Google
Scholar, using targeted search terms like "analytical method
for determination of hydrochlorothiazide and ACE inhibitor
combination" and "determination of hydrochlorothiazide and
ACE inhibitor group members."

Each identified article underwent manual screening based
on its title and abstract to ensure relevance. Duplicate records
and studies that did not align with the research scope were
excluded. The selection process adhered to predefined inclu-
sion criteria, which required that studies:

1. Be original research published in peer-reviewed jour-

nals.

2. Present analytical methods for determining hydrochlo-

rothiazide and ACE inhibitor combinations.

3. Focus on quantification in pharmaceutical dosage forms.

4. Be published in English.

Studies that did not meet these criteria, including those
published in languages other than English, were excluded
from the final analysis

The key findings from the selected studies were systemat-
ically summarized in comprehensive tables, detailing essen-
tial parameters such as the analytical matrix, method em-
ployed, detector type and detection wavelength, stationary
and mobile phases, flow rate, linearity range, and limits of
detection (LOD). This structured presentation allowed for a
clear comparison and interpretation of the various analytical
methods reviewed.

2. Chromatographic Methods

Various chromatographic methods are used for the deter-
mination of complex mixtures of drugs in various marketed
formulations. Chromatographic methods like reverse-phase
high performance liquid chromatography (RP-HPLC),
High-performance thin-layer chromatography (HPTLC), and
Ultra performance liquid chromatography (UPLC) are used
for the determination of hydrochlorothiazide in combination

with ACE inhibitors.

2.1. High Performance Liquid Chromatography

The primary objective in liquid chromatography method
development is to achieve adequate resolution within a rea-
sonable analysis time. This goal can be attained by systemat-
ically optimizing chromatography parameters to produce the
desired outcomes. Effective chromatographic separation re-
quires carefully balanced capacity factors—values that are
neither too low (indicating a preference for the mobile phase
over the stationary phase) nor too high (resulting in prolonged
analysis times and reduced detection sensitivity).

Typically, method development emphasizes optimizing the
mobile phase composition, specifically the ratio of water to
organic solvents (modifiers). However, adjusting the pH of
the mobile phase can significantly enhance selectivity. The pH
influences the degree of ionization of analytes, mobile phase
additives, and the stationary phase, which collectively affect
the separation process. Achieving optimal selectivity often
requires simultaneous adjustments to both the pH and the
aqueous-to-organic solvent ratio.

The selection of a suitable method depends on several
factors, including the chemical nature of the analyte, the
complexity of the sample matrix, and the specific objectives
of the analysis. The methods reported the determination of
ACE inhibitors combinations with HCT are given in Table 3.

Several HPLC methods have been described for the de-
termination of ENA/HCT [18-23]. In terms of sensitivity, the
method reported by AL-Momani [23] stands out, achieving
the lowest LODs for both ENA (0.024 pg/mL) and HCT
(0.036 pug/mL). This method is particularly suited for detect-
ing trace levels of these analytes, offering a significant ad-
vantage for low-concentration applications. Carlucci et al. [22]
also reported excellent sensitivity with LODs of 0.1 ug/mL
for ENA and 0.05 pg/mL for HCT, making it a highly sensi-
tive isocratic reversed-phase HPLC method. Conversely, the
methods described by Uslu et al. [20], especially the UPLC
approach, showed higher LODs (2.804 pg/mL for ENA and
2.943 pg/mL for HCT), indicating relatively lower sensitivity.

Table 3. High performance liquid chromatographic methods used for the analysis of hydrochlorothiazide and ACE inhibitors combinations.

ACE . Detection  Working range LOD
b 1 Mobile Ph Ref
No Inhibitor Column obile Phase A (nm) (ng/mL) (ng/mL) ¢
Enalapril
P . C sodium dodecyl sulfate (0.12 M), 1-propyl 10.0-60.0 (ENA 1.09 ENA
Benazepri 18 0 . . o .0-60.0 (ENA,
| alcohol (10% v/v), triethylamine (0.3% v/v) BEN and LIS) 0.62 BEN [18]
! (150x 4.6 and H3PO4 (0.02 M) at pH 3.6. The flow rate 0.39 LIS
Lisinopril ~ MM, S pm) o4 s 1l /min 5.0-50.0 HCT
in tablets LIS HCT
Enalapril CN 0.2 M sodium dodecyl sulfate, 1% octanol, 1-100 ENA 0.33 ENA

in tablets (150 x 4.6

10% n-propanol and 0.3% triethylamine in 210 [19]
0.02 M phosphoric acid, and pH was ad-

0.05-5 HCT 0.05 HCT
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No.

ACE
Inhibitor

Enalapril
in tablets

Enalapril
in tablets

Enalapril
in tablets

Enalapril
in tablets

Ramipril
in tablets

Ramipril
in tablets

Ramipril
in tablets

Benazepri
1

Fosinopril

Column

mm, 5 pm)

Cis

(300x 3.9
mm, 10
pum), 60 °C
*Cis

(100 x 2.1

mm, 1.7
pum), 60°C

Cis

(250 x 4.6
mm, 10 pm)
Cis

(250 x 4.6
mm, 10 um)
Cs

(150 x. 4.0
mm ,5 pm),
theophylline
internal
standard

Cs

(150 x 4.6
mm, 5 pm),
Clobazam

internal
standard

Cis

(150 x. 4.0
mm ,5 pm)
Cis

(150 x. 4.0
mm ,5 pum),
Paracetamol

internal
standard

Cs (125 x.
4.0 mm ,5

pm)

Detection

Mobile Phase » (nm)

justed at 3.5. The flow rate was 1.0 mL/min

Solvent A: phosphoric acid pH 2.5

Solvent B: acetonitrile

0 min — 5 (%B)

2 min —20 (%B)

4 min —60 (%B)

5 min —60 (%B)

6 min — 5 (%B)

The flow rate was 2.0 mL/min 210
Solvent A: phosphoric acid pH 2.5 210
Solvent B: acetonitrile

0 min — 5 (%B)

1.4 min — 45 (%B)

1.7 min — 95 (%B)

2.2 min — 5 (%B)

3 min — 5 (%B)

The flow rate was 0.5 mL/min

methanol - tetrahydrofuran - phosphate
buffer (pH 2.2; 0.01M) (32:5:63, v/v/v),ata 210
flow rate of 1.0 mL/min

0.02 M phosphate buffer (pH 3.0): acetoni-
trile (50: 50 v/v). The flow rate was at 0.7 220
mL/ min

3.0 mM tetrabutyl ammonium hydrogen

sulfate in acetonitrile:water:triethylamine,

(14: 85.6: 6.4 v/v) adjusted to pH 4.1 by 220
glacial acetic acid, at a flow rate of 2.0

mL/min

acetonitrile: sodium perchlorate solution
(0.1 M) adjusted to pH 2.5 with phosphoric

acid (46:54 v/v). The flow rate was 1.5 210
mL/min

acetonitrile and .0. M sochiium perchlorate 316 HCT
(pH 2.5) buffer in the ratio of 3:2, at a flow

rate of 1.0 mL/min 210 RAM
methanol: water in ratio of 90:10, at a flow 214

rate 1.3ml/min

20 mM sodium heptanesulphonote (pH 2.5):
methanol (32:68 v/v). The flow rate was at 220
1.0 mL/ min
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Working range
(ng/mL)

0.270-399 ENA
0.260-399 HCT
0.207-399 ENA
0.065-249 HCT

40-140 ENA
100-350 HCT

0.5-30 for both

100-600 ENA
80-540 HCT

4.5-45 RAM
0.6-14 HCT

17.5-32.5 RAM
87.5-162.5 HCT

2-14 for both

1-100 BEN
1-50 FOS
5-200 RAM

LOD

Ref
(ng/mL)

1.848
ENA

31.477
HCT
2.804
ENA

2.943
HCT

(20]

NA [21]

0.1 ENA
0.05 HCT

0.024
ENA

0.036
HCT

0.18 RAM

0.023 [24]
HCT

0.1 RAM

(23]
0.04 HCT

NA [26]

0.1 RAM
and BEN [27]

0.4 FOS
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ACE . Detection = Working range LOD
No. Inhibitor Column Mobile Phase ) (nm) L) (ug/mL) Ref
Ramipril 0.5-50 HCT 0.05 HCT
in tablets
Lisinopril Cis methanol, acetonitrile and phosphate buff§r 40-200 LIS 0.44 LIS
10 in tablets (150 x 4.6 (pH 7.1; 0.05 M) (15:15:70, v/v/v) as mobile 210 [28]
mm, 3 pm) phase at a flow rate of 0.8 mL/ min 25-175 HCT 0.45 HCT
Lisinopril " tonitrile: water (20:80 v/v) (pH 3.8), at 1.5-56.0 LIS
T ' isinopri (200 x 4.6 acetonitrile: water ( : v/v) (pH 3.8), a 213 . . NA [29]
in tablets flow rate of 1.0 mL/min 1.0-40.0 HCT
mm, 5 pm)
7:93 (v/v) acetonitrile:25 mM KH2PO4, pH
5(A), and 50:50 (v/v) acetonitrile:25 mM
Cis KH2PO4 pH 5 (B).
b Eigggtrsﬂ 4.6mmx  0-8 min — 100% (A) 215 80-1000 LIS g;)"t?f for 1301
20 I)nm, 35 g 15 min— 100% (B) 100-1250 HCT
m
: 15-20 min— 100% (A)
The flow rate was 1.0 mL/min
Cis KH2POu:acetonitrile (30:70 viv adjust pH
. . 2POs:acetonitrile (30:70 v/v adjust p 50-400 LIS 0.02 LIS
Ei;‘ggtrsﬂ (250x4.6 3 4 with orthophosphoric acid).The flow 215 [31]
mm, 10 rate was 1.5 mL/ min 25-250 HCT 0.1 HCT
pm), 40 °C
Cis solvent A: aqueous 10mM
(250 x 4.6 o-phosphoric acid
Fosinopril mm, 10 pm)  solvent B: acetonitrile 5.0-50.0 FOS
13 in tablets Benazepril 0 - 4 min — 60 (%A), at flow rate of 1.0 215 2.5 .25 HCT NA [32]
internal mL/min
standard 4 - 10 min — 20 (%A), at flow rate of 2.0
IS) mL/min
0.05 M KH2POs4 (pH 3) (A), acetonitrile (B),
and methanol (C).
0-6.5— (A) 80: (B) 15: (C) 5,
flow rate of 1.0 mL/min
6.5-7—(A) 25: (B) 70: (C) 5, flow rate of 1.5
mL/min
Cis 7-12 — (A) 25: (B) 70: (C) 5, flow rate of
. (250x 4.6
in tablets mm, 10 gy 12712:5-(A) 25: (B) 70: (C) 5, flow rate of  225HCT 130 HCT 0.29 HCT
2 mL/min
12.5-13— (A) 25: (B) 70: (C) 5, flow rate of
2 mL/min
13-13.5— (A) 80: (B) 15: (C) 5, flow rate of
1 mL/min
13.5-15— ((A) 80: (B) 15: (C) 5, flow rate
of 1 mL/min
€ hanol /v), ad d
. . methanol: water (40:60, v/v), adjusted to pH 1.6-30 FOS 0.29 FOS
15 ioflﬁ?ptnl l(jr?’lo x3.9 4 with 10% orthophosphoric acid, flow rate 245 ' ' [34]
ablets ) of 1 mL/min 1-30 HCT 0.26 HCT
10 pm)
Benazepri  Cis methanol: acetonitrile: water: acetic acid 32-448 BEN 0.35 BEN
16 . . 240 [35]
1 in tablets (250 x 4.6 (40: 30:30: 0.5 v/v). Flow rate: 1.5 mL/ min. 40-560 HCT 0.7 HCT
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ACE . Detection = Working range LOD
No. Inhibitor Column Mobile Phase ) (nm) L) (ug/mL) Ref
mm, 10 pm)
Cis
(250 x 4.6 (A) water—TFA (99.9:0.1 v/v) and
mm, 10 B) acetonitrile-TFA (99.1:0.1 v/v
um) E) i in 70:30 (A: B (/ ) ) 224HCT o 40 70F (z)giré
i > -4 min 70: :Bviv); .0-
7  Zofenopril o o _ 245 ZOF [36]
in tablets 4-8 min 30:70 (A: B v/v); 1.0-20 HCT 0.019
otheophyl- 27518
line internal  8-15 min 30:70 (A: B v/v), HCT
standard delivered at a flow-rate of 1.0 mL/min
S)
Cis ronitril tassium dilvd h 0.0195
. . acetonitrile: potassium dihydrogen phos- 230 OUI Ul
18 81“;’5‘;;1 (250x4.6  Lhate (at pH 2.5; 0.067 M) (40:60 v/v), 211 Q Q [37]
mm, 10 delivered at a flow-rate of 1.0 mL/min 1.25-18.75 HCT 0.0030
pum), HCT
Qui q Cis iri ethviamine buff conitrile 0.172 QUI
uinapri ri ethylamine buffer, acetonitrile in propor- i
in tablets (150x 4.6 tion of 60:40 v/v, at a flow rate of 1.0 ml/min 220 30-150 for both 0.524 [38]
mm, 5 pm), HCT
The mobile phase consisted of acetonitrile
(A) and phosphate buffer (pH 4.6; 0.01M)
(B) in a gradient mode
Quinapril C1s 0 min—16% A 40-200 QUI 0.35 QUI
. (125x 4.6 : 216 [39]
in tablets 10 min—16% A 25-125 HCT 0.61 HCT
mm, 5 pm) .
13 min—65% A
21 min—16% A. The flow rate was set to 1
mL min
inapril " thanol and phosphate buffer (pH-3.8 10-30 QUI
Qumaprl (250 x 4.6 methanol and phosphate buffer (pH-3. ). 295 NA [40]
in tablets (40:60% v/v) at a flow rate of 1.0 mL/min 30-90 HCT
mm, 5 pm)
Cis 0.1% v/v triethylamine (pH 3.5), containing
Quinapril 1 mM of hexane sulphonic acid: acetonitrile 30-150 QUI 0.05 QUI [41]
in tablets (150x 4.6 (30:70% v/v). The flow rate was set to 1 mL 40-200 HCT 0.02 HCT
mm, 5 pm), p
min
Cis
(150 x 4.6
mm, 5 ym) methanol/water (45:55 v/v). The pH of the
19 Captopril °,C phe-’ mobile phase was adjusted to 3.8 with 85% 210 20-200 CAP 5 CAP [42]
in tablets nobari)i tal ortophosphoric acid. The flow rate was 1.0 10-100 HCT 2 HCT
. mL/min
internal
standard

* UPLC, NA: not reported

The method by Hammouda et al. [19] demonstrates a broad
linear range for ENA (1-100 pg/mL) and HCT (5.0-50.0
pg/mL) while maintaining low LODs (0.33 ug/mL for ENA
and 0.05 pg/mL for HCT). This combination of sensitivity and
range makes it highly practical for diverse analytical applica-
tions. AL-Momani [23], despite its exceptional sensitivity, has
a much higher linear range (100-600 pg/mL for ENA and 80—
540 pg/mL for HCT), which might limit its use for lower

19

concentrations in routine analysis.

The methods by Eid et al. [18] and Carlucci et al. [22] are
isocratic, making them simpler and more reproducible, ideal
for routine quality control. However, the narrow linear range
reported by Carlucci et al. (0.5-30 pg/mL for both ENA and
HCT) might limit its application in cases where higher con-
centrations need to be analyzed. In contrast, de Diego et al.
[21] offers a wide linear range (40-140 pg/mL for ENA and
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100-350 pg/mL for HCT) but does not report LOD values,
making it difficult to assess sensitivity.

Gradient methods, such as those by Uslu et al. [20], provide
the advantage of handling a wide range of analyte concentra-
tions (0.207-399 ug/mL for ENA and 0.065-249 pg/mL for
HCT in UPLC), but the higher complexity and elevated
column temperature (60°C) may limit their practicality for
routine labs that prioritize simplicity.

For applications requiring high sensitivity, AL-Momani [23]
and Carlucci et al. [22] are the most suitable. However, for a
balance of sensitivity, practicality, and versatility, Haommouda
et al. [19] provides a robust method with a wide linear range
and low LODs, making it highly practical for routine analysis.
Methods by Eid et al. [18] and De Diego et al. [21] are prac-
tical for specific concentration ranges, while Uslu et al. [20]
offers flexibility but at the cost of increased complexity.

Comparing the methods reported for the determination of
RAM and HCT, the sensitivity of the methods; determined by
the limit of detection (LOD) and linear range, varies for both
drugs. The methods by Belal et al. [24] and Nagavi et al. [25]
show relatively high sensitivity for HCT, with LOD values of
0.023 pg/mL and 0.04 pg/mL, respectively, while for ramipril,
their LODs are 0.18 pg/mL and 0.1 pg/mL. In contrast,
Manna et al.’s method [27] achieves an LOD of 0.1 pg/mL for
ramipril and 0.05 pg/mL for HCT, making it highly sensitive
for both drugs. The sensitivity of Garg et al.’s method cannot
be fully assessed due to the absence of reported LOD values.

Considering the linear range, Manna et al.’s method again
offers the broadest range for both drugs, covering 5-200
pg/mL for ramipril and 0.5-50 pg/mL for HCT, making it
applicable across a wide spectrum of concentrations. Belal et
al.’s method provides a moderate range of 4.5-45 pg/mL for
ramipril and 0.6-14 pg/mL for HCT, making it suitable for
routine pharmaceutical quality control applications. Nagavi et
al.”’s method covers a relatively narrow range for both analytes
(17.5-32.5 pg/mL for ramipril and 87.5-162.5 pg/mL for
HCT), which could limit its applicability to specific formula-
tion strengths. Garg et al.’s method [26] offers the narrowest
range (2—14 pg/mL), primarily suitable for low-dose formu-
lations.

In terms of practicality, methods with lower flow rates,
such as those of Nagavi et al. and Manna et al. (1.0 mL/min),
are more cost-effective due to reduced solvent consumption
and extended column life. Belal et al.’s method, operating at a
higher flow rate of 1.5 mL/min, may incur higher operational
costs due to increased solvent usage. The mobile phase
compositions also impact practicality; for example, Garg et
al.’s use of a methanol-rich mobile phase (90:10 methanol:
water) could lead to higher solvent expenses and potential
stability issues during prolonged use.

In conclusion, Manna et al.’s method emerges as the most
versatile, offering the lowest LOD values for ramipril and
HCT while covering a broad linear range, making it ideal for
diverse pharmaceutical applications, including stability stud-
ies and routine analysis. Belal et al.’s method provides a good

20

balance between sensitivity and practicality, while Nagavi et
al.’s method is suitable for specific concentration ranges with
efficient solvent usage. Garg et al.’s method, although prac-
tical for low concentrations, lacks sufficient sensitivity data
for broader applications.

The reported analytical methods for the simultaneous de-
termination of lisinopril (LIS) and hydrochlorothiazide (HCT)
exhibit differences in terms of sensitivity, linear range, and
applicability, each offering distinct advantages based on the
intended application.

In terms of sensitivity, the method developed by Ivanovic et
al. [30] stands out as the most sensitive, with an exceptionally
low limit of detection (LOD) of 0.005 pg/mL for both LIS and
HCT, making it highly suitable for trace-level detection in
pharmaceutical formulations and biological matrices. Fol-
lowing this, the method by Maslarska et al. [31] also demon-
strates good sensitivity, with an LOD of 0.02 pg/mL for LIS
and 0.1 pg/mL for HCT, offering reliable detection capabili-
ties for low concentrations. In contrast, the method by de
Diego et al. [28] presents higher LOD values of 0.44 pg/mL
for LIS and 0.45 pg/mL for HCT, indicating lower sensitivity
compared to other methods, which might limit its use in trace
analysis. The LOD values for the method by Erk et al. [29]
were not reported, making direct comparison difficult, though
its use of a simple mobile phase suggests potential applica-
bility in routine analysis.

When considering the linear range, the method by Ivanovic
et al. provides the widest range, covering 80—1000 pg/mL for
LIS and 100-1250 pg/mL for HCT, making it ideal for ap-
plications requiring a broad concentration range, such as
stability studies and high-dose formulations. Maslarska et
al.’s method also offers a reasonably broad range of 50—400
pg/mL for LIS and 25-250 pg/mL for HCT, supporting its use
in quality control of various dosage forms. On the other hand,
the methods by de Diego et al. and Erk et al. have narrower
working ranges, with De Diego’s method covering 40-200
pg/mL for LIS and 25-175 pg/mL for HCT, while Erk et al.’s
method focuses on lower concentrations, with a range of 1.5—
56 ng/mL for LIS and 1.0—40 pg/mL for HCT, making it more
suitable for low-dose formulations and biological applica-
tions.

From an applicability perspective, factors such as column
type, flow rate, and mobile phase composition play a crucial
role. Ivanovic et al.’s method, despite its excellent sensitivity
and broad range, employs a complex gradient elution program
with varying mobile phase compositions, which could pose
challenges for routine analysis due to longer run times and
operational complexity. Conversely, the method by Erk et al.,
utilizing a simple acetonitrile-water mobile phase (20:80, v/v)
at pH 3.8 and a moderate flow rate of 1.0 mL/min, offers a
straightforward and cost-effective approach for routine qual-
ity control with minimal solvent consumption. Maslarska et
al.’s method, with a higher flow rate of 1.5 mL/min and the
use of a Cig column at elevated temperature (40 °C), might
offer improved resolution but could increase operational costs
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due to higher solvent usage. De Diego et al.’s method, with
the lowest flow rate (0.8 mL/min) and a simple mobile phase
composition, provides a practical solution for routine phar-
maceutical applications, though its lower sensitivity may be a
limitation for trace analysis.

In conclusion, the method by Ivanovic et al. offers superior
sensitivity and the broadest working range, making it ideal for
applications requiring high sensitivity and flexibility in con-
centration levels. Maslarska et al.’s method provides a bal-
anced approach with good sensitivity and a broad range,
suitable for routine pharmaceutical quality control. Erk et al.’s
method is practical and cost-effective for routine applications,
particularly for lower concentration samples, while de Diego
et al.’s method, despite its practicality, may be less suitable for
low-level detection due to its higher LOD values.

The comparison of analytical methods for the simultaneous
determination of fosinopril (FOS) and hydrochlorothiazide
(HCT) highlights significant differences in sensitivity, linear
range, and applicability. Sensitivity, as reflected by the limit
of detection (LOD), varies considerably across the methods.
Manna et al.’s method [27] demonstrates the highest sensi-
tivity for HCT with an LOD of 0.05 ug/mL, and a relatively
low LOD for FOS at 0.4 pg/mL, making it suitable for
trace-level detection. In contrast, Ozkan et al. [34] achieves
better sensitivity for FOS with an LOD of 0.29 pg/mL, while
also providing a low LOD for HCT at 0.26 ng/mL, indicating
strong performance for both analytes. Al-Sanea et al.’s
method [33], however, exhibits the highest LOD values, with
3.16 pg/mL for FOS and 0.29 pg/mL for HCT, which may
limit its application for low-level detection. The LOD values
for Saglik et al.’s method [32] were not reported, making it
difficult to assess its sensitivity directly.

In terms of linear range, the methods exhibit notable dif-
ferences in their applicability to various concentration levels.
Al-Sanea et al.’s method covers the broadest range for FOS
(10-100 pg/mL) and HCT (1-30 pg/mL), making it suitable
for applications requiring analysis of high drug concentrations.
Manna et al.’s method also provides a relatively broad range
of 1-50 ug/mL for FOS and 0.5-50 pg/mL for HCT, offering
a good balance between sensitivity and versatility. Ozkan et al.
and Saglik et al. report narrower ranges of 1.6-30 pg/mL and
5.0-50 pg/mL for FOS, respectively, with HCT ranges of 1—
30 pg/mL and 2.5-25 pg/mL, which may be appropriate for
routine quality control but less ideal for samples with higher
variability in concentration.

When considering applicability, several factors, such as
column type, mobile phase composition, and flow rate, in-
fluence the practicality of each method. Manna et al.’s method,
utilizing a shorter Cg column (125 x 4.0 mm, 5 pm) and a
straightforward mobile phase of sodium heptanesulfonate in
methanol, provides a simple and efficient option with a con-
stant flow rate of 1.0 mL/min, making it highly practical for
routine pharmaceutical analysis. In contrast, Al-Sanea et al.
and Saglik et al. employ complex gradient elution programs
with varying flow rates, which, while effective for separation,
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may pose challenges in routine use due to increased opera-
tional complexity and longer run times. Ozkan et al. offers a
relatively simple isocratic method using a methanol-water
mixture, with a flow rate of 1.0 mL/min, making it practical
and cost-effective for routine laboratory use.

In conclusion, Manna et al.’s method stands out for its high
sensitivity, broad linear range, and simplicity, making it
well-suited for routine analysis and trace-level detection.
Ozkan et al.’s method provides a good balance between sen-
sitivity and practicality, while Al-Sanea et al.’s method, with
its broad range, is more appropriate for high-concentration
applications despite its higher LOD. Saglik et al.’s method,
though applicable to moderate concentration levels, lacks
sufficient sensitivity data for a thorough assessment of its
performance in trace analysis.

The HPLC methods developed by Manna et al. [27] and
Hassib et al. [35] for the simultaneous determination of
benazepril (BEN) and hydrochlorothiazide (HCT) combina-
tion; differ in terms of sensitivity, linearity, and operational
approach, offering distinct advantages depending on analyti-
cal requirements. Manna et al. utilized an ion-pair re-
versed-phase HPLC method with isocratic elution, achieving
notably low limits of detection (LOD) of 0.1 pg/mL for BEN
and 0.05 pg/mL for HCT. Their method provides a broad
linear range of 1-100 pg/mL for BEN and 0.5-50 pg/mL for
HCT, making it highly sensitive and suitable for
low-concentration analyses in routine quality control. In
contrast, Hassib et al. employed a conventional re-
versed-phase HPLC method, also with isocratic elution, but
reported higher LOD values of 0.35 pg/mL for BEN and 0.7
pg/mL for HCT. Their method covers a significantly higher
concentration range, with linearity extending from 32-448
pg/mL for BEN and 40-560 pg/mL for HCT, suggesting its
applicability in formulations where higher analyte concentra-
tions are expected. However, the relatively higher LOD values
indicate that this method may be less suitable for trace-level
detection compared to the approach by Manna et al.

Overall, the method by Manna et al. offers superior sensi-
tivity and a wider dynamic range at lower concentrations,
making it ideal for applications requiring precise quantifica-
tion of low analyte levels. On the other hand, Hassib et al.'s
method, with its extended linear range, is better suited for
high-dose formulations or bulk analysis, despite being less
sensitive. The choice between these methods ultimately de-
pends on the analytical objectives, with Manna et al.'s method
excelling in sensitivity and Hassib et al.'s method providing a
robust solution for higher concentration samples.

The analytical methods reported for the determination of
quinapril (QUI) and hydrochlorothiazide (HCT) combination
vary in sensitivity, linear range, and applicability, each ad-
dressing different analytical requirements.

In terms of sensitivity, the method developed by Altunsoy et
al. [37] exhibits the highest sensitivity, with exceptionally low
limits of detection (LOD) of 0.0195 pg/mL for QUI and 0.0030
pug/mL for HCT. This makes it highly suitable for trace-level
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quantification in pharmaceutical products and biological sam-
ples. Gandhimathi et al. [41] also offer good sensitivity, with
LOD values of 0.05 pg/mL for QUI and 0.02 pg/mL for HCT,
making it appropriate for applications requiring moderate sen-
sitivity. In contrast, the methods proposed by Manjusha et al.
[38] and de Diego et al. [39] report significantly higher LOD
values of 0.172 pg/mL and 0.35 pg/mL for QUIL, and 0.524
pg/mL and 0.61 pg/mL for HCT, respectively, suggesting that
they may not be suitable for trace-level detection. Meanwhile,
the sensitivity of the method by Pravallika et al. [40] remains
unknown as the LOD values were not provided, making direct
comparisons challenging.

The linear range, Diego et al.'s method covers the widest
concentration range, spanning 40-200 pg/mL for QUI and
25-125 ug/mL for HCT, making it ideal for
high-concentration formulations and stability studies. Simi-
larly, Gandhimathi et al. offer a relatively broad range of 30—
150 pg/mL for QUI and 40-200 pg/mL for HCT, which is
advantageous for routine pharmaceutical applications. On the
other hand, Altunsoy et al. provide a more limited linear range
of 2-30 pg/mL for QUI and 1.25-18.75 pg/mL for HCT,
making it particularly suitable for low-dose formulations and
bioanalytical purposes. The method by Manjusha et al. fo-
cuses on a narrower range of 50-150 pg/mL for both analytes,
potentially restricting its use to mid-level concentrations,
whereas Pravallika et al. cover a range of 10-30 pg/mL for
QUI and 30-90 pg/mL for HCT, making it more applicable
for specific quality control purposes.

Altunsoy et al.'s approach utilizes a Cig column (250 x 4.6
mm, 10 um) with a simple mobile phase consisting of ace-
tonitrile and phosphate buffer at pH 2.5, offering a practical
solution with excellent sensitivity and a manageable flow rate
of 1.0 mL/min, making it well-suited for routine pharmaceu-
tical analysis. Manjusha et al. and Gandhimathi et al. incor-
porate triethylamine in their mobile phases, which may en-
hance peak resolution but could limit their utility in
trace-level analysis due to higher LOD values. Diego et al.
employs a gradient elution technique with varying proportions
of acetonitrile and phosphate buffer, ensuring excellent sep-
aration but potentially complicating routine application due to
the complexity and extended run time. Pravallika et al.’s
method, which uses an isocratic methanol-phosphate buffer
system, offers simplicity and ease of use; however, the lack of
reported sensitivity data may limit its broader application.

The method by Altunsoy et al. stands out due to its excep-
tional sensitivity and lower working range, making it partic-
ularly suitable for trace-level detection and quality control.
Gandhimathi et al. offer a good balance between sensitivity
and a wide linear range, making it an attractive choice for
routine pharmaceutical analysis. Diego et al. provides a broad
working range, though its complexity may hinder routine use.
Meanwhile, the methods by Manjusha et al. and Pravallika et
al. may serve specific purposes but are somewhat limited by
their sensitivity and dynamic range for broader pharmaceu-
tical and bioanalytical applications.
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Most of the reported chromatographic methods for the de-
termination of these ACE inhibitors in combination with HCT
utilize aqueous-organic mobile phases that contain large
amounts of organic solvents. This not only results in high
costs but also poses significant environmental and health
hazards to both the environment and the chromatographer. In
contrast, Eid et al. [18] and Hammouda et al. [19] introduced
HPLC methods that employ environmentally friendly,
cost-effective, and safer micellar eluents. These methods
utilize surfactant solutions at concentrations exceeding their
critical micelle concentration (CMC), with only a minimal
proportion of organic solvents, offering a greener alternative
for the simultaneous quantification of these drugs in their
combined formulations with HCT.

AL-Momani et al. [23] and Manna et al. [27] incorporated
ion-pairing agents in their methods to enhance analyte reten-
tion and resolution, resulting in well-defined, symmetric
peaks for ACE inhibitors. The use of ion-pairing agents ef-
fectively improved chromatographic performance by mini-
mizing peak tailing and ensuring accurate quantification of
the analytes.

Many reported methods have been confirmed as stabil-
ity-indicating through the analysis of forced degradation
samples [20, 21, 24, 28, 33, 39]. However, a significant
number of these methods lack proper development and opti-
mization, often misinterpreting preliminary adjustments of
method control parameters as comprehensive optimization.
Although such methods are typically validated in accordance
with global guidelines, such as ICH Q2 (R1) [43], before
being implemented for routine use, they frequently fail to
demonstrate robustness during quality control (QC) testing,
rendering them unsuitable for their intended applications.
Given the stringent regulatory requirements and the growing
emphasis on applying Analytical Quality by Design (AQbD)
principles, it is crucial to establish more stringent publication
standards for analytical methods. This approach will ensure
the development of truly robust methods that are reliable and
suitable for QC laboratories.

2.2. High-performance Thin Layer
Chromatography (HPTLC)

The HPTLC separation of hydrochlorothiazide (HCT) in
combination with ACE inhibitors is typically performed on
silica gel 60F254 precoated plates under various chromato-
graphic conditions.

Hassib et al. [35] developed a separation method using a
mobile phase composed of ethyl acetate, methanol, and am-
monia in an 85:20:10 (v/v) ratio. The detection was carried
out at 240 nm for BEN and 272 nm for HCT. The method
exhibited a linear range of 0.768-9.6 pg/spot for BEN and
0.96—12 pg/spot for HCT, with limits of detection (LOD) of
0.12 pg/spot and 0.24 pg/spot, respectively.

Conversely, Naguib et al. [44] employed a different mobile
phase consisting of ethyl acetate, methanol, and glacial acetic
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acid in an 85:2:0.3 (v/v/v) ratio to achieve the separation of
BEN and HCT. Analyte detection was performed at 240 nm,
with the method demonstrating linearity within the ranges of
0.2-1.8 pg/band for HCT and 0.4-2.2 pg/band for BEN. The
method provided lower LOD values of 0.041 pg/band for HCT
and 0.102 pg/band for BEN, indicating enhanced sensitivity.

A comparison of the HPTLC methods developed by Hassib
et al. and Naguib et al. reveals notable differences in sensi-
tivity and practical utility. Naguib et al. adopted a single de-
tection wavelength of 240 nm for both analytes, simplifying
the detection process. In contrast, Hassib et al. optimized their
method by utilizing two different wavelengths—240 nm for
BEN and 272 nm for HCT—offering improved specificity for
each compound.

The superior sensitivity of Naguib et al.'s method, as indi-
cated by its lower LOD values, makes it particularly advan-
tageous for applications involving trace-level quantification.
However, Hassib et al.'s method provides a wider linear range,
which enhances its suitability for routine analysis, particularly
for samples with higher concentrations of analytes. Further-
more, the composition of their mobile phase contributes to
greater versatility, making it adaptable to a wider variety of
sample matrices.

While Naguib et al.’s approach is ideal for scenarios re-
quiring high sensitivity, Hassib et al.’s method is more ap-
propriate for routine, high-throughput applications covering a
broader concentration range. Jyoti and Sanjay [45] developed
a method for the determination of RAM and HCT using a
mobile phase consisting of methanol, toluene, ethyl acetate,
and glacial acetic acid in a volumetric ratio of 1:6:3:0.5. Spot
detection was performed at 210 nm, and the method was
thoroughly validated for linearity, accuracy, precision, and
specificity. The calibration curves demonstrated good linear-
ity within the concentration ranges of 2000—12000 ng/spot for
RAM and 500-3000 ng/spot for HCT. The method exhibited
limits of detection (LOD) of 434.1 ng/spot for RAM and 80.6
ng/spot for HCT, indicating moderate sensitivity, particularly
for HCT. The method provides a reliable and straightforward
approach for the simultaneous quantification of RAM and
HCT in pharmaceutical formulations. The relatively broad
linear range allows for effective analysis across various con-
centration levels, making it suitable for routine quality control
and dosage form analysis. However, the use of toluene in the
mobile phase, known for its environmental and health-related
concerns, may necessitate careful handling and adherence to
safety regulations. Additionally, the relatively higher LOD for
RAM suggests that the method may not be ideal for
trace-level detection, potentially limiting its use in stability
studies or low-dose formulations. Nonetheless, the method's
validation across multiple performance parameters enhances
its credibility and practical utility in well-equipped analytical
laboratories.

The method developed by El Gindy et al. [46] offers a
straightforward and cost-effective approach for the simulta-
neous analysis of LIS and HCT, utilizing a relatively simple
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mobile phase composition of chloroform, ethyl acetate, and
acetic acid (10:3:2 v/v). The use of dual-wavelength detec-
tion—210 nm for LIS and 275 nm for HCT—enhances se-
lectivity and ensures accurate quantification of each compo-
nent. The reported linearity ranges of 4-20 pg/spot for LIS
and 2.5-25 ng/spot for HCT suggest the method's applicabil-
ity for routine quality control in pharmaceutical formulations.

However, the practicality of this method may be limited by
the use of chloroform, a solvent associated with health and
environmental concerns, which may require special handling
and disposal measures. Additionally, the need for two differ-
ent detection wavelengths may complicate the analysis setup,
potentially  increasing  operational  complexity in
high-throughput environments. Despite these limitations, the
method’s simplicity, relatively low solvent consumption, and
adequate sensitivity make it a viable option for laboratories
with limited resources or for preliminary screening purposes.

Abdelrahman et al. [47] developed an analytical method for
the simultaneous determination of FOS and HCT using a
mobile phase composed of ethyl acetate, chloroform, meth-
anol, and formic acid in a volumetric ratio of 60:40:5:0.5.
Detection of both analytes was performed at 215 nm, with the
method demonstrating linearity within the ranges of 1-10
pg/mL for FOS and 0.2-3 pg/mL for HCT. The reported limits
of detection (LOD) were 0.28 pg/mL for FOS and 0.09 pg/mL
for HCT, indicating good sensitivity, particularly for HCT.

In terms of practicality, the method offers a high level of
sensitivity and a relatively wide linear range, making it suit-
able for the quantification of low concentrations in pharma-
ceutical formulations. However, the use of chloroform in the
mobile phase may present challenges due to its known tox-
icity and environmental concerns, necessitating careful han-
dling and disposal. Additionally, the inclusion of formic acid,
while beneficial for improving peak resolution and stability,
may require specialized equipment resistant to acidic condi-
tions to prevent system degradation over time. Despite these
potential limitations, the method's sensitivity, simplicity, and
use of a single detection wavelength make it a practical choice
for routine quality control in well-equipped laboratories.

Bhavar et al. [48] successfully developed a method for the
simultaneous determination of QUI and HCT using a mobile
phase consisting of ethyl acetate, acetone, and acetic acid in a
ratio of 6.5:3:0.5 (v/v/v). The analytes were detected at 208
nm, and the method was validated for linearity, accuracy,
precision, and specificity. A strong linear relationship was
observed within the concentration ranges of 400—2800 ng/spot
for QUI and 500-3500 ng/spot for HCT. The limits of detec-
tion (LOD) were determined to be 123.02 ng/spot for QUI and
372.77 ng/spot for HCT, indicating moderate sensitivity.
While the method provides reliable quantification across a
reasonable concentration range, the relatively high LOD
values suggest it may not be suitable for trace-level detection,
potentially limiting its application in scenarios requiring
higher sensitivity. Nonetheless, the method's simplicity and
validation make it a practical choice for routine analysis in
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quality control settings.

3. Spectrophotometric Methods

The spectrophotometric methods reported the determina-
tion of ACE inhibitors combinations with HCT are given in
Table 4.

Several spectrophotometric methods have been reported for
the simultaneous determination of lisinopril (LIS) and hy-
drochlorothiazide (HCT), each differing in terms of sensitivity,
linear range, and applicability, thus offering various options
for pharmaceutical analysis.

In terms of sensitivity, the absorptivity factor and ratio
subtraction methods reported by Mohammed et al. [49]
demonstrate the lowest limits of detection (LOD), with values
as low as 0.297 pg/mL for HCT and 0.790 pg/mL for LIS,
making these methods highly sensitive and suitable for
trace-level detection. Similarly, the third derivative and ratio
spectra derivative methods presented by El-Gindy et al. [46]
provide relatively good sensitivity, with LOD values ranging
between 0.2—1.5 pg/mL for LIS and 0.2-0.4 pg/mL for HCT,
ensuring reliable detection in low concentrations. On the other
hand, the absorbance ratio method by Erk et al. [29] does not
report LOD values, making it difficult to assess its sensitivity
compared to the other techniques.

The absorbance ratio method exhibits the broadest range,
covering 16.0-130.0 pg/mL for LIS and 6.0-140.0 pg/mL for
HCT, which makes it well-suited for quality control purposes
where a wide range of concentrations may be encountered. In
contrast, the third derivative and ratio spectra derivative
methods offer narrower working ranges of 8-56 pg/mL for
LIS and 5-20 pg/mL for HCT, making them more applicable
for precise quantification in lower concentration ranges. The
absorptivity factor and ratio subtraction methods provide
intermediate linear ranges, covering 2.5-30.0 pg/mL for LIS
and 1.0-20.0 ug/mL for HCT, balancing the need for both
sensitivity and practical concentration limits.

All methods utilize methanol as a solvent, ensuring ease of
sample preparation and compatibility with standard spectro-
photometric equipment. The absorbance ratio method is ad-
vantageous for routine analysis due to its broad working range,
making it suitable for high-dose formulations and routine
quality control. The absorptivity factor and ratio subtraction
methods, with their superior sensitivity and moderate range,
are ideal for detecting low concentrations in both quality
control and bioanalytical applications. Meanwhile, the third
derivative and ratio spectra derivative methods offer enhanced
selectivity and sensitivity but may require more complex data
processing, which could limit their routine application in
standard laboratories.

In conclusion, the choice of method depends on the specific
analytical requirements. For applications demanding high
sensitivity, the absorptivity factor and ratio subtraction
methods are preferred. If a broad quantification range is
needed, the absorbance ratio method provides the most ver-
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satility, whereas the third derivative and ratio spectra deriva-
tive methods are best suited for more precise low-range
quantifications with improved selectivity.

Several spectrophotometric methods have been developed
for the simultancous determination of fosinopril (FOS) and
hydrochlorothiazide (HCT) combination, with differences in
sensitivity, linear range, and applicability, providing diverse
options for pharmaceutical analysis.

The derivative differential, ratio spectra derivative, and
absorbance ratio methods reported by Erk [50] exhibit the
lowest limits of detection (LOD), with values as low as 0.052
pg/mL for FOS and 0.120 pg/mL for HCT, indicating their
high sensitivity and suitability for detecting trace amounts of
the drugs. The ratio difference and mean centering methods
by Abdelrahman et al. [47] show slightly higher LOD values,
with FOS detected at 1.11 pg/mL and HCT at 0.73 pg/mL,
which still provides adequate sensitivity for routine quality
control. The fourth derivative method described by Saglik et
al. [32] does not report LOD values, making it difficult to
directly compare its sensitivity to the other methods.

The linear range, the derivative differential, ratio spectra
derivative, and absorbance ratio methods [50] cover the
broadest range of 4.0-50.0 pg/mL for FOS and 2.0-14.0
pg/mL for HCT, making them ideal for applications requiring
flexibility in concentration levels. The fourth derivative
method offers a similar working range of 5.0-45.0 pg/mL for
FOS and 0.5-9.0 pg/mL for HCT, which suggests it may be
better suited for lower HCT concentrations. In contrast, the
ratio difference and mean centering methods provide a nar-
rower range of 4.0-35.0 ug/mL for FOS and 2.0-15.0 pg/mL
for HCT, which may be sufficient for standard pharmaceutical
formulations but could limit their application in formulations
with a wider concentration range.

From an applicability standpoint, all methods primarily
utilize methanol as the solvent, ensuring ease of sample
preparation and compatibility with standard laboratory
equipment. However, Erk’s methods employ a methanol/0.1
N NaOH mixture, which may enhance solubility and stability,
potentially improving the accuracy of measurements in com-
plex matrices. The fourth derivative method provides a
straightforward approach that can be easily implemented in
routine quality control laboratories, while the ratio difference
and mean centering methods offer greater selectivity and
accuracy by minimizing spectral interference. The derivative
differential, ratio spectra derivative, and absorbance ratio
methods, despite their complexity, provide the most com-
prehensive analysis with superior sensitivity and broader
linear ranges, making them suitable for both routine and ad-
vanced pharmaceutical analysis.

In conclusion, for applications demanding the highest sen-
sitivity and broadest working range, the derivative differential,
ratio spectra derivative, and absorbance ratio methods by Erk
[50] are the preferred choices. The ratio difference and mean
centering methods [47] provide a balance between sensitivity
and ease of use, while the fourth derivative method offers a
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simpler approach with adequate sensitivity for routine quality
control.

The spectrophotometric methods developed for the deter-
mination of ramipril (RAM) and hydrochlorothiazide (HCT)
in tablet formulations differ in terms of sensitivity and prac-
tical applicability, each offering distinct advantages depend-
ing on the analytical requirements.

In terms of sensitivity, the absorbance correction method
reported by De et al. [52] demonstrates superior performance,
with a limit of detection (LOD) of 0.05 pg/mL for both RAM
and HCT. This high sensitivity makes it suitable for the
quantification of low concentrations, which is crucial for
trace-level analysis in pharmaceutical formulations. On the
other hand, the simultaneous equation and area under curve
(AUC) methods described by Tambe et al. [51] do not report
LOD values, which makes direct sensitivity comparison dif-
ficult. However, the reported linear ranges of 0.1-3.5 pg/mL
for RAM and 0.5-17.5 pg/mL for HCT suggest that these
methods may still provide adequate sensitivity for routine
quality control applications.

From a practical standpoint, the simultaneous equation and
AUC methods offer a straightforward and cost-effective ap-
proach, using water as a solvent, which is environmentally
friendly and readily available. This makes them highly suita-
ble for routine pharmaceutical quality control, where sim-
plicity and cost-efficiency are key considerations. Further-
more, the AUC method provides the advantage of integrating
a range of wavelengths, which can help minimize the effects
of minor spectral variations and improve method robustness.

While, the absorbance correction method, which utilizes
ethanol as a solvent, provides higher sensitivity and specificity,
making it particularly useful for the precise quantification of
low-concentration samples. However, the use of ethanol,
while offering good solubility and stability, may introduce
additional costs and require careful handling due to its vola-
tility and potential safety concerns. Despite these factors, the
absorbance correction method's ability to achieve a narrower
linear range (0.1-0.5 pg/mL for RAM and 0.25-1.25 pg/mL
for HCT) makes it particularly suitable for applications where
precise quantification of low concentrations is required.

In conclusion, the choice between these methods depends
on the specific analytical needs. The simultaneous equation
and AUC methods are well-suited for routine analysis due to
their simplicity, cost-effectiveness, and environmentally
friendly solvent use. Meanwhile, the absorbance correction
method offers greater sensitivity and precision, making it the
preferred choice for applications requiring lower detection
limits and higher specificity.

The spectrophotometric methods employed for the deter-
mination of benazepril (BEN) and hydrochlorothiazide (HCT)
in tablet formulations demonstrate varying degrees of sensi-
tivity and practicality, making them suitable for different
analytical needs.

In terms of sensitivity, the second derivative method reported
by Panderi et al. [53], which utilizes 0.1 M HCI as the solvent,
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exhibits relatively higher limits of detection (LOD), with 2.46
pg/mL for BEN and 1.57 pg/mL for HCT. This suggests that
the method is more suited for routine quality control where
ultra-trace detection is not critical. In contrast, the methods
reported by El-Gindy [54], which include second derivative,
ratio spectra derivative, classical least squares, and principal
component regression techniques using methanol as the solvent,
demonstrate significantly lower LOD values. Among these, the
ratio spectra derivative method shows the highest sensitivity,
with LODs of 0.3 pg/mL for BEN and 0.2 pg/mL for HCT,
making it a more appropriate choice for trace-level analysis.
The other techniques within the same study offer LOD values
ranging from 0.6 to 0.8 pg/mL for BEN and 0.1 to 0.5 pg/mL
for HCT, which still provide enhanced sensitivity compared to
the second derivative method in [53].

The simultanecous equation and ratio spectra derivative
methods described by Erk [55], using a mixed solvent system
of methanol and 0.1 N HCI (1:1), did not report LOD values,
making it difficult to assess their sensitivity directly. However,
the reported linear ranges of 8.0-36.0 pg/mL for BEN and 2.0—
28.0 pg/mL for HCT indicate that the method may provide
sufficient sensitivity for standard pharmaceutical analysis.

From a practicality standpoint, the second derivative
method in [53] offers a straightforward approach with mini-
mal solvent requirements and simple instrumentation, making
it ideal for routine quality control settings. However, the rel-
atively narrow linear range (14.80-33.80 pg/mL for BEN and
18.50-42.20 pg/mL for HCT) may limit its flexibility in
handling varying sample concentrations.

The methods reported in [54], which include multiple an-
alytical approaches, provide greater flexibility and adaptabil-
ity for comprehensive analysis. The use of methanol as a
solvent enhances solubility and method robustness, making
them practical for laboratories equipped with standard
UV-visible spectrophotometers. However, the complexity of
data processing in techniques such as classical least squares
and principal component regression may require specialized
software and trained personnel, which could impact routine
implementation.

The simultaneous equation and ratio spectra derivative
methods in [55] offer a practical compromise, as they utilize a
mixed solvent system that can enhance method performance
by improving solubility and minimizing matrix effects. These
methods provide wider linear ranges (8.0-36.0 pg/mL for
BEN and 2.0-28.0 ng/mL for HCT), making them suitable for
diverse sample concentrations encountered in pharmaceutical
quality control. Additionally, their straightforward analytical
approach makes them accessible for routine applications
without extensive training or complex instrumentation.

A single method was also described for the determination
of HCT with each of CAP [56], ZOF [57] and QUI [58].

For routine quality control where simplicity and ease of use
are prioritized, the second derivative method in [53] is a
practical choice. However, for applications requiring higher
sensitivity and broader analytical capabilities, the techniques
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reported in [54] provide a more comprehensive solution,
albeit with increased complexity. The simultaneous equation
and ratio spectra derivative methods in [55] offer a balanced
option with good linear range coverage and ease of applica-
tion, making them well-suited for routine analysis in phar-
maceutical settings.

4. Fourier Transform Infrared
Spectrometry (FTIR)

Ahmadi et al. [59] developed a Fourier Transform Infrared
(FTIR) spectrometric method for the simultaneous determi-
nation of hydrochlorothiazide (HCT) and lisinopril (LIS) in
binary solid pharmaceutical formulations. The analysis was
performed using inverse least squares (ILS) multivariate cal-
ibration of the infrared spectra obtained from binary standards
of the drugs. Measurements were conducted in methanolic
solutions within the spectral range of 1508-1850 cm™'. The
method achieved detection limits of 0.75 mg/mL for LIS and
0.90 mg/mL for HCT.

Ali et al. [60] developed an FTIR spectrometric method us-
ing KBr for the simultaneous determination of captopril (CAP)
and hydrochlorothiazide (HCT) in raw materials and pharma-
ceutical dosage forms. The quantitative analysis was performed
by measuring absorption peaks in the range of 3115.92-3222.1
cm?! for HCT and 1689.91-1800.73 cm for both HCT and
CAP. The method exhibited a linear range of 0.4-2% w/w for
both analytes, with detection limits of 0.08% w/w for CAP and
0.103% w/w for HCT. This FTIR approach is cost-effective,
environmentally friendly, and suitable for the simultaneous
quantification of CAP and HCT in solid dosage forms.

5. Capillary Zone Electrophoresis (CZE)

Fayed et al. [61] developed a capillary electrophoresis
method for the simultaneous separation and quantification of
zofenopril calcium (ZOF) and hydrochlorothiazide (HCT) in
the presence of two major HCT impurities, chlorothiazide (CT)
and salamide (DSA). The analysis was performed using an
uncoated fused-silica capillary with dimensions of 50 pm i.d.
x 48.5 cm, with an effective length of 40 cm. Key separation
parameters, including buffer concentration, pH, and applied
voltage, were optimized using response surface methodology
(RSM), employing a central composite face-centered design
(CCD). The optimized conditions established by the design
included a 10 mM sodium borate buffer at pH 9.15 and an
applied voltage of 17 kV in positive mode. UV detection was
carried out at 225.0 nm, with the capillary temperature
maintained at 25°C. The method was validated in accordance
with International Conference on Harmonization (ICH)
guidelines and demonstrated good linearity within the con-
centration range of 10.0-100.0 pg/mL for both ZOF and HCT.
The limits of detection (LOD) were 2.14 pg/mL for ZOF and
2.78 ug/mL for HCT, confirming the method's sensitivity and
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suitability for routine pharmaceutical analysis.

Hillaert et al. [62] developed a capillary electrophoresis
method for the simultaneous determination of hydrochloro-
thiazide (HCT) and several structurally related angioten-
sin-converting enzyme (ACE) inhibitors, including enalapril
(ENA), lisinopril (LIS), quinapril (QUI), fosinopril (FOS),
ramipril (RAM), and cilazapril (CIL). The separation was
achieved using a fused-silica capillary (52 cm total length x
75 pmi.d.) with a 100 mM sodium phosphate buffer (pH 7.25)
as the background electrolyte. Detection was performed at
214 nm, ensuring effective quantification of all analytes. The
method exhibited excellent linearity within the following
concentration ranges: 0.026—-0.320 pg/mL for ENA, 0.026—
0.520 pg/mL for LIS, 0.032-0.320 pg/mL for QUI, 0.019—
0.380 pg/mL for FOS, 0.006-0.120 pg/mL for RAM, and
0.008-0.160 pg/mL for CIL. For HCT, the linear range was
0.016-0.200 pg/mL when analyzed in combination with ENA
and 0.020-0.400 pg/mL when combined with the other ACE
inhibitors. This method demonstrated high sensitivity, speci-
ficity, and robustness, making it a reliable approach for the
simultaneous quantification of HCT and multiple ACE inhib-
itors in pharmaceutical formulations.

Marra et al. [63] developed a capillary electrophoresis (CE)
method for the simultaneous determination of hydrochloro-
thiazide (HCT) in combination with five angioten-
sin-converting enzyme (ACE) inhibitors, namely benazepril
(BEN), captopril (CAP), enalapril (ENA), lisinopril (LIS),
and ramipril (RAM). The separation was carried out using a
polyimide-coated fused-silica capillary with a total length of
50 cm and effective lengths of 10 cm and 40 cm for the two
detectors. The capillary had an inner diameter of 50 pm and an
outer diameter of 375 um. A simple background electrolyte
(BGE) consisting of 10 mmol L™! boric acid was used, with the
pH adjusted to 9.0 using sodium hydroxide. Analytes were
detected using two capacitively coupled contactless conduc-
tivity detectors (C4D) positioned at 10 cm from each end of
the capillary, ensuring accurate and efficient detection.

The method exhibited good linearity and sensitivity across
a wide range of concentrations. The linear range for HCT
varied depending on the ACE inhibitor it was analyzed with,
ranging from 50-750 pumol/L, while the detection limits
(LOD) were consistently found to be 10 umol/L for HCT
across all combinations. For the ACE inhibitors, benazepril
showed a linear range of 50-500 umol/L with an LOD of 5.0
pmol/L, captopril had a linear range of 200—1000 umol/L with
an LOD of 7.0 pmol/L, enalapril and lisinopril both exhibited
linear ranges of 50-500 umol/L with LODs of 5.0 pmol/L,
and ramipril had a linear range of 50-267 umol/L with an
LOD of 6.0 umol/L.

This CE method offers several advantages, including its sim-
plicity, as it employs a single background electrolyte for all an-
alytes, eliminating the need for complex preparation procedures.
The method is highly sensitive, with low detection limits ensur-
ing reliable quantification of the studied drugs. Furthermore, it is
versatile and capable of simultaneously analyzing multiple drug
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combinations, making it particularly useful for routine pharma-
ceutical quality control. Additionally, the method is environ-
mentally friendly as it does not require organic solvents, con-
tributing to sustainable analytical practices. Its cost-effectiveness
also makes it an attractive option for pharmaceutical laboratories
seeking an efficient and reliable method for the simultaneous
determination of HCT and ACE inhibitors.

6. Conclusion

This study presents a comprehensive overview of the
commonly employed analytical methods for evaluating ACE
inhibitor combinations with hydrochlorothiazide across var-
ious bulk and pharmaceutical dosage forms. Covering litera-
ture from 1990 to the present, it provides an in-depth analysis
of the methodologies used for these compounds.

A key distinction among the reported techniques lies in their
classification as chromatographic or non-chromatographic
methods. As illustrated in Figure 2, chromatographic tech-
niques dominate, accounting for 48.7% of all reported methods,
followed by spectrophotometric approaches (23.1%) and
thin-layer chromatography (TLC) (15.4%). Capillary electro-
phoresis (CE) constitutes 7.7%, while Fourier transform infra-
red (FTIR) spectroscopy represents approximately 5.1%. These
trends highlight a shift toward more sensitive techniques with
improved resolution capabilities.

Future research should prioritize the development of rapid,
eco-friendly analytical techniques while also incorporating
experimental design approaches for method optimization and
enhanced efficiency.

HPLC SPECTRO FTIR CZE

60.00%
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Figure 2. % ratio of the analytical methods used for ACE inhibitors
combinations with hydrochlorothiazide.
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ACE Angiotensin-converting Enzyme

ACEI Angiotensin-converting Enzyme Inhibitor
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CAP Captopril
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FOS Fosinopril

BEN Benazepril

LIS Lisinopril

QUI Quinapril

CIL Cilazapril
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ENA Enalapril
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RP-HPLC Reverse-phase High Performance Liquid
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