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Quinine- and cryptolepine-based antimalarials serve as valuable alternatives to artemisinin-based combination therapies (ACTs)
in Ghana. *eir use, however, is associated with adulteration and substandard quality challenges. An HPLC method targeting
quinoline and indoloquinoline antimalarial alkaloids was developed, validated, and applied to evaluate herbal and pharmaceutical
antimalarial formulations (HPAFs) and starting materials (APIs).*e separation/quantitation of the alkaloids (including quinine,
quinidine, cinchonine, cinchonidine, dihydroquinine, dihydroquinidine, and cryptolepine) was achieved on a Zorbax SB-CN
column (250mm× 4.6mm, 5 μm), with an isocratic elution system of methanol: trifluoroacetic acid (0.1%, v/v) (15 : 85, v/v) at
1.5mL/min and 223 nm.Method validation was according to ICHQ2(R1) guidelines. It was then used to assess the quality of APIs
(n= 3) and HPAFs (n= 44) including quinine-based pharmaceutical antimalarial formulations (QBPAFs) (n= 23) and herbal
antimalarial products (HAMPs).*emethod was found to be specific, selective, accurate, precise, and robust toward the alkaloids
with linearity achieved within specified concentration ranges (r2> 0.995 for all analytes). Analyte stability ranged between 6 and 12
hours. All the APIs contained quinine <99.0%–101.0%, with dihydroquinine and cinchonidine at levels compliant with the
established acceptance criteria. *e QBPAFs had quinine content ranging between 50.2% and 151.2%, with 43.5% (n= 10/23) of
them complying with the acceptance criteria.*e related alkaloids observed in the QBPAFs included quinidine (56.5%, n= 13/23),
dihydroquinine (100%, n= 23/23), dihydroquinidine (21.7%, n= 5/23), cinchonine (17.4%, n= 4/23), and cinchonidine (95.7%,
n= 22/23). For the HAMPs, 81.0% (n= 17/21) were adulterated with quinine (0.59± 0.04mg/10mL–86.03± 0.02mg/10mL).
Cryptolepine was identified in 19% (n= 4/21) of the HAMPs with concentration ranging between 43.99± 0.43 μg/mL and
747.86± 0.34 μg/mL. In conclusion, the application of the ion-pair HPLC method targeting quinoline and indoloquinoline
antimalarials has demonstrated the presence of quality and poor-quality HPAFs on the Ghanaian market.
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1. Introduction

In recent years, significant progress has been made in the
control of malaria on the African continent. Between 2000
and 2019, the incidences of malaria declined by 29% whereas
deaths declined by 60%. *at notwithstanding, a significant
proportion of the African population continues to remain at
risk to the disease. For instance, in the year 2019, out of the
229 million malaria cases and 409,000 malaria deaths re-
ported globally, 94% of them were recorded in the African
subregion. Also, in 2020, 384,000 preventable malaria deaths
were recorded in the subregion [1].

Due to the continuous-ravaging effects of malaria on
human lives, there is a dedicated focus on the production of
herbal and pharmaceutical antimalarial formulations
(HPAFs). Currently, an increased production trend of
HPAFs is observed in Sub-Saharan Africa. However, the
production of substandard products could ultimately erode
the gains made toward the fight against malaria [2].

Artemisinin-based combination therapies (ACTs) re-
main the first-line treatment options for uncomplicated
malaria in Ghana since their introduction [3]. *e Cinchona
alkaloid quinine has also been used for a very long time, and
it continues to serve its purpose in the management of
malaria. It is used for uncomplicated malaria in the first
trimester of pregnancy and, in some cases, in the second and
third trimesters. It is also used in severe malaria and in
treatment failures associated with the ACTs [3]. *e use of
quinine remains a common practice in malaria-endemic
regions especially among pediatrics [4, 5]. Although its
mechanism of action remains unknown, quinine is known to
exert schizonticidal effect against intraerythrocytic parasites
and gametocytocidal effect against Plasmodium vivax and
Plasmodium malariae. Also, quinine possesses analgesic
effect, which makes it beneficial in malaria treatment [4].
However, it is well known for its toxic effects due to either
supradrug levels or the presence of its related chiral de-
rivatives, including, dihydroquinine, quinidine, dihy-
droquinidine, cinchonine, and cinchonidine. *ese toxic
effects are commonly referred to as cinchonism. Although
some of the derivatives are known to also possess antima-
larial activity, their narrow range of physiological activity
exposes them in terms of their toxic effects [6]. In addition to
their toxic effects, the quality status of quinine products is at
times brought to question. Unlike the ACTs which see
regular quality assessments in the country, with their reports
readily available [7–9], assessments of quinine products are
limited. Considering that they are also widely used, espe-
cially among pediatrics and pregnant women and in severe
malarial cases, their routine quality assessments are
required.

Herbal medicines (HMs) continue to enjoy significant
patronage among Ghanaians. Recently, the prevalence of
HM use is put around 76.5% [10]. In terms of antimalarial
products, a study by Yeboah et al. showed that herbal an-
timalarial products (HAMPs) are preferred to pharmaceu-
tical antimalarial formulations (PAFs) because they are
perceived to be more effective, with minimal side effects, and
less expensive [11]. As a result, many resort to HAMPs as

either their first-line, second-line, or in combination with
PAFs for malaria treatment [11]. *is has led to the pro-
liferation of HAMPs on the market. Cryptolepis sanguino-
lenta roots have been traditionally used for several years to
treat malaria and form one of the frequently occurring
constituent in these HAMPs [12–14]. Its main constituent,
cryptolepine, an indoloquinoline, possesses in vitro and in
vivo antiplasmodial effects [15, 16]. One of the major
challenges of the herbal medicine manufacturing industry is
product quality assurance. Issues of product falsification,
counterfeiting, adulteration, and substandard quality have
been previously reported. For these reasons, it is also per-
tinent to monitor the quality of HAMPs.

Although compendial methods exist for the analysis of
quinine-based products, their scopes are limited. For ex-
ample, United States Pharmacopoeia’s monograph on
quinine sulfate includes specifications on quinine, dihy-
droquinine, cinchonidine, and quininone [17]. *e Euro-
pean Pharmacopoeia on the other hand has specifications on
quinine and its related substances, namely, quinidine,
dihydroquinidine, and dihydroquinine [18]. *ough cin-
chonine is equally a well-known related substance of qui-
nine, its control is not considered in the existing compendial
methods. Also, previous methods developed for cinchona
alkaloids and cryptolepine had employed either C18 or C8
columns and were faced with poor resolution and peak
shape challenges as a result of their interactions with the
silanol groups [19]. Ion exchange-type chiral stationary
phases have proven beneficial [20], but due to their cost and
limited availability, there is a need to explore other suitable
and relatively affordable alternatives.

In order to monitor the quality of HPAFs with respect to
these alkaloidal contents, with relatively better and afford-
able chromatographic conditions, there was a need to de-
velop a new method. *is study thus sought to develop and
validate an ion-pair HPLC method simultaneously targeting
quinoline (quinine, quinidine, cinchonine, cinchonidine,
dihydroquinine, and dihydroquinidine) and indoloquino-
line (cryptolepine) alkaloids (Figure S1) in HPAFs on the
Ghanaian market.

2. Materials and Methods

2.1. Study Design. *e study was conducted in two phases.
*e first phase was on the development and validation of the
ion-pair HPLCmethod in accordance with the International
Conference on Harmonization (ICH Q2(R1)) guidelines.
*e second phase involved using the developed method in a
cross-sectional study on the quality of HPAFs by adopting a
purposive sampling approach to sample the products from
the consumer market.

2.2. Standards and Samples

2.2.1. Reference Standards. Reference standards of quinine,
quinidine, cinchonine, cinchonidine, dihydroquinine, and
hydroquinidine were purchased from Glentham Life Sci-
ences, United Kingdom. *e cryptolepine reference stan-
dard was purchased from Sigma-Aldrich, USA.
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2.2.2. Samples. *e HPAFs obtained for the study included
APIs (n� 3) (Table S1), quinine-based pharmaceutical an-
timalarial formulations (QBPAFs) (n� 23) (Table S2), and
HAMPs (n� 21) (Table S3). *e QBPAFs and HAMPs were
purchased from different outlets in Accra and Kumasi, while
the APIs were donated from three different local pharma-
ceutical manufacturing companies. All samples were han-
dled in accordance with the recommendations of respective
manufacturers.

2.3. InstrumentationandEquipment. *eHPLC system used
was a 1260 series Agilent technology high-performance
liquid chromatograph equipped with infinite variable
wavelength detector (VWD), autosampler, vacuum degas-
ser, thermostat column compartment, and 1260 series
quaternary pump. *e analysis and data integration were
performed using Agilent OpenLab CDS ChemStation Edi-
tion for LC & LC-MS Systems (Agilent Technologies; 2016).

2.4. Preparation of Solutions

2.4.1. Standard Solutions. Stock solutions of quinidine,
cinchonidine, cinchonine, dihydroquinine, dihy-
droquinidine, and cryptolepine were prepared by dissolving
4mg each of the reference standards in 10mL of mobile
phase to obtain a concentration of 400 μg/mL each. *ese
were diluted to the working concentration of 80 μg/mL. For
quinine sulfate, a stock concentration of 2,000 μg/mL was
prepared by dissolving 20mg in 10mL of the mobile phase
and then diluted to a working concentration of 400 μg/mL.

2.4.2. Sample Solutions

(1) Quinine Sulfate API Samples. An accurate weight of
50mg of each API sample (n� 3) was weighed and dissolved
with the mobile phase in a 100mL volumetric flask to
produce a concentration of 500 μg/mL.*e sample solutions
were then analyzed with the conditions described in Section
2.5.

(2) Quinine-Based Pharmaceutical Antimalarial Formu-
lations. For QBPAFs (n � 23), including syrups (n � 19),
tablets (n � 1), and injectables (n � 3), an accurate amount
of each product (volume or weight) containing an
equivalent weight of 50mg quinine base was taken,
transferred into 100mL volumetric flask, dissolved with
the mobile phase, and topped up with same to the required
mark. Each sample solution was then sonicated for 15
minutes, diluted serially to produce 500 μg/mL concen-
tration, and filtered with a Whatman No. 1 filter paper.
*e final sample solutions were then accordingly analyzed
using the chromatographic conditions described in Sec-
tion 2.5.

(3) Herbal Antimalarial Products. For the herbal products
(n� 21), 10mL of each sample was pipetted and dissolved
with mobile phase in a 100mL volumetric flask with

sonication for 15 minutes. *e solutions were filtered with a
Whatman No. 1 filter paper and then analyzed using the
chromatographic conditions in Section 2.5.

2.5. Method Development and Validation

2.5.1. Chromatographic Conditions. *e chromatographic
separations were performed using Zorbax SB-CN column
(250mm× 4.6mm, 5 μm) at a column temperature of 40°C,
with an isocratic elution system using a mobile phase of
methanol: trifluoroacetic acid (0.1%, v/v) and (15 : 85, v/v) at
a flow rate of 1.5mL/min. *e injection volume was 2 μL,
and detection was at a wavelength of 223 nm.

2.5.2. Method Validation. *e ion-pair HPLC method de-
veloped was then validated according to the ICH Q2(R1)
guidelines with respect to specificity and selectivity, linearity,
limit of detection (LOD), limit of quantification (LOQ),
precision, accuracy, robustness, and stability of solutions
[21].

(1) Specificity/Selectivity. *is was demonstrated by com-
paring the chromatograms from the diluent (mobile phase
system) with that from the working standards at a con-
centration level of 80 μg/mL for quinidine, cinchonine,
cinchonidine, dihydroquinine, dihydroquinidine, and
cryptolepine (100% working) and 400 μg/mL for quinine
sulfate [22].

(2) Linearity. Linearity was determined using concentration
ranges 10–200 μg/mL for quinidine, cinchonine, cinchoni-
dine, dihydroquinine, dihydroquinidine, and cryptolepine,
and 50–1000 μg/mL for quinine sulfate. Linear regression
models were calculated from triplicate determinations of
peak areas with their respective concentrations. Linearity
was evaluated from the correlation coefficient, the residuals,
y-intercept, and slope [23].

(3) Limit of Detection and Limit of Quantification. *e limits
of detection (LOD) and limits of quantification (LOQ) were
determined from the linear regressionmodels as per the ICH
Q2(R1) guidelines.

(4) Precision. Intraday and interday precisions were in-
vestigated for all analytes at concentration levels corre-
sponding to 80%, 100%, and 120% of respective working
standards. For intraday precision, triplicate analysis of
concentrations at the three levels was determined in the
same day. For interday precision, similar investigations at
the same concentration levels were carried out on different
days. In both cases, precision was determined from the
estimation of the relative standard deviation and ANOVA
analysis [21, 23].

(5) Accuracy. Method accuracy was investigated by de-
termining the recoveries of the analytes at 80%, 100%,
and 120% of respective working standard concentrations
[21].

Journal of Chemistry 3



(6) Robustness. Concentrations of the analytes corre-
sponding to 100% were analyzed using two different col-
umns from different manufacturers. *e percentage
contents for the analytes were then statistically compared
[21].

(7) Stability of Solution. *e stability of the analytes’ solu-
tions was evaluated over 48 hours using concentrations of
the analytes equivalent to 100% concentrations after prep-
aration. *e solutions were analyzed at following time in-
tervals: 0, 0.5, 1, 3, 6, 9, 12, 24, 30, 36, and 48 hours. All
determinations made were in triplicates, and the results were
analyzed using regression analysis [23].

2.6. Analysis of Samples. *e validated method was used to
analyze the HPAFs and the APIs. *e contents of the target
analytes in the samples were assessed from triplicate peak
area determinations by applying the obtained linear re-
gression models.

2.7. Data Analysis. Data from the method validation were
analyzed using descriptive statistics (including mean,
standard deviation, and relative standard deviation), infer-
ential statistics (included Student’s t-test, and one- and two-
way ANOVA), and regression analyses from GraphPad
Prism for Windows (version 6.01, 2012). *e quality of the
QBPAFs was further explored using the unsupervised
multivariate methods, principal component analysis (PCA),
and hierarchical cluster analysis (HCA) from Minitab 18
(Minitab Inc., 2017). Cluster modeling was achieved using
the complete linkage method with squared Euclidean dis-
tance. Prior to the analysis, the data were preprocessed by
standardizing each column with their respective means and
standard deviations.

3. Results

3.1. Method Development and Validation. UV/Vis scans of
all the seven compounds of interest in methanol showed a
common UV absorption maximum at 223 nm, and this
wavelength was selected for the detection. Due to the poor
resolution associated with C18 and C8 columns [19], a CN-
bonded column was employed in this study and the results
showed a good peak resolution and symmetry (Figure 1).
*e optimized mobile phase composition was methanol:
trifluoroacetic acid (0.1%, v/v) (15 : 85, v/v). A flow rate of
1.5mL/min was observed to ensure the good resolution of
the analytes, with mean retention times being significan-
tly different from each other (F[6,14] = 262.6; p< 0.0001)
(Figure 1; Table 1).

*e method was subsequently validated in accordance
with the ICHQ2(R1) guidelines [21].*emethod developed
was able to identify each of the analytes without interference
from the mobile phase and the sample matrix. *e method
was thus shown to be selective and specific toward all the
compounds investigated. It was also shown to be precise in
both intraday and interday investigations, linear within
specified concentration ranges, accurate, and robust. *e

minimum stability of the analyte solutions was 6 hours after
preparation.*e outcome of the validation is summarized in
Table 1 and Figure 2.

3.2. Analysis of Samples

3.2.1. Overview of Samples. A total of 47 antimalarial
samples were collected from Kumasi (63.8%, n� 30/47) and
Accra (36.2%, n� 17/47) for the analyses. *is included
herbal products (44.7%, n� 21/47), with some containing
cryptolepine as per their label claim (33.3%, n� 7/21),
quinine-containing orthodox products (48.9%, n� 23/47),
and quinine sulfate APIs (6.4%, n� 3/47). All the herbal
products presented as syrups (100%, n� 21/21), while the
orthodox products presented as syrups (82.6%, n� 19/23),
tablets (4.3%, n� 1/23), and injections (13.0%, n� 3/23). *e
products were observed to have originated from four
countries, including Ghana (83.0%, n� 39/47), India (12.8%,
n� 6/47), Democratic Republic of Congo (2.1%, n� 1/47),
and the United Kingdom (2.1%, n� 1/47). Table S4 shows a
brief overview on the samples analyzed.

3.2.2. Quinine Starting Materials. *e APIs analyzed con-
tained concentrations of quinine less than the acceptable
levels of 99.0%–101.0% (Figure 3(a)) [18]. *e related
substances, including dihydroquinine and cinchonidine,
were detected. While cinchonidine levels ranged between
0.74± 0.08% and 1.57± 0.04%, dihydroquinine ranged be-
tween 5.04± 0.02% and 7.40± 0.07%. In each case, their
levels were compliant with their respective acceptance cri-
teria [18]. In the API category of samples, dihydroquinidine,
cinchonine, and quinidine were either absent or below the
detection limit.

3.2.3. Quinine-Based Pharmaceutical Antimalarial
Formulations. All the QBPAFs contained quinine (100%,
n� 23/23) as per their label claims. Residues of related sub-
stances (present as impurities) were also found in some of them,
and this included quinidine (56.5%, n� 13/23), dihydroquinine
(100%, n� 23/23), dihydroquinidine (21.7%, n� 5/23), cin-
chonine (17.4%, n� 4/23), and cinchonidine (95.7%, n� 22/23).
In this category of samples, the quinine concentrations ranged
between 50.2% and 151.2% (median� 97.34%) (Figure 3(b)).
*ere were 43.5% (n� 10/23) of these products that complied
with the acceptance criteria of 90%–110% for content assay
[17]. Out of the 56.5% (n� 13/23) that did not comply, 46.2%
(n� 6/13) of them recorded contents above 110% and 53.8%
(n� 7/13) had contents below 90%. Furthermore, while all the
injections were found to be compliant (100%, n� 3/3), 52.2%
(n� 12/19) of the syrups and the only tablet formulation in-
vestigated were not complaint with the acceptance criteria
(Figure 3(c)). In relation to the related substances, cinchonidine
and dihydroquinine levels were observed to be below the
maximum limit of 5% and 10%, respectively [17].

*e outcomes of the multivariate data analysis are
summarized in Figures 4(a) and 4(b). From the PCA, the
variability in the contents of the analytes was explained by
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the first two components, PC1 (37.1%) and PC2 (27.2%).
While PC1 partly explained the variability in the levels of
quinine, quinidine, dihydroquinidine, cinchonine, and
cinchonidine, PC2 partly explained the variability in the
levels of dihydroquinine, cinchonine, dihydroquinidine, and
quinidine. *e score plot (Figure 4(a)) showed some level of
clustering of some samples from their PC scores. Samples
with similar PC scores are thought to exhibit similar
characteristics in terms of the levels of the analytes moni-
tored. It was thus observed that some samples from different
batches from the same manufacturer exhibited similar PC
scores, thereby showing up as clusters of scores. For ex-
ample, products OTS7a-OTS7c originated from the same
manufacturer and were seen to have similar scores. Simi-
larly, OTS1a-OTS1d also originated from the same manu-
facturer.*ere were, however, other products from the same
manufacturer that had different scores, indicating some sort
of batch-to-batch differences. For example, OTS3a-OTS3e
also originated from the same manufacturer, but scores for

OTS3e and OTS3a were very different. *ese observations
were confirmed from HCA, where cluster amalgamation led
to the observation of clusters consistent with that observed
from the PC scores of the samples (Figure 4(b)).

Essentially, there were three main clusters observed and
these are briefly described below: the first cluster, with a
similarity of 53.89%, comprised 6 syrup products: four
different batches from a first local manufacturer and two
batches from a second local manufacturer, who also had
other batches having different quality attributes. *ese
products were characterized by the presence of dihy-
droquinidine (0.03± 0.03%–0.15± 0.01%, n= 6/6), higher
levels of quinidine (2.18± 0.03%–2.8± 0.36%, n= 6/6), and
quinine contents, most of which were within the acceptance
criteria (60%, n= 4/6). *e four which were compliant
originated from the first local manufacturer, while the two
which were not compliant were from the second local
manufacturer. *e second cluster, with a similarity of
70.86%, comprised of 4 syrup products, three of which were
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Figure 1: HPLC chromatograms of reference standards and samples using the developedmethod. (a) Chromatogram showing the optimum
separation of the reference standards, namely, cinchonidine, cinchonine, quinidine, quinine, dihydroquinidine, dihydroquinine, and
cryptolepine using the developedmethod. (b) Chromatogram showing the presence of quinine, cinchonidine, and dihydroquinine in an API
sample. (c) Chromatogram showing the presence of quinine, quinidine, and dihydroquinidine in a QBPAF. (d) Chromatogram showing the
presence of quinine, quinidine, and cryptolepine in a HAMP.
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different batches from a third local manufacturer and the
fourth was a product from India. *ese products were
characterized by the presence of cinchonine (0.67± 0.01%–
1.86± 0.01%) (100%, n= 4/4) and higher quinine contents
(>100%), most of which were above 110% (75%, n= 3/4).
*e third cluster, with a similarity of 56.32%, comprised of
13 products, including tablets (n= 1), injections (n= 3), and
syrups (n= 9). Some of these products complied with the
acceptance criteria for quinine (38.5%, n= 5/13) while the
others did not (61.5%, n= 8/13). *ese products were also
characterized by the absence of cinchonine and dihy-
droquinidine as impurities in them.

3.2.4. Herbal Products. It was observed that 81.0% of the
HAMPs (n� 17/21) contained varied concentrations of quinine,
while 19.0% contained cryptolepine (n� 4/21). One product
contained both quinine and cryptolepine at levels of

66.75±0.13mg/10mL and 55.27±0.91μg/mL, respectively.
*e quinine concentrations detected ranged between 0.59±0.04
and 86.03±0.02mg/10mL (median� 26.47mg/10mL) and
that of cryptolepine ranged between 43.99±0.43 and
747.86±0.34μg/mL (median� 59.19μg/mL) (Figure 3(d)).

4. Discussion

4.1. MethodDevelopment. *e new method was developed as
a result of the limitations with respect to the scope of target
analytes associated with existing compendial and other pub-
lished analytical methods for Cinchona alkaloids [17–19]. As
indicated above, the compendial methods for quinine sulfate
included specifications for a relatively limited number of re-
lated substances in addition to quinine. It was also noted that
existingmethods do not simultaneously analyze the contents of
quinine, its related substances, and cryptolepine. As these are
thought to be the main constituents in the non-ACTs used for
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Figure 2: Results for linearity and stability studies in the method validation. (a) Linearity responses for quinine over the concentration range
50–1000 μg/mL. (b) Linearity responses for all other analytes each at concentration range 10–200 μg/mL. (c) Stability of analyte solution
studies. *e red horizontal line indicates the lowest permissible content of analytes (90% of starting concentrations). *e stability of the
analyte solutions ranged between 6 and 12 hours after sample preparation.

Table 1: Summary of validation results for the developed method.

Cinchonidine Cinchonine Quinidine Quinine Dihydroquinidine Dihydroquinine Cryptolepine
Retention times 5.10± 0.14 6.08± 0.13 7.25± 0.11 8.12± 0.23 9.35± 0.30 10.19± 0.27 12.32± 0.48
LDR (μg/mL) 10–200 10–200 10–200 50–1000 10–200 10–200 10–200
r 2 0.9995 0.9976 0.9996 0.9985 0.9990 0.9994 0.9984
LOD (μg/mL) 3.83 8.18 3.30 32.01 5.12 3.99 6.74
LOQ (μg/mL) 11.61 24.79 10.00 97.00 15.52 12.11 20.42
Intraday precision
(% RSD) 1.13 0.89 0.89 0.79 0.90 1.13 0.45

Interday precision
(% RSD) 0.76 0.68 0.73 0.79 0.67 0.83 0.55

Accuracy± SD
(% recovery) 99.53± 0.7103 99.73± 0.8459 100.1± 0.9295 100.2± 1.157 99.93± 1.1016 99.50± 0.9031 99.69± 0.6641

Robustness No significant differences in the contents of analytes from the two columns
Stability of analyte
solutions (hrs.) 6 6 9 9 6 6 12

Linear dynamic range (LDR), coefficient of correlation (r2), LOD, and LOQ were determined from linear regression curves.
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malarial therapy in Ghana, any new method being developed
would be more beneficial if it targeted both quinoline (Cin-
chona) and indoloquinoline (cryptolepine) alkaloids. Hence,
the need for this new method developed.

*e chemistry of the alkaloids, including solubility, pKa,
absorptivity, and polarity, was considered in selecting optimum
mobile phase, column, wavelength of absorption, temperature,
andmode of elution for themethod developed.*e stable bond
(SB) cyano columnwas chosen due to its exceptional stability at
low pH and ability to withstand high temperature up to 90°C,
and its use ensures good peak resolution of basic compounds
[24]. Such columns also possess an intermediate polarity, which
makes them suitable in both reverse- and normal-phase HPLC
methods. *e outcome of the validation showed that the de-
velopedmethodwas suitable for analysis and the quality control
of the contents of the quinoline and indoloquinoline alkaloids.

4.2. Adulterated and Substandard Herbal Antimalarials.
Due to the acceptability and wide patronage of herbal
medicines, and high perception of their safety and efficacy
because of their natural origins [11], coupled with systemic
challenges in their proper regulation in Ghana, the herbal
industry has become vulnerable and a fertile ground for
exploitation by unscrupulous persons who only aim to
maximize profit with no regard to human safety [25]. One
key resultant effect of such systemic lapses is the issue of
adulteration. Some manufacturers resort to adding known
pharmaceuticals to their herbal products in the quest to
enhance product efficacy [26]. Previous studies in the
country have shown the presence of adulterants like dexa-
methasone [27] and sulfur [28] in some topical herbal
products. Elsewhere, a number of reports on adulteration
involving herbal medicines have been documented [29].
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Figure 3: Analyses of contents in the herbal and pharmaceutical antimalarial formulations. (a) Content assays of quinine APIs (n� 3).
Quinine contents (Ref: left y-axis) and related substances (Ref: right y-axis) detected. None of the APIs contained the right amount of
quinine (indicated as the highlighted region in the graph) for product manufacture. (b) Contents of quinine (Ref: right y-axis) and its related
alkaloidal substances (Ref: left y-axis) in the orthodox products. *e highlighted region (Ref: right y-axis) indicates the range of contents
deemed acceptable for quinine content. (c) Proportions of QBPAFs that either complied or did not comply with the acceptance criteria on
quinine content. (d) Content assays of analytes in the herbal products. Quinine (Ref: left y-axis) and cryptolepine (Ref: right y-axis)
constitute the main antimalarial alkaloids detected in the herbal products. Quinine (QUIN) and cryptolepine (CRPT) constitute the main
APIs in the samples analyzed, while the related substances included cinchonidine (CCND), cinchonine (CCN), dihydroquinidine (DHQD),
dihydroquinine (DHQN), and quinidine (QUND).
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Authors in this study report the likely incidence of
adulteration of the HAMPs with quinine. It is worthy to note
that none of the HAMPs sampled had a label claim of
Cinchona sp. as a plant constituent or Cinchona alkaloids as
labeled constituents. Recently, it has been reported that the
main plant constituents in HAMPs, as documented in the
Recommended Essential Herbal Medicine List (REHML) in
Ghana, include Cryptolepis sanguinolenta (Lindl.) Schltr,
Azadirachta indica A. Juss., and Alstonia boonei De Wild
[14]. Previous ethnobotanical and ethnopharmacological
studies conducted in different parts of the country confirm
the presence of the above-mentioned plants, together with
others for the treatment of malaria [12, 30, 31]. In none of
such surveys was there a report of the use of Cinchona sp. by
traditional folks for their treatment or its presence as one of
the plant constituents in HAMPs [12, 14, 30, 31]. *e ap-
parent detection of quinine in significant quantities in the
majority of the sampled HAMPs may therefore indicate the
possibility of deliberate adulteration by the respective
manufacturers with the compound to enhance product ef-
ficacy. From the wide range of the quinine concentrations
detected in these products (Figure 3(d)), it is obvious that the
levels of quinine added are not standardized and properly
controlled, and this could pose dangerous health risks to
consumers who patronize them [32]. *ere is also the risk of
resistance development by Plasmodium parasites from ex-
posures to subtherapeutic doses of quinine in some of these
products.

In the case of cryptolepine, the compound was only
observed in 4 out of the 7 products, which claimed Cryp-
tolepis sanguinolenta as one of their plant constituents. *is
observation was similarly reported byMensah et al. [33], and
it was argued that this could be due to either wrong labeling
of the herbal products with the plant or poor harvesting
practices, which tend to affect the concentration of the
compound [26]. In either of the proposed situations, there
arise quality control and assurance concerns since the

affected products may not be therapeutically effective and
consumers would also not have value for money from
purchasing them.

4.3. Substandard Pharmaceutical Antimalarial Formulations.
Contrary to HAMPs, PAFs have a well-structured regulatory
framework in Ghana that ensures that manufacturers strictly
adhere to good manufacturing practices. *at notwith-
standing, there continue to be records of substandard an-
timalarials over the years and in several of these instances,
the FDA had cause to issue product recalls from the market
[34]. From the findings in this study, authors also report
likely incidences of substandard QBPAFs from among the
selected for the study.

*e very low- and high-percentage contents of quinine
in the noncompliant products could partly be due to the use
of poor-quality APIs. *e three APIs donated by the three
independent manufacturers analyzed in this study were all
found to be substandard (assay <99.0%). If manufacturers
use API materials of such quality for their formulations,
their products will likely end up with quinine contents lower
than expected. In addition, if these substandard APIs were
used and their quantities duly adjusted in formulations to
compensate for their lower quinine levels (based on in-house
analysis), accumulation of related substances (or impurities)
may occur, and this will also be considered as undesirable.
We argue that this could also be a reason for the observation
in this study that the number of related substances in the
APIs detected (that is, dihydroquinidine and cinchonidine)
was less than that in the QBPAFs (that is, quinidine,
dihydroquinine, dihydroquinidine, cinchonine, and cin-
chonidine). It may be possible that in the APIs, the related
substances were present at levels that were below detection
limits, but during manufacture, weight adjustments to
compensate for substandard quinine levels could result in
relatively higher weight being taken with higher amounts of

"INJ3""INJ2"

"INJ1"

2

1

0

OTS6

OTS3c
OTS3b

OTS1b
OTS1a

OTS1d
OTS3e

OTS1c

OTS5aOTS3aOTS4

OTS3d

OTS5c
OTS5b

OTS5d

OTS7b

OTS7cOTS2

OTS6

OTS7a–2

–1

–3 –2 –1 0 1 2 3 4
PC1 (37.1%)

PC
2 

(2
7.

2%
)

(a)

Pharmaceutical Antimalarial Formulations

0.00

33.33

66.67

100.00

O
TS

1a
O

TS
1b

O
TS

1d
O

TS
1c

O
TS

3b
O

TS
3e

O
TS

2
O

TS
7a

O
TS

7c
O

TS
7b

O
TS

3a
O

TS
3b

"IN
J3

"
O

TS
5b

O
TS

5d
O

TS
5c

O
TS

5a
O

TS
4

"IN
J1

"
"IN

J2
"

O
TT

6
O

TS
3c

O
TS

6

Si
m

ila
rit

y

(b)

Figure 4: Multivariate data analysis of analytes contents in the quinine-based pharmaceutical antimalarial formulations. (a) Score plot from
the principal component analysis showing some similarities and dissimilarities among the investigated products. Products with the same
color symbols originate from the same manufacturer. (b) Dendrogram from hierarchical cluster analysis showing the clustering of the
samples as determined from the contents of quinine and its related alkaloidal substances in the products.
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these substances being detected and quantified. Also, if such
adjustments are also not properly controlled, the products
may rather end up with very high contents as also was
evident for some of the products in this study.

Formulation challenges could have also contributed to
the high incidence of substandard products. For instance,
some of the noncompliant syrups were observed to have
crystals in them (data not reported), suggesting a possible
poor solubility of quinine sulfate and hence the low per-
centage contents of such products. Quinine is known to be
poorly soluble in aqueous media, and its formulations have
been widely investigated in attempts to improve upon sol-
ubility and bioavailability [35].

4.4. Product Quality Inconsistency. Every medicine con-
sumer expects that his/her medicine is of the utmost re-
producible quality from one batch to the other so that
therapeutic efficacy for intended indications is guaranteed
in the recommended time frame for treatment. It is
therefore the responsibility of the manufacturer to institute
robust quality assurance systems to guarantee such ex-
pectations. In this study, we identify instances of batch-to-
batch variation in the quality attributes of the medicines
investigated. From the PCA and HCA, it was observed that
the QBPAFs were classified into three major groups
depending on the similarities in their profiles with respect
to quinine content and the contents of the related cinchona
alkaloidal substances. In one of such instances, it was
observed that samples OTS3a-OTS3e (n = 5) (Figure 4(a)),
which originated from the same manufacturer, were
classified in two different clusters. In one cluster, OTS3b
and OTS3e had very low quinine contents of 55.73 ± 0.10%
and 50.23 ± 1.01%, respectively. *ey also contained
dihydroquinidine, which was absent in the other three
samples. In the second cluster, while OTS3c and OTS3d
contained appreciable levels of quinine (that is,
95.01± 0.04% and 91.64 ± 1.54%, respectively), OTS3a was
found to be substandard with 89.51± 0.21%. Additionally,
OTS3b, OTS3c, and OTS3e were also found to contain
quinidine, and this was absent in OTS3a and OTS3d. *ese
observations raise concerns about the quality of the quinine
APIs used in manufacturing. Although the preliminary
data gathered on these products show that they were
manufactured at different times (2016, 2017, 2018, and
2019), for which reason it is possible to have used differ-
ently procured starting materials, it is worthy to note that
for two of the samples produced in 2019, OTS3c and
OTS3d, one contained quinidine and the other did not.*is
calls for a closer look at the quality of APIs used for product
manufacturing in the country.

*ere was also an observation of three samples origi-
nating from one manufacturer, and all these samples
recorded very high quinine contents (128.41± 1.07%–
151.23± 0.05%), with the presence of quinidine, cinchonine,
cinchonidine, and dihydroquinine. Obviously, it could be
argued that such a manufacturer had challenges with the
quality of the starting materials and challenges with the
manufacturing process.

4.5. Risk of Toxicity from Accumulated Levels of Quinine and
Its Related Substances. Substandard products appear either
as products with very low or very high contents of the active
ingredients or present with higher levels of impurities, and
these are known to pose a dangerous health risk to medicine
consumers. In the case of quinine, adverse effects like cin-
chonism, characterized by tinnitus, high-tone deafness, vi-
sual disturbances, headache, dysphoria, vomiting, and
postural hypotension have been reported even with thera-
peutic doses [36]. *e observation of supralevels of quinine
in products indicated for use among children as evident
from the current study is the more worrying. One study
reported the death of one child with the other two presenting
with major deficits from quinine poisoning [37]. High
quinine levels have also been reportedly associated with
retinal toxicity, with some leading to complete blindness,
alteration of color vision, and blurriness [38, 39]. Addi-
tionally, the increasing levels of quinidine detected in a
number of the samples also pose cardiotoxic risks such as
postural hypotension, syncope, and QT interval prolonga-
tion, which may lead to arrhythmias [6].

5. Conclusions

*is study reports on the development and validation of an
ion-pair HPLC-UVmethod tomonitor the quality of HPAFs
containing quinoline and indoloquinoline alkaloids. Its
application shows the prevalence of substandard quinine-
based pharmaceutical and cryptolepine-containing herbal
antimalarials, and herbal antimalarials adulterated with
quinine. In addition, APIs used to manufacture some of
these products were observed to be substandard. In attempts
to build on the successes achieved so far in the country
toward the fight against malaria, as a key contributor to the
general health and well-being of the Ghanaian populace, this
study brings up topical quality assurance-related issues that
threaten these successes and hence calls for considerations
by regulatory agencies in the medicine quality landscape to
intensify surveillance and introduce more training to curb
the rising menace.
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