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ABSTRACT
Background: Substandard and falsified (SF) medicines are a serious threat to 
public health in low- and middle-income countries (LMICs). Visual inspection 
of medicines and screening analysis using the Global Pharma Health Fund 
(GPHF)-Minilab are important in medicine quality surveillance in low-resource 
settings.
Methods: Recently, 260 medicine samples from Nigeria had been investigated 
for assay and dissolution according to the United States Pharmacopeia (USP). In 
the present study, these results were compared to the results of the 
investigation of the same samples by visual inspection and by GPHF-Minilab 
analysis by local personnel in Nigeria.
Results: Visual inspection identified many deficiencies of dosage units and 
packaging information in SF medicines. All four falsified medicines were 
readily identifiable, primarily from serious spelling errors in the labelling, and 
from manufacturer names which could not be verified using internet 
resources. In GPHF-Minilab disintegration testing, two samples did not 
disintegrate even after 60 min; both were found to fail USP dissolution 
testing with extreme deviations. Of the 20 samples which deviated in USP 
assay analysis by more than 20% from the declared API amount, seven (35%) 
were detected as non-compliant in TLC analysis. Evaluation by TLC image 
analysis with a recently developed smartphone application (named TLCyzer) 
increased sensitivity to 62.5% but led to an unacceptably low specificity 
(75.2%). Additional training of the local personnel improved the results of 
both TLC analysis and TLCyzer evaluation. Photographs of the visual  
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deficiencies and of the TLC analysis results of the SF medicines are provided as 
PowerPoint and PDF slides with this publication, for future training courses of 
pharmacy staff and health workers in LMICs.
Conclusion: Visual inspection, and screening analysis with simple, rapid and 
inexpensive methods, are important in the surveillance for SF medicines in 
LMICs. This study provides data on the potential and the limitations of such 
screenings.
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Background

Substandard and falsified (SF) medicines represent a serious public health 
risk, especially in low- and middle-income countries (LMICs). The World 
Health Organization (WHO) has estimated that 10.5% of all medicines in 
LMICs are substandard or falsified (WHO, 2017a). The number of deaths 
resulting from the use of SF medicines in only two diseases, malaria and child
hood pneumonia, was estimated by the WHO to be between 105.000 and 
285.000 annually (WHO, 2017a). If these estimates are correct, SF medicines 
represent one of the deadliest neglected health problems worldwide.

The WHO recommends a strategy of prevention, detection and response 
to counter this problem (WHO, 2017b). For the detection of SF medicines, 
simple and inexpensive screening tools are important, since many LMICs 
lack the resources for a sufficient number of fully equipped medicine 
quality control laboratories (Zambrzycki et al., 2021). Among the devices 
used for medicine quality screening in LMICs, the Global Pharma Health 
Fund (GPHF)-Minilab (USP, 2020; WHO, 2017a) is the most widely used one. 
According to the GPHF-Minilab Manual (Jähnke & Dwornik, 2022), the analysis 
with this tool consists of visual inspection, a simplified disintegration test for 
solid oral dosage forms, and a qualitative and semi-quantitative analysis of 
the active pharmaceutical ingredients (APIs) using thin-layer chromatography 
(TLC). The sensitivity of the GPHF-Minilab in the detection of SF medicines has 
been discussed with some controversy (Jähnke, 2018; Pan & Ba-Thein, 2018), 
and additional experimental data on the sensitivity and specificity of this 
screening tool in field studies are desirable.

We have recently reported results of a study of the quality of medicines 
collected in Nigeria, carried out in a collaboration between the Faith-Based 
Central Medical Foundation (FBCMF) in Nigeria and the University of 
Tübingen in Germany (Gabel et al., 2024). FBCMF is a local church organisa
tion in Enugu, Nigeria, which procures medicines locally and supplies them 
primarily to faith-based health facilities in Enugu and neighbouring states. 
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In that study, 260 medicine samples were collected by FBCMF in Nigeria and 
analyzed in the laboratory of the University of Tübingen for assay (=API 
amount) and for dissolution according to the United States Pharmacopeia 
(USP). Four of the samples (1.5%) were found to be falsified, not containing 
the declared API(s). An additional 62 samples (23.8%) were found to be sub
standard (Gabel et al., 2024).

FBCMF is a member of the Difäm-EPN Minilab Network, which implements 
medicine quality screening using the GPHF-Minilab (Gnegel et al., 2022). The 
samples of the above-mentioned study had also been investigated by local 
personnel of FBCMF, using visual inspection of the samples, simplified disin
tegration testing and analysis with TLC according to the GPHF-Minilab 
Manual (Jähnke & Dwornik, 2020). The methods and results of these rapid 
low-cost screening investigations were not included in the previous publi
cation (Gabel et al., 2024) and are presented here for the first time. The key 
findings reported in the present publication are: 

1. A brief summary of the results of the compendial analysis according to the 
USP. These have been published in more detail in Gabel et al. (2024).

2. A documentation of the different types of visual deficiencies observed 
among the 66 SF medicine samples detected in this study.

3. Results of the simplified disintegration testing in comparison with the 
results of compendial dissolution testing according to the USP.

4. A comparison of the results of the TLC analysis using visual evaluation with 
the results of compendial assay testing according to the USP, including a 
calculation of the observed sensitivity and specificity of the TLC analysis in 
the detection of falsified and of substandard medicines.

5. Results of a first field test of an open-source smartphone application 
(‘TLCyzer’) for photography and image analysis of TLC plates, which has 
recently been developed for an improved quantitative evaluation of TLC 
analyses in medicine quality screening (Hauk et al., 2022).

In the course of the present study, it became apparent that the results 
of all employed rapid low-cost screening methods (visual inspection, sim
plified disintegration testing, TLC with visual evaluation, and TLC with 
quantitative evaluation by image analysis) could be improved by 
additional training of the personnel carrying out these analyses. So far, 
only few suitable teaching materials for such training courses are available 
in the literature (FIP, 2021; Schiavetti et al., 2020; Waffo Tchounga et al., 
2023; WHPA, 2011). Therefore, photographs of the visual deficiencies of 
the investigated SF medicines, and of their TLC analysis, are included in 
the Supplementary Material of this publication as PowerPoint and PDF 
slides, which could be useful for future training of pharmacy staff and 
healthcare workers in LMICs. Furthermore, a checklist for the visual 
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inspection of medicines was developed in this study and is included in the 
Supplemental Material.

Methods

Included and excluded medicines

For each of the 13 APIs investigated in this study, the total number of 
samples, the number of different brands and different batches, and the 
number of samples investigated by different analytical methods are pre
sented in Supplemental Table S1. All 260 samples were investigated by com
pendial assay analysis. Ceftriaxone injections were excluded from compendial 
dissolution testing and from simplified disintegration testing since these tests 
only apply for solid oral dosage forms. The seven fluconazole samples col
lected as capsules were excluded from dissolution testing since no dissol
ution method is described for them in the USP. For one ciprofloxacin 
sample not enough dosage units were available for dissolution testing. Disin
tegration testing and TLC analysis of the fluconazole samples could not be 
completed in the time available for this study due to the COVID-19 pandemic 
and to civil unrest in Nigeria. The same applied to the TLC analysis of six cef
triaxone, two atenolol, one ciprofloxacin and one hydrochlorothiazide 
sample. Furthermore, in the quantitative evaluation of TLC results by image 
analysis, one ‘chloroquine’ and three ‘cotrimoxazole’ samples were excluded 
since they were falsified and did not show spots of the declared API(s) which 
could have been evaluated; in addition, one sustained-release metformin 
sample was excluded since it showed incomplete extraction of the API in 
TLC analysis (see Results section), therefore quantitative evaluation of the 
TLC spot of this sample by image analysis was not meaningful.

Sample collection

The collection of samples for this study is described in detail in Gabel et al. 
(2024). The medicines were procured by FBCMF from two types of sources: 
(a) licensed manufacturers and wholesalers; (b) vendors at the pharma
ceutical markets in Onitsha and Enugu with unclear licensing status. A 
mystery shopper approach was used. Medicines collected from licensed 
vendors were paid for according to standard FBCMF procedures, and medi
cines collected from Onitsha and Enugu markets in cash.

Compendial analysis of medicines

Analysis for assay and dissolution according to the USP 42 was carried out at 
the Pharmaceutical Institute of the University of Tübingen, Germany, as 
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described by Gabel et al. (2024). For each API, the results of the assay analyses 
are summarised in Supplemental Table S2.

Visual inspection of medicine samples

Visual inspection was first carried out by FBCMF staff in Enugu, Nigeria, 
according to the procedure described in the GPHF-Minilab Manual (Jähnke 
& Dwornik, 2022). After samples had been sent to Germany, visual inspection 
was repeated in the laboratory of the University of Tübingen. In both cases, 
this comprised investigation of dosage units, packaging, and labelling infor
mation, and was followed by photographic documentation of the observed 
deficiencies. Based on the different types of visual deficiencies observed 
during this study, and on the experience from a final workshop conducted 
in Enugu (Nigeria) in April/May 2024, the visual inspection checklist shown 
in Supplemental Table S3 was compiled.

Simplified disintegration testing

Simplified disintegration testing was carried out by FBCMF in Nigeria as 
specified in the respective chapter of the GPHF-Minilab Manual (Jähnke & 
Dwornik, 2022). Six tablets or capsules were immersed in a flask containing 
100 mL water at 37°C, and the liquid was stirred or shaken from time to 
time. Immediate release tablets and capsules are considered as compliant if 
all six units fully disintegrate within 30 min, while slow-release and enteric- 
coated products have to withstand this test and must not disintegrate 
before 30 min.

TLC analysis with visual evaluation

TLC analysis was carried out by FBCMF in Nigeria, following the monographs 
of the GPHF-Minilab Manual (Jähnke & Dwornik, 2022) for the respective APIs. 
As described in that manual, for TLC testing two reference solutions, contain
ing API concentrations corresponding to 100% and 80% of the declared API 
amount in the respective sample, were applied to the TLC plates for compari
son with the sample.

TLC analysis with quantitative evaluation by image analysis

TLC plates were photographed by FBCMF in Nigeria under standardised con
ditions, using the photography box described by Hauk et al. (2022). This black 
wooden box protects the UV256nm-illuminated TLC plates from ambient light. 
It consists of a bottom plate which accommodates the TLC plate, and of a 
box-shaped lid. The lid has two openings in the sides for insertion of the 
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battery-operated UV lamp supplied with the GPHF-Minilab. A third opening 
located in the upper side enables capturing a photo of the TLC plate with 
a smartphone camera. Quantitative analysis of the TLC results was carried 
out by FBCMF in Nigeria using image analysis of the TLC photographs with 
the TLCyzer app version 0.4.1 on a Motorola G7 smartphone, as described 
by Hauk et al. (2022). Using this app, a JPEG photo of approximately 12 mega
pixel is taken of the TLC plate with the smartphone. After manual positioning 
of the four corner points of the image to be evaluated, the TLC spots are 
detected automatically and integrated. For each reference spot, the API 
amount is manually entered. By fitting a linear function, the app automati
cally calculates the API amount for each sample spot, expressed as percen
tage of the declared API amount. The TLCyzer app is available free of 
charge as GPL open-source software, with instructions for use (Hauk et al., 
2022).

Definitions

For substandard and falsified medicines, the current definitions by the WHO 
were used (WHO, 2017a): substandard medical products are authorised 
medical products that fail to meet either their quality standards or their spe
cifications, or both; falsified medical products are products that deliberately/ 
fraudulently misrepresent their identity, composition or source. For TLC 
analysis with visual evaluation, or with quantitative evaluation by image 
analysis, sensitivity was defined as the proportion of falsified or substandard 
samples that the screening test correctly identified as non-compliant (‘fail’). 
Specificity was defined as the proportion of good quality samples that the 
screening test correctly identified as compliant (‘pass’). These proportions 
were calculated as described by Altman and Bland (1994).

Results

Compendial analysis of medicines

For all 13 collected types of medicines, the results of assay analysis according to 
the USP 42 are summarised in Supplemental Table S2. Detailed results for assay 
and dissolution analysis of all samples are described in Gabel et al. (2024).

Visual deficiencies observed among the substandard and falsified 
medicines detected in this study

Non-uniformity of dosage units
Visual deficiencies were observed in many of the substandard and falsified 
medicines identified in this study. Supplemental Fig. S1 depicts two medicine 
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samples which contained within the same bulk container of 1000 tablets 
three or even seven different kinds of tablets, respectively, with different 
embossings and different thickness. Chemical analysis revealed that none 
of these tablets contained any API at all, i.e. both samples represented 
falsified medicines.

Discolouration of dosage units
Supplemental Fig. S2 depicts a sample of chloroquine tablets which con
tained, besides white tablets, tablets with brown discolouration. When 
both tablet types were analyzed separately, the white tablets complied 
with USP specifications for assay, containing 100.6% of the stated API 
amount, while the brown tablets failed USP specifications, containing only 
81.9% of the stated API amount.

Supplemental Fig. S3(A) shows metronidazole tablets with brownish dis
colouration. Chemical analysis showed that this sample contained only 
89.6% of the stated API amount and was therefore non-compliant with USP 
specifications.

Supplemental Fig. S3(B) depicts hydrochlorothiazide tablets showing black 
spots. This sample failed USP assay specifications, containing only 87.3% of 
the stated API amount.

Poorly manufactured tablets, with ridges, erosion, cracks, and 
formation of powder
Supplemental Fig. S4 shows dexamethasone tablets with pronounced ridges, 
resulting in non-uniform tablet weight and in powder formation in the bulk 
container. The sample showed an API content of only 79.7% of the declared 
amount, and an average API dissolution of 67.9% of the declared amount 
(USP Q value: 80%).

Supplemental Fig. S5 shows tablets of another sample, labelled to contain 
cotrimoxazole. Lack of physical stability resulted in crumbling of tablets and 
powder formation. These tablets were falsified and did not contain any cotri
moxazole but 27 mg of paracetamol per tablet.

Supplemental Fig. S6 depicts a sample of metronidazole tablets, collected 
in a bulk plastic container. These tablets lacked physical stability, resulting in 
fragmentation of many tablets. The intact tables in this sample complied with 
specifications, but the fragmentation jeopardised the correct dosage of the 
medication.

Tablets exhibiting a peculiar smell
One sample of metronidazole tablets (Zunagyl®; Zunamediks Pharm. Ltd., 
Nigeria), supplied in a bulk container, exhibited an unpleasant odour. Chemi
cal analysis showed a gross deviation from assay specifications, i.e. only 48.4% 
of the stated API amount.
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Incomplete filling of blisters
Supplemental Fig. S7(A) shows a blister of dexamethasone tablets with one 
blister compartment left empty, indicating insufficient quality assurance/ 
quality control by the manufacturer. The tablets of this sample were found to 
contain only 51.3% of the stated amount of the API. Supplemental Fig. S7(B)
shows a blister of dexamethasone tablets with one blister compartment con
taining only half a tablet. This sample failed in dissolution testing, with only 
76.0% of the stated API amount dissolving (USP Q value: 80%).

Spelling errors in the labelling information
Supplemental Fig. S8 shows two samples labelled as cotrimoxazole (=sulfa
methoxazole and trimethoprim) tablets. The first API is misspelled as ‘sulpha
methozole’, and the labels have multiple further spelling and capitalisation 
errors. The samples were falsified and contained neither sulfamethoxazole 
nor trimethoprim.

Supplemental Fig. S9 depicts a sample of glibenclamide tablets. The name 
of the API is spelled correctly on the secondary packaging but is misspelled as 
‘gilbenclamide’ on the blister. The sample was found to show only 51.2% dis
solution of the API (USP Q value: 70%).

Spelling errors occurred not only in the API name but also in other parts of 
the labelling information. Supplemental Figs S10 and S11 show samples of 
ciprofloxacin tablets and dexamethasone tablets with the misspellings ‘flim 
coated’ instead of film coated, and ‘practitoner’ instead of ‘practitioner’. 
Both samples were found to fail in both assay and dissolution analysis, 
with assay results of 87.5% and 81.2% (USP limit: 90%), and dissolution 
results of 73.8% and 69.0% (USP Q value: 80%) of the stated API amount, 
respectively. Supplemental Fig. S12 shows a package containing 1 × 10 cefur
oxime axetil tablets. The front side of the package incorrectly states the 
content as ‘10 × 1 × 10’ tablets. Chemical analysis showed only 83.2% of the 
stated API amount (USP limit: 90%).

Contradictory labelling information
Supplemental Fig. S13 depicts chloroquine tablets with a different batch 
number stated on the blister compared to the secondary packaging. This is a 
strong indication of quality defects or even falsification, and the sample was 
found to contain only 13.1% of the declared API amount. Notably, another 
product from the same stated manufacturer has been found previously to 
contain extremely substandard amounts of the declared APIs (NAFDAC, 2020).

Non-verifiable manufacturer names
A powerful but underutilised method to identify falsified medicines is the ver
ification of the labelling information using internet resources. A striking 
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example is given in Supplemental Fig. S14, showing the four falsified medi
cines which were detected in this study and which did not contain the 
declared APIs. The names of the manufacturers of these medicines were 
stated as Leoben Healthcare, Rotac Medical Lab., Citicare Laboratories Ltd, 
and Weltec Healthcare Ltd, each with a complete street address in Nigeria. 
However, an internet search revealed that neither websites of these manufac
tures could be found, nor were they found in the list of manufacturers in 
Nigeria’s Registered Drug Product Database (NAFDAC, n.d.). Apparently, 
none of these manufacturers existed. Further, the internet search revealed 
that the name of one of these manufacturers (‘Citicare Laboratories Ltd.’) 
had previously been used on a falsified medicine sample (NAFDAC, 2019).

Misleading labelling information on the country of origin
Supplemental Fig. S15 depicts a sample of glibenclamide tablets, stating as 
origin ‘ZLF Pharma UK Limited’, with a street address in London, UK. 
However, an internet search revealed that this company is not registered 
as a manufacturer in the UK (Companies House, n.d.), but that ‘ZLF pharma
ceutical limited’ [sic] is a manufacturer in Wuxi, Jiangsu province, China (ZLF, 
n.d.). The sample failed dissolution testing with a dissolution of only 64.0% of 
the declared API (USP Q value: 70%).

Non-verifiable registration number
The labels of the four falsified medicines discovered in the present study 
(Supplemental Fig. S14) showed NAFDAC registration numbers which could 
not be verified in NAFDAC’s online Registered Drug Product Database 
(NAFDAC, n.d.). However, that database is still in the process of being com
pleted (Gabel et al., 2024). Therefore, a non-verifiable registration number 
presently cannot be seen as definitive evidence for falsification.

Results of simplified disintegration testing

In this study, 212 medicine samples were investigated using the GPHF- 
Minilab disintegration test by FBCMF staff in Enugu, Nigeria. One of these 
samples (representing metformin tablets) was a sustained release product. 
It correctly withstood the disintegration test, and in subsequent dissolution 
testing according to the USP it complied with the specifications for sustained 
release metformin tablets. However, it had first been overlooked that this 
sample was labelled as a sustained release product, and it was incorrectly 
recorded as failing disintegration testing. This shows the importance of 
appropriate training on the evaluation of disintegration testing results.

Of the other 211 samples, two (containing chloroquine and atenolol, 
respectively) were found not to disintegrate at all, even after 60 min. 
Notably, subsequent dissolution testing according to the USP showed that 
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both failed with extreme deviations, showing dissolution of only 44.7% and 
24.0% of the stated API amounts, respectively (USP Q values: 75% and 80%, 
respectively). Four further samples failed disintegration testing; two of 
them were reported to show delayed disintegration (35 min), and another 
two incomplete disintegration. However, these four samples were found to 
be compliant in subsequent dissolution testing according to the USP.

The other 205 samples passed Minilab disintegration testing. For 43 of 
these, subsequent USP dissolution testing showed an insufficient amount 
of dissolved API, lower than the USP specification (Gabel et al., 2024). It 
should be noted, however, that 29 out of these 43 samples contained an 
insufficient API amount already in USP assay testing. The other 14 showed 
a sufficient API amount in assay testing but an insufficient amount of dis
solved API in dissolution testing, three of these even with dissolution rates 
more than 25% below the pharmacopeial threshold.

Results of TLC analysis with visual evaluation

A total of 228 medicine samples were investigated using TLC by FBCMF in 
Nigeria. The results exemplify the potential and the limitations of Minilab 
TLC analysis.

TLC identification of medicines which do not contain the declared 
active ingredient
Four falsified medicine samples were detected in this study. They did not 
contain the stated API(s), as later proven by HPLC analysis. Photos of these 
samples and their TLC analyses are shown in Figure 1. Sample A was labelled 
to contain 250 mg of chloroquine phosphate per tablet. TLC analysis shows 
the spots of the authentic chloroquine reference substance, but no spots 
are visible in the two lanes where the sample solution was applied. This 
proves the absence of TLC-detectable amounts of chloroquine in this sample.

Samples B and C were labelled to contain 480 mg of cotrimoxazole, i.e. a 
fixed combination of 400 mg of sulfamethoxazole and 80 mg trimethoprim. 
TLC analysis shows the spots of both APIs for the authentic reference. 
However, the lanes of the sample solutions show absence of detectable 
amounts of both APIs.

Sample D was also labelled to contain 480 mg of cotrimoxazole per tablet. 
As visible from the TLC analysis, the sample solution contains no detectable 
amounts of sulfamethoxazole or trimethoprim but shows spots of a different 
substance with an Rf value slightly lower than that of sulfamethoxazole. This 
substance was subsequently identified in the University of Tübingen as para
cetamol (27 mg/tablet), using HPLC, UV spectroscopy and TLC analysis in 
comparison with authentic paracetamol (Gabel et al., 2024).

10 M. LÄCHELE ET AL.



Therefore, all four samples which did not contain the declared API were 
readily identifiable by GPHF-Minilab TLC analysis. The further 224 samples 
investigated by TLC all proved to contain the declared APIs by subsequent 
HPLC analysis (Gabel et al., 2024). In two cases, the reported results of their 
first TLC analyses (depicted in Supplemental Fig. S16) were that the declared 
APIs cotrimoxazole and cefuroxime axetil were not detected. When the analy
sis was repeated, as is the standard operation procedure in case of a non- 
compliant TLC result, the re-tests readily proved the presence of the APIs 
(Supplemental Fig. S16). Apparently, a handling error had occurred in the 
first tests. This exemplifies the importance of the instruction to repeat any 
GPHF-Minilab analysis giving a ‘non-compliant’ result.

TLC identification of medicines which contain less than 50% of the 
declared API amount
Five medicine samples showed detectable amounts of the declared API(s) in 
HPLC analysis but less than 50% of the stated amount. These samples are 
depicted in Figure 2 with their TLC analyses.

Sample A (labelled as chloroquine phosphate tablets 250 mg) contained 
only 13.1% of the declared API amount. This is clearly visible in the TLC analy
sis, where the spots of the sample are markedly weaker than those of the 
authentic reference.

Figure 1. Thin-layer chromatographic identification of medicines which do not contain 
the declared active pharmaceutical ingredient. Ref = authentic reference substances 
(left lane: 100%; right lane: 80%); S = sample solutions. Su = sulfamethoxazole; Tr = tri
methoprim. See text (and Methods section) for further explanations.
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Samples B and C (labelled as cotrimoxazole tablets 480 mg) contained only 
22.4% and 23.9% of the declared amount of trimethoprim, respectively. Cor
respondingly, the spots of trimethoprim in the samples are only faint and 
weaker than those of the reference. Sample B also contained only 50.1% of 
the declared amount of sulfamethoxazole. TLC analysis shows that the sulfa
methoxazole spots are weaker in the sample than in the reference, but this 
difference may not be immediately obvious to an untrained investigator.

Sample D (labelled as metronidazole tablets 200 mg) contained only 
48.4% of the declared API amount. TLC analysis shows weaker spots for the 
sample than for the reference and an additional compound with a higher 
Rf value. This additional compound was also observed in HPLC analysis but 
remained unidentified in this study.

Sample E (labelled as dexamethasone tablets 0.5 mg) contained only 
42.9% of the labelled API amount. TLC analysis shows the insufficient API 
quantity, as well as faint spots of an additional compound with a lower Rf 
value. This additional compound was identified in the University of Tübingen 
as a preservative from the paraben family (Gabel et al., 2024).

Samples A, B and C had been readily identified as non-compliant by 
FBCMF staff in Enugu, Nigeria, using TLC analysis. However, samples D and 
E were not reported as non-compliant. This indicates that additional training 
of analyzer personnel in the semiquantitative evaluation of TLC results may 
improve the sensitivity of the TLC analysis.

TLC identification of medicines which contain between 50% and 80% 
of the declared API amount
Among the 228 samples investigated using TLC were 11 samples which had 
API contents between 50 and 80% of the declared amount. Figure 3 shows 

Figure 2. Thin-layer chromatographic analysis of medicines which contain less than 
50% of the declared amount of the active pharmaceutical ingredient.
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these samples and the results of their TLC analyses. Samples G and I are 
tablets of the same brand and batch; sample I had been collected in the 
first round of sample collection for this study, and sample G seven months 
later in the second round (Gabel et al., 2024). Seven of the eleven samples 
depicted in Figure 3 are dexamethasone samples. As described by Gabel 
et al. (2024), in this study 20 (90.9%) out of the 22 dexamethasone samples 
were out-of-specification in assay testing; this unusual result was confirmed 
by a WHO-prequalified medicine quality control laboratory (Gabel et al., 
2024).

As expected, the spots of the API(s) were visible in the TLC analyses of all 
these 11 samples (Figure 3). None of these samples was reported as non- 
compliant in TLC analysis. It needs to be considered, however, that the 
seven dexamethasone samples depicted in Figure 3 were labelled to 
contain 0.5 mg/tablet (five samples) or 1 mg/tablet (two samples). 

Figure 3. Thin-layer chromatographic analysis of medicines which contain between 
50% and 80% of the declared amount of the active pharmaceutical ingredient.
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Dexamethasone tablets of higher strength than 0.5 or 1 mg/tablet had not 
been available at the sampling sites of this study. This strength is below 
the range of 2–8 mg/tablet described in the GPHF-Minilab monograph 
for dexamethasone tablets (Jähnke & Dwornik, 2022) and makes precise 
TLC analysis technically difficult.

For samples A, B and C, a careful evaluation of the TLC analysis (Figure 3) 
shows that the sample spots are weaker than those of the references. This 
again suggests that additional training in semiquantitative evaluation of 
TLC analyses may improve the sensitivity of the TLC detection of SF 
medicines.

TLC identification of substandard medicines which contain more than 
80% of the declared API amount
Among the 228 samples investigated using TLC, there were 26 samples which 
contained more than 80% of the declared API amount, but were still non- 
compliant in assay testing due to an API content below the lower USP 
threshold for their respective API (Gabel et al., 2024). The GPHF-Minilab is 
not designed to detect samples as substandard which contain 80% or 
more of the declared API amount (Jähnke & Dwornik, 2022), and indeed all 
these 26 samples were reported as ‘compliant’ in TLC analysis.

In addition, there was one chloroquine tablet sample containing 111% 
of the declared API amount. This exceeded the upper USP threshold for 
chloroquine tablets (107%), and therefore this sample was substandard. 
Unsurprisingly, also this sample was reported as ‘compliant’ in TLC 
analysis.

In-specification samples which were incorrectly reported as ‘non- 
compliant’ in TLC analysis
Only two samples which were in-specification in USP assay analysis had been 
incorrectly categorised as ‘non-compliant’ by TLC analysis. These samples and 
their TLC analysis results are depicted in Figure 4.

Sample A was reported by the FBCMF staff to contain less than 50% of the 
declared amount of the API, estimated from the TLC analysis. Indeed, the TLC 
analysis depicted in Figure 4(A) is consistent with this estimate. Notably, 
however, this sample was the only sustained release formulation collected 
in this study. It appears likely that the sustained release formulation had 
impeded the extraction of the API, carried out according to the GPHF- 
Minilab Manual (Jähnke & Dwornik, 2022) (see Discussion section).

Sample B (Figure 4) was reported to contain more than 120% of the 
declared amount of the API, estimated from the TLC analysis. Possibly, this 
was an overinterpretation of the slightly stronger spots of the sample as com
pared to the reference.
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Improvement of the quality of TLC analysis after additional training of 
analyzer personnel
In October 2022, after 136 (60%) out of 228 TLC analyses of this study had 
been completed, a two-day refresher training for two staff members of 
FBCMF was conducted by two staff members of the University of Tübingen 
in Nairobi, Kenya, during a conference of the Ecumenical Pharmaceutical 
Network (EPN). Notable improvements were seen in the quality of the TLC 
analyses after that training. For some APIs such as hydrochlorothiazide, 
additional spots had been observed in TLC analysis prior to the refresher 
training, both for samples and for reference compounds (Figure 5(A)). 
During the training, it was revealed that the Nigerian personnel had followed 
an outdated procedure of activating the TLC plates (=removing moisture) by 
placement on the hot plate supplied with the GPHF-Minilab. This activation 
had been done after the solutions of sample and reference substances 
were applied to the TLC plates, and apparently led to a partial decomposition 
of some of the APIs. Decomposition of organic compounds adsorbed to silica 
gel is a well-known phenomenon (Cai, 2014; Mitchell & Reid, 1931), and is also 
mentioned in the GPHF-Minilab Manual for several APIs such as β-lactam anti
biotics or efavirenz (Jähnke & Dwornik, 2022). The activation procedure was 
abolished after the refresher training, and subsequent TLC analyses did not 
show the decomposition anymore (Figure 5(A)).

Prior to the refresher training, some TLC analyses had shown additional 
spots near the start line, often occurring together with weak or distorted 
spots of the APIs (Figure 5(B); see Supplemental Fig. S16(B) for another 
example). The reason for this phenomenon remained unclear. After the 
appropriate procedures for pipetting, sample application and subsequent 
drying before TLC plate development had been practiced in the refresher 
training, this phenomenon was not observed anymore.

Figure 4. Two in-specification samples which were incorrectly reported as ‘non-compli
ant’ based on their TLC analysis results. In USP assay analysis, sample A showed 95.1% of 
the declared amount of the API, and sample B 100.6%.
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Sensitivity and specificity of TLC analysis for the identification of 
substandard and falsified medicines
All four falsified samples, not containing the declared API(s), were readily 
identifiable by TLC analysis, resulting in 100% sensitivity for this (very 
small) group of samples (Figure 6(A)). TLC analysis also correctly identified 
all 224 samples which did contain the declared API, resulting in 100% specifi
city, provided that the standard operation procedure to repeat GPHF-Minilab 
analyses with a ‘non-compliant’ result was followed. As mentioned above, in 
the first TLC analysis two samples had been incorrectly reported as not con
taining the declared API, resulting in a specificity of 99.1% from this first 
analysis alone.

Besides the four samples not containing the declared API(s), 16 further 
samples contained less than 80% of the stated amount of declared API(s). 
Seven of all these 20 samples, representing the most extreme deviations, 
were detected by TLC analysis, while 13 were not, resulting in a sensitivity 
of 35%. Out of the 208 samples deviating by less than 20% from the declared 
API amount, 206 were correctly identified as compliant with GPHF-Minilab cri
teria (Jähnke & Dwornik, 2022), resulting in a specificity of 99.0% (Figure 6(B)).

The USP specifies more narrow compliance limits for the content of the 
APIs compared to the GPHF-Minilab criteria. Within the medicines in this 
study, these USP limits ranged from 95 to 105% of the declared amount for 
metformin tablets to 90–115% for ceftriaxone injections (Gabel et al., 2024). 
Among all 228 samples investigated by TLC, a total of 47 contained API 
amounts deviating from USP assay specifications. Only seven of these, 
again representing the most extreme deviations, were detected by TLC 

Figure 5. Improvement of the quality of TLC analysis after additional training of analyzer 
personnel. QMN numbers design different samples of this study.
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Figure 6. (A–C) Sensitivity and specificity of TLC analysis with visual evaluation for the 
identification of substandard and falsified medicines (n = 228 samples). (D) Sensitivity 
and specificity of TLC analysis with image analysis evaluation using the TLCyzer smart
phone application (Hauk et al., 2022) (n = 222 samples). Sensitivity and specificity were 
defined as explained in the Methods section.
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analysis, while 40 were not, resulting in an (expectedly low) sensitivity of 
14.9%. Out of the 181 samples containing an API amount within USP specifi
cations, 179 were identified as compliant by TLC analysis, resulting in a 
specificity of 98.8% (Figure 6(C)).

Results of TLC analysis with quantitative evaluation by image 
analysis using a smartphone application

222 samples were evaluated by FBCMF in Nigeria using TLC photography and 
image analysis with the recently developed open-source TLCyzer smartphone 
app (Hauk et al., 2022). The overall result is shown in Figure 6(D). For the 
detection of samples deviating by more than 20% from the stated API 
amount, evaluation with the TLCyzer app showed a sensitivity of 62.5%, 
exceeding the 35.0% obtained with visual evaluation. However, the specificity 
was unacceptably low (75.2%), much lower than the 99.0% obtained with 
visual evaluation.

Among the 222 samples, the recovery rate of the TLCyzer quantification of 
the API amount (i.e. the TLCyzer result expressed as % of the HPLC assay 
result) showed a median value of 98.8%, and a mean value of 102.0%. This 
proves the absence of a relevant systematic error in the TLCyzer quantifi
cation. However, there was a high random variability. Among all 222 
samples, the relative standard deviation (RSD) between TLCyzer result and 
HPLC assay result showed a median value of 8.4% and a mean value of 
even 16.4%. As apparent from this difference between median and mean, 
there were many samples with extremely high deviations between TLCyzer 
and HPLC results. As mentioned above, a refresher training in the handling 
of TLC analyses was carried out after approximately 60% of the TLC and 
TLCyzer analyses of this study had been completed. This also included re- 
training in the use of the TLCyzer app. Among the 131 samples investigated 
before this training, the RSD had been 10.3% (median) and even 22.0% 
(mean). Among the 91 samples investigated after the training, the RSD was 
7.0% (median) and 8.3% (mean). As shown by the much lower difference 
between median and mean, after the training there were much fewer 
samples with extremely high deviations between TLCyzer and HPLC results. 
While Figure 6(D) shows an overall 75.2% specificity for the TLCyzer evalu
ation of all 222 samples, this value was 90.8% for the 91 samples investigated 
after the training. However, also 90.8% specificity is still unacceptably low for 
medicine quality screening. Therefore, the present study showed that the 
TLCyzer app is not fit for deployment in the field at present. Possible 
reasons which may have contributed to this result include: 

1. A reproducible, complete extraction of the APIs from the sample and the 
reference tablets may not be achievable in the field following the GPHF- 
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Minilab procedure (Jähnke & Dwornik, 2022): tablets were wrapped in 
aluminum foil, crushed with a pestle, transferred from the aluminum foil 
to a vial, and extracted with the respective solvent by manual shaking 
for three minutes. In contrast, for compendial testing tablets were 
crushed to a fine powder in a mortar and extracted with the respective 
solvent for 10 min in an ultrasonic bath. Figure 4(A) strongly suggests 
incomplete extraction of the sample tablets for TLC analyses. A possible 
solution may be the use of inexpensive general-purpose ultrasonic 
baths for API extraction prior to TLC analysis.

2. Under field conditions, a sufficiently precise handling of the TLC analyses 
required for quantitative TLCyzer analysis may not be achievable.

3. Only photos of TLC analyses with very clean backgrounds, like the three 
photos given in the supplementary information of Hauk et al. (2022), 
could be evaluated with the TLCyzer app with good repeatability. In con
trast, the TLCyzer evaluation of the photos in the present study showed 
poor repeatability, also when the TLC photos were re-evaluated in the Uni
versity of Tübingen, and even within different photos of the same TLC 
plate. The use of smartphones with more powerful cameras (OnePlus 
9Pro and Huawei P30, instead of Motorola G7) made this problem 
worse, not better (data not shown). Possibly, the image processing algor
ithms of the smartphones (Morikawa et al., 2021) interfered with the quan
titative evaluation of the.jpg images of the TLC plates. A solution may be 
the development of an image analysis application which uses uncom
pressed and unprocessed images in .raw format.

Discussion

The present study, based on the investigation of more than 200 medicine 
samples collected in Nigeria, provides experience from the use of the 
different screening methods for the detection of SF medicines described in 
the GPHF-Minilab Manual (Jähnke & Dwornik, 2022), i.e. visual inspection of 
medicines, a simplified disintegration testing procedure, and TLC analysis. 
The present publication also provides photos of samples of SF medicines, 
and of their TLC analysis, as PowerPoint and PDF slides for the training of 
pharmacy and healthcare staff (Supplemental Figs S1–S21).

Visual inspection of the SF samples of this study showed different types 
of deficiencies of dosage units, packaging and labelling information. 
Notably, all four falsified medicines (Supplemental Fig. S14) were readily 
identifiable by visual inspection. Principal clues for the falsification were 
given by serious spelling errors of the stated API(s) in the labelling, by 
non-verifiability of the manufacturers’ names and locations in an internet 
search, and in some cases by the presence of different types of tablets in 
the same package.
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Not all recognisable visual deficiencies were recorded by the FBCMF staff 
in Nigeria in this study. The initial training for this study had focused more 
strongly on TLC analysis than on visual inspection, and this may have resulted 
in less time of the investigators spent on visual inspection. A similar obser
vation has been made previously (Caillet et al., 2021). Therefore, in a final 
research dissemination workshop conducted in Enugu, Nigeria, in April/ 
May 2024, also a training in visual inspection was included. For this 
purpose, a visual inspection checklist was developed, modified from 
Schiavetti et al. (2020). Based on experience during the training, this checklist 
was further improved, and the final version is provided as Supplemental 
Table S3, with explanations of the modifications introduced into the template 
of Schiavetti et al. (2020). This checklist may be useful in trainings for phar
macy personnel and healthcare workers.

In such training courses it should be mentioned that visual deficiencies, 
especially minor spelling errors, occur also in medicines which comply with 
pharmacopeial specifications in chemical analysis. However, medicines with 
visual deficiencies should be preferentially selected for chemical 
investigation.

GPHF-Minilab disintegration testing and subsequent compendial dissol
ution testing suggested that a complete failure of disintegration even after 
60 min predicts extreme failure in dissolution testing. Such samples should 
be quarantined to prevent them from reaching the patient, even before 
the result of a confirmatory compendial analysis is available. Conversely, com
pliance of a sample in the GPHF-Minilab disintegration test is not sufficient to 
predict compliance in dissolution testing. Also, the QAMSA study (WHO, 
2011) had found a low sensitivity of the GPHF-Minilab disintegration test 
for the prediction of non-compliance in dissolution; but when GPHF- 
Minilab disintegration testing failed, the probability of dissolution failure 
was high (75%).

The present study confirmed that TLC analysis with the GPHF-Minilab is 
suitable to reliably identify falsified medicines not containing the declared 
API(s) (Figure 1). Furthermore, Figure 2 shows that it is suitable to detect 
medicines containing less than 50% of the declared API amount. However, 
in the present study only three out of five medicines containing less than 
50% had been correctly reported as non-compliant, suggesting a need for 
further improvements in the semiquantitative evaluation of TLC results, e.g. 
by continuous training and supervision, and/or by a rule that each TLC 
plate must be evaluated by two investigators. Notably, the results of the 
TLC analyses in the present study were much better than those by Risha 
et al. (2006) who reported that only 3 out of 28 samples containing 40% of 
the declared API amount were reported as ‘non-compliant’ in GPHF-Minilab 
testing. After additional training, however, the detection rate increased to 
19 out of 27 samples (Risha et al., 2006).
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In the present study, none of the nine samples containing between 50 and 
80% of the declared API amount were reported as non-compliant in TLC 
analysis. While the insufficient content of the three samples depicted in 
Figure 3(A–C) may well be recognisable from their TLC analyses after 
additional training of the analyzer personnel, the insufficient content of the 
eight samples depicted in Figure 3(D–K) is not recognisable from the 
depicted TLC analyses, even for a well-trained investigator.

For future training courses, the TLC results depicted in Figures 1–5 may be 
useful, and are therefore also provided as PowerPoint and PDF slides in 
Supplemental Figs S17–S21.

Overall, in this study the sensitivity of TLC analysis to detect samples 
deviating by more than 20% from the declared API amount resulted as 
35%. This is somewhat lower than the sensitivity of 43% observed in a pre
vious study of our group, carried out with similar methodology (Schäfer
mann et al., 2020). The lower sensitivity in the present study may be 
related to the high number of substandard dexamethasone samples 
with strengths of 0.5 or 1 mg per tablet, which is below the range of 2– 
8 mg per tablet defined in the GPHF-Minilab Manual (Jähnke & Dwornik, 
2022). This very low dosage makes precise sample preparation for TLC 
analysis technically difficult. In the QAMSA study (WHO, 2011), investi
gating antimalarial medicines, 75% of the medicine samples deviating 
by more than 20% from the declared API amount had been correctly 
reported as non-compliant in GPHF-Minilab TLC analysis. These analyses 
were carried out by personnel of the national medicine regulatory 
agencies of the involved countries.

Simple, inexpensive screening methods with good sensitivity for the 
detection of medicine samples with incorrect API amounts would be 
very helpful, but are currently not available for field use (Zambrzycki 
et al., 2021). The present study included a first field test of the TLCyzer 
smartphone app (Hauk et al., 2022) for the quantitative evaluation of 
TLC analysis results. Unfortunately, a very high random variability of the 
results was observed. Though this variability was somewhat reduced 
after additional training of the analyzer personnel, the specificity of this 
method in the field remained unacceptably low. Therefore, the present 
study showed that the TLCyzer app is not fit for deployment in the field 
at present.

Conclusion

The present paper provides experience from the use of the different 
screening methods described in the GPHF-Minilab Manual for the detec
tion of SF medicines. It includes data on the sensitivity and specificity of 
TLC analysis, both in the detection of falsified medicines which do not 
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contain the declared API, and in the detection of substandard medicines 
with different degrees of severity of their quality deviations. The limited 
sensitivity of these methods observed in the present study may partly 
be overcome in the future by additional training, as positive effects of 
additional training could be clearly demonstrated. For this reason, this 
publication also provides teaching materials for such training courses of 
pharmacy staff and healthcare workers in LMICs. Rapid, simple and inex
pensive screening methods are important in medicine quality surveillance 
in LMICs, and the further development of existing methods like the GPHF- 
Minilab, as well as the development of new methods, are important priori
ties in global health research.
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