Roth et al. AAPS Open (2019) 5:2
https://doi.org/10.1186/541120-019-0031-y

AAPS Open

REVIEW Open Access

Substandard and falsified medicine

Check for

° ° updates
screening technologies
Lukas Roth', Kevin B. Biggs' and Daniel K. Bempong'

Abstract

Substandard and falsified medicine screening technologies are invaluable tools for post-marketing surveillance of
medicine quality, particularly in low- and middle-income countries. National Regulatory Authorities and their
partners leverage screening technologies to detect substandard and falsified medicines in the field and eliminate
them from the medical product supply chain. An arsenal of different screening technologies has been developed
to evaluate a variety of medicine quality attributes and performance characteristics, applying visual, physical and
chemical analyses. Selecting the most effective screening technologies for a given quality challenge requires
consideration of several practical, technical, and scientific factors, such as the type of medicines screened, the
requirements of the screening technology, and the type of information needed. More widespread adoption of
screening technologies will be facilitated by improved workforce development, technological advancements, and

the development of a more robust supporting regulatory framework.
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Introduction

The proliferation of substandard and falsified (SF) medi-
cines is a significant global concern, particularly in low-
and middle- income countries (LMICs) where supply chain
security is limited (Gostin and Buckley 2013; WHO 2017c).
A lack of resources allocated to routine quality control
(QC) amplifies the challenge of combating these products
in LMICs as compared to high-income countries. The
World Health Organization (WHO) estimates 10.5% of
medicines are SF (WHO 2017c). SF medicines waste
resources and are linked to increases in treatment failure,
adverse reactions, antimicrobial resistance, and diminished
confidence in the health system (Johnston and Holt 2014;
Kaur et al. 2016; Nayyar et al. 2015; Safe, Secure, and
Controlled: Managing the Supply Chain of Antimicrobials
2015; WHO 2017b).

Substandard medicines are authentic products that fail
to meet either their quality standards or specifications
whereas falsified medicines are inauthentic products that
deliberately misrepresent their identity, composition, or
source (WHO 2017b). Substandard medicines are often
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a consequence of manufacturing errors, inadequate
storage, or poor distribution practices. Falsified medi-
cines are generally produced deliberately for economic
exploitation. It should be noted it may not be apparent
from analytical results alone whether the determined
quality deviations of an SF medicine were manufactured
deliberately or arose from errors or neglect. The drug
substance (or active pharmaceutical ingredient) of a
substandard or falsified medicine may be absent, present
in insufficient amounts, or substituted with a different
drug substance. Sophisticated falsified medicines may
incorporate cutting agents to dilute the strength of the
claimed drug substance using a different chemical of
related structure. The most blatant falsified medicines
conceal their identity using the authentic packaging of
the targeted product.

Screening technologies (STs) are used to rapidly detect
SF medicines in the field and employ significantly less
resources than those of traditional QC confirmatory
technologies. The equipment associated with ST can be
described as “portable”, able to be transported by vehicle,
or “handheld”, able to be held by hand. A given ST may
leverage a number of tools to help an analyst make a de-
termination. A complete description of an ST will include
the analysis type(s), principle study(s) (e.g., spectroscopy),
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technique(s) (e.g., Raman), method(s) [e.g., sample pre-
paration schemes, identification (ID) metric, and accept-
ance criteria], and equipment (e.g., 785 nm diode laser
with dispersive spectrometer). Although the operation of
ST equipment is simple, effective application, method
development and validation, and deployment within a
regulatory system and the broader medical product supply
chain requires consideration of several factors.

Employing STs is a critical component of the broader
post-marketing surveillance (PMS) strategies imple-
mented by National Regulatory Authorities (NRAs) and
their partners to monitor the quality of medicines
(Newton et al. 2018; Nkansah et al. 2017; Roth et al.
2018b). When applied successfully, STs significantly
increase the number of samples that can be tested and
reduce the number of samples requiring more resource
intensive confirmatory testing at the National Quality
Control Laboratory (Hajjou et al. 2013). Successful im-
plementation of STs has benefited from collaborative
efforts between NRAs, donors, and technical partners,
e.g., the Asian Development Bank, the United Nations
Development Programme, the U.S. Agency for Inter-
national Development, the Lao Oxford Mahosot Well-
come Trust Research Unit, the U.S. Pharmacopeia
(USP), and the WHO (Newton et al. 2018; PQM
2017; WHO 2015; WHO 2017a).

Analysis types

There are three ST analysis types: visual, physical, and
chemical, listed here in order of increasing sophistication.
Visual analysis may include inspection of packaging integ-
rity, labeling, dosage units, and or various product security
features e.g., holograms and microprinting. Physical ana-
lysis may involve the evaluation of the disintegration and
or dissolution performance and may also employ micro-
scopy, refractometry, and or refractive index measure-
ments. Chemical analysis may include the application of,
for example, spectroscopy, spectrometry, chromatography,
and or wet chemistry. Although employing all three
analysis types improves the confidence of detecting an SF
medicine, chemical analysis offers the most direct
supporting evidence. However, compared to the other
analysis types, chemical analysis, with the exception of wet
chemistry, often requires more consideration by the
analyst to implement effectively.

Method development and validation considerations

Like any analytical method, screening methods for SF
medicines, and particularly those that employ chemical
analysis, benefit from a rigorous method development and
validation strategy. To expand on the importance of
method development and validation in screening, a com-
prehensive description of this process is described in Fig. 1.
When the performance of a screening ID method is fully
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evaluated, through a comprehensive validation process,
accurate conclusions can be drawn from the data.

Notable techniques for substandard and falsified
medicine detection

Vibrational spectroscopy

Vibrational spectroscopy encompasses three different
techniques; mid-infrared (IR), near-IR (NIR) and Raman
spectroscopy, each of which probe the vibrational struc-
ture of samples. Vibrational spectra are plots of photon
intensity versus energy, with peak positions indicative of
chemical bond energies. Each technique provides
complementary information and thus can be used in
combination to improve screening performance. A
number of considerations should be taken into account
when selecting the most effective technique, such as in-
terferences, composition ranges, and relative component
response. Vibrational spectra may also provide quantita-
tive information with limits of detection reported as low
as 1-3% (Kauffman et al. 2010; Kovacs et al. 2014). All
techniques are non-destructive and minimally invasive,
enabling rapid analysis of products as-is. Vibrational
spectroscopic instruments can be rapidly calibrated
using reference materials, enabling the transfer of data
and related ID methods between instruments. Such
instruments are often outfitted with onboard data
analysis capabilities, enabling the analyst to make ob-
jective ID decisions. The entire process of sample pre-
paration, data collection, and data analysis can take less
than 1 min. Figure 2 provides an expanded discussion of
vibrational spectroscopy data analysis and the appli-
cation of chemometrics.

Infrared spectroscopy IR instruments measure the
absorption of IR radiation. IR spectroscopy is most
sensitive to polar bonds, lending this technique most
responsive to functional groups. All IR instruments
employ diamond attenuated total reflection (ATR) due
to its robustness and ease-of-use. By pressing the sample
material against the diamond ATR element (note: liquid
samples may simply rest on the ATR element), the IR
probe beam penetrates the surface ~1-5pm. This low
penetration depth enables as-is sample analysis without
the requirement for sample dilution as is the case for
other IR techniques. The low penetration depth of IR
instrumentation inhibits through package (coatings,
capsules, or blister packs) analysis. In general, tablets
and capsule dosage forms must be transformed into fine
powders to generate reproducible measurements. Powders
are more suitable for IR analysis as rigid samples intro-
duce variations in the amount of pressure that can be
applied across the ATR element surface, creating signal
intensity variations. The very strong IR absorption of
water may also interfere with IR data analysis.
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accuracy, during method validation.

ID Value
(dissimilarity)

Quality Assurance (Milman 2011))

Screening ID methods employ hypothesis testing. The /D hypothesis for ST methods is “the material is
a quality medicine (i.e., not SF)”. To confirm or reject the ID hypothesis, an /D metric (e.g., peak
position) is developed to produce an /D value (e.g., peak position deviation [from reference]) which
reflects the dissimilarity' between test material and reference data. As no two real data sets can be
identical i.e., express no dissimilarity, an /D threshold must be established to make an /D decision. For
screening methods, in contrast to confirmatory ID methods (e.g., QC laboratory tests), an ID decision
may be conclusive or inconclusive. A conclusive ID decision may accept or reject the ID hypothesis
leading to a “positive” or “negative” ID result, respectively. An inconclusive 1D decision follows from
the generation of an ambiguous 1D value. An ambiguous ID value is a value for which neither a
positive or negative decision has been demonstrated to produce the desired level of confidence, i.e.

The accuracy, or diagnostic accuracy, of a screening ID method is described by the demonstrated
sensitivity and selectivity of the method during method validation.? Sensitivity and selectivity are
dependent on the quality of data collected/processed, discriminating power of the ID metric, and
structuring of the ID threshold. Any conclusive ID decision proven to be inaccurate - through
confirmatory means - is termed a “false” /D outcome and, conversely, a “true” ID outcome if proven
accurate. The accuracy of a screening method is calculated by determining the probability of producing
a “false-negative” or “false-positive” outcome, termed type I o and type II B errors, respectively.
Method sensitivity and selectivity for SF medicine screening methods refer to the probability the
method will accurately detect a quality and SF medicine, respectively, and is expressed as:

Sensitivity = (1 - 2)100% and Selectivity = (1 - $)100%

Once the data collection/processing and ID metric have been established, the level of sensitivity and
selectivity can be optimized through appropriate structuring of the ID threshold. If the desired level of
confidence cannot be achieved using a single ID threshold, a two ID threshold scheme may be
employed as depicted below. A two ID threshold scheme can serve to balance the risk of making false
ID decisions and be leveraged by the analyst/regulator to initiate a different /D response e.g.,
application of an alternative ST or confirmatory test. Achieving the desired level of sensitivity and
selectivity for detection of SF medicines using a single ID threshold system may be particularly
challenging considering the large dynamic range of ID values that could exist. Because public safety is
the priority in PMS application, a false-positive outcome poses a greater risk than a false-negative, as a
false-positive outcome could result in the distribution of an unsafe medicine. An effective two ID
threshold scheme for a ST application may therefore employ a positive ID threshold that reflects a
higher degree of confidence in the decision compared to the negative ID threshold.

Negative (conclusive)
<—Threshold 2 (selectivity)

<—Threshold 1 (sensitivity)
Positive (conclusive)
<—Reference

Fig. 1 Screening identification method validation (A more detailed description of screening ID methods can be in Chemical Identification and its

Near infrared spectroscopy NIR instruments measure
the absorption of NIR radiation diffusely reflected from
samples. All NIR instruments employ a 180° data col-
lection orientation with contact generally occurring
between the sample and device window (typically made
of sapphire). NIR radiation probes the combination and
overtone vibrations of the fundamental modes probed
by IR and, as a result, NIR signal is much weaker
and less resolved compared to IR. The NIR pene-
tration depth for solid dosage form medicines can
extend ~1-5mm, enabling a more representative bulk
evaluation of the medicine composition than IR or Raman.
The larger penetration depth and lower absorption of NIR
radiation compared to IR also enables through-package
analysis. Unlike IR and Raman, the signal measured by
NIR instrumentation is strongly dependent on the

particle size and packing density of the sample. Ac-
counting for sample preparation variations may require
extensive preprocessing for raw NIR data. Compared to
IR and Raman, NIR spectra often lack distinctive fea-
tures and to compensate for this inherent lack of select-
ivity, a modeled based ID algorithm is often required to
achieve the desired level of method performance (Neos-
pectra 2019; Shimadzu 2019).

Raman spectroscopy Raman instruments measure the
light scattered inelastically from excited chemical species.
Complementing the chemical information provided by IR
and NIR, Raman signal is most intense for nonpolar
bonds. The preference of Raman emission from nonpolar
bonds enables analysis in the presence of water, unlike IR
and NIR. Raman instruments generally collect spectra in a
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Data analysis for vibrational spectroscopy generally involves the application of chemometrics, which
includes multivariate data preprocessing followed by use of a multivariate ID metric, referred to here as
an ID algorithm'. Successful data preprocessing minimizes extraneous signals such as noise and baseline
artifacts, while preserving analyte specific responses. A common multivariate data preprocessing scheme
for collected spectra involves background or “blank” spectrum subtraction followed by a Standard
Normal Variate correction and a 1 or 2" order Savitsky-Golay derivative filter (Guillemain et al. 2017;
Tsujikawa et al. 2014b; Zontov et al. 2016). Extraneous signal variations related to real/authentic sample
variability and/or data collection variability should also be accounted for prior to analysis. Data collection
variability is often accounted for by including replicate spectra of quality products, typically three. By
updating ID methods regularly to account for quality product variation over time, such methods can
produce effective results over the lifetime of the instrument.

Vibrational spectroscopic ID algorithms may or may not be “model” based. Non-model-based ID
algorithms consider the “distance” between spectra in order to identify outliers, i.e., SF medicines.
Common non-model-based ID algorithms for PMS are the Correlation Coefficient, Mahalanobis distance,
and k-nearest neighbor (k-NN) classification (Guirguis et al. 2017; Sacre et al. 2011; Tsujikawa et al.
2014a; Wilson et al. 2017). A more sophisticated algorithmic approach to ID is model-based. A model-
based ID algorithm relies on the determination (i.e., modeling) of latent variables, computed by a “useful”
mathematical combination of the variables. An effective model based ID algorithm for PMS is Soft
Independent Modeling of Class Analogy or SIMCA (Sacre et al. 2011; Zontov et al. 2016). Model-based
ID algorithms may significantly improve diagnostic accuracy, especially when the inherent selectivity of
the quality product spectrum is limited, i.e., composed of a limited number of ill-resolved peaks, typical

of NIR spectra.

Fig. 2 Vibrational spectroscopy data analysis and application of chemometrics

stand-off, 180° backscattering configuration, enabling
rapid noncontact sample analysis which is not possible
with IR and more challenging with NIR. Raman analysis is
most effective when sample fluorescence is minimal, as
the fluorescence process can interfere significantly, result-
ing in a broad elevated baseline that can mask the Raman
signal. To minimize potential fluorescence, Raman instru-
ments are equipped with NIR excitation sources, e.g., la-
sers with wavelengths at 785 or 1064nm. Raman
instruments, like NIR and unlike IR, can collect data
through visibly translucent packaging. Raman is consi-
dered a “non-background” technique as spectra are not
background subtracted (although subtraction of a blank
spectrum may be employed to reduce stray light). The
non-background capability of Raman data collection is

Table 1 Summary of vibrational screening technologies

particularly beneficial when the sample does not com-
pletely consume the probe beam. Consuming the probe
beam is not generally an issue with IR equipment as the
spot size is quite small: however, in the case of NIR equip-
ment, a white or black background material is often
required when the probe beam is not completely
consumed by the sample (Table 1).

X-ray fluorescence spectroscopy

X-ray fluorescence (XRF) spectroscopy employs high
energy X-rays to generate fluorescence representative of
the inner electronic energy levels of atomic species. The
fluorescent emission from medicines can be used to
determine their elemental composition (Bruker 2016;
Rodriguez et al. 2014). In some cases, XRF spectra may

Characteristic Infrared Near Infrared Raman

Principle Fundamental absorptions Overtone and combination absorptions Emissions
Chemical sensitivity Polar bonds Polar bonds Nonpolar bonds
Inherent selectivity High Low (modeling often required) High

Sampling mode Diamond ATR Diffuse reflectance 180° backscattering

Sampling configuration Intimate contact with sample required

Excitation source Broadband IR

Interferences Water and any packaging

Minimum sample size required At least 1 mg

Approximate penetration
depths for solid dosage forms

~1-5um

Stand-off detection possible but can Stand-off

be challenging

Broadband IR Monochromatic NIR i.e,

785 and 1064 nm

Water, particle size/packing variability Fluorescence and opaque

and opaque packaging packaging
~20-50mg ~1mg
~1-5mm ~10-15pum

Content from table 1 is pulled from the following references - Kauffman et al. (2010), Neospectra (2019), Rodriguez et al. (2014), Shimadzu (2019) and Zou et al.

(2018)
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be used to identify coating agents and certain excipients
near the surface of a medicine. The sensitivity of XRF
methods increase as the atomic number of the analyte
increases with heavy metals exhibiting a particularly
strong response (Bortoleto et al. 2005; Kauffman et al.
2007). Both portable and handheld XRF spectrometers
are commercially available. Analysis times are generally
under 1 min (Zou et al. 2018). XRF is non-destructive
and although both X-rays and gamma rays can be used
to generate XRF spectra, for user safety, portable instru-
ments typically limit excitation to X-rays (Rodriguez et
al. 2014). Field use often centers on ID applications al-
though semi-quantitative and quantitative analysis is
possible (Bruker 2017). Two commercially available
handheld XRFs (the Thermo Scientific Niton XL3t and
the Shimadzu EDX 700) have been used in the field to
detect falsified medicines that target three combination
antiretroviral tablets. (Ortiz et al. 2012; WHO 2013).
Due to weak XRF response from organic material, the
ID of many drug substances is challenging (Ortiz et al.
2012; Rodriguez et al. 2014).

X-ray diffraction spectroscopy

X-ray diffraction (XRD) spectroscopy evaluates crystal
structures. By measuring the intensity patterns of scat-
tered monochromatic X-rays, the interatomic spacing
between chemical bonds can be determined (Kohli and
Mittal 2012). These crystal structures can identify drug
substances and their various polymorphs as well as
medicine coatings and excipient profiles (Gostin and
Buckley 2013; Martino et al. 2010; Zou et al. 2018). The
only XRD spectrometer commercially available, is the
Terra Portable (Olympus Corp). XRD techniques can
identify the drug substance but, because of interference
from coatings and surface roughness, successful ID
generally requires homogenizing the sample (Martino et
al. 2010). XRD spectroscopy methods lack sensitivity and
is not quantitative (Maurin et al. 2007). Because of the
poor performance of this technique and its limited avail-
ability, XRD is seldom used for the detection of SF
medicines.

lon mobility spectrometry

Ion mobility spectrometry (IMS) is a separation method
used to identify volatile and semi-volatile organic com-
pounds based on differences in gas phase ion mobility.
Ion mobility is facilitated by a voltage gradient through a
drift tube with detection provided by a Faraday plate.
Ion mobility is dependent on the ion size, shape, and
charge (Rodriguez 2017; Rodriguez et al. 2014). An
internal calibrant is used to correct for day-to-day and
instrument-to-instrument variations (Rodriguez et al.
2014). Because of high proton affinities, amines, a com-
mon functional group in many drug substances, provide
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a strong IMS response and detection limits have been
demonstrated at the nanogram level (Kauffman et al.
2010; Rodriguez et al. 2014).

Although both portable and handheld IMS instru-
ments are commercially available, most studies have
been performed with portable rather than handheld
instruments. Portable instruments have been used to
identify amine-containing drug substances, such as
sibutramine, and several erectile dysfunction drug sub-
stances in dietary supplements (Gryniewicz et al. 2009;
Rodriguez et al. 2014; Safe, Secure, and Controlled:
Managing the Supply Chain of Antimicrobials 2015).
Like other separation techniques, such as chroma-
tography, IMS sample preparation requires an extraction
step. Furthermore, current instruments are limited to
identifying small volatile molecules (Rodriguez 2017).

Notable equipment for substandard and falsified
medicine detection

Counterfeit detection device: employing multi-spectral
imaging

The Counterfeit Detection Device (CDx) was originally
developed by the U.S. Food and Drug Administration
(FDA). CD5 (Version 5) is a portable multi-spectral
imaging tool for analyzing a wide variety of materials
but will focus on the detection of SF medicines (Ranieri
2018). The CD5 uses high-intensity light emitting diodes
(LEDs) of ultraviolet-visible (UV) and IR wavelengths to
excite samples. The system combines a digital camera
and multiple detection filters with this combination of
light sources to reveal sample characteristics which are
not visible under normal viewing conditions. The CD5
leverages differences in the fluorescence arising from the
coating and packaging of SF medicines when compared
with reference samples. The CD5 utilizes a 7-in. touch
screen to display images of test samples and reference
samples side-by-side for easy comparison and can store
libraries of images. A digital microscope is incorporated
in some configurations to examine medicine mor-
phology and the details of package printing (Ranieri et
al. 2014). The first prototypes were delivered for initial
evaluation by the U.S. FDA in mid-2018. The device is
expected to be commercially available as early as the
end of 2019 and is currently being enhanced based on
user feedback.

Counterfeit drug identifier: employing multi-wavelength
absorption

The counterfeit drug identifier (CoDI) is a handheld
instrument that measures the amount of light passing
through a tablet exposed to a laser. The intensity and
wavelength of the transmitted light results in a unique
value, which depends on the physicochemical character-
istics of the sample (i.e., thickness, density, color and
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chemical composition of particular brands of medicine).
A falsified or degraded medicine can be quickly identi-
fied if the values are outside a specified range. Analysis
is also non-destructive. Although prototypes are being
evaluated, the instrument is not yet commercially
available (Green 2018; Green et al. 2015).

GPHF-Minilab™: employing chromatography and
disintegration

The GPHF-Minilab™ or, as it is commonly known,
Minilab, is a laboratory kit developed by the Global
Pharma Health Fund (GPHF). Minilab can analyze 90
different drug substances in multiple dosage forms and
GPHF has developed approximately five new methods
each year since the kit’s inception in 2008. Minilab can
be used for chemical and physical analysis, employing
thin layer chromatography (TLC) and disintegration
techniques, respectively. Minilab has been used exten-
sively for PMS around the world and has been supplied
to 97 countries (Batson et al. 2016; Fadeyi et al. 2015;
GPHF 2019; Kaale et al. 2016; Lalani et al. 2015;
Petersen et al. 2017). TLC is a semi-quantitative tech-
nique that separates components in a sample according
to differences in polarity, as the components interact
between mobile and stationary phases. Quantification of
TLC data is typically performed by visually comparing
the size and intensity of the spot arising from the sample
solution eluted drug substance with that of the external
standard solution drug substance spot of an external
standard solution prepared at specific percentages of the
nominal concentration. While TLC can be employed for
confirmatory testing, the Minilab tests are not as
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accurate, precise, or sensitive as confirmatory testing
and do not comply with compendial standards. Minilab
methods typically use reference standard solutions at
80% and 100% of the nominal concentration but these
percentages can be changed depending on user require-
ments (see Fig. 3). Confidence in the quantification of
TLC data may be compromised if spots are large or
diffuse, or if significant tailing is present. An estimate of
the number of impurities is obtained by comparing the
number of spots in the sample with the number of spots
in the standard.

The performance of Minilab methods have pro-
duced mixed results. Minilab TLC analysis has dem-
onstrated insufficient sensitivity in some cases to
detect impurities when present at levels above specifi-
cation limits (Fadeyi et al. 2015; Jaehnke 2008;
Jaehnke 2017; Sabartova et al. 2011). Another study
showed Minilab lacked sufficient selectivity as it was
unable to distinguish between sulfadoxine and sulfa-
methoxazole (Khuluza et al. 2016). A recent study
looking at the identity and composition of various an-
timalarials found sufficient sensitivity was achieved
using the Minilab TLC method as it correctly de-
tected 11 of the 14 substandard medicines. The
remaining three substandard medicines were missed
because of the semi-quantitative limit of the method and
operator error (Batson et al. 2016). Minilab has been
shown to successfully detect falsified medicines containing
incorrect drug substances (IDDO 2018; Khuluza et al.
2016; Vickers et al. 2018). Disintegration time is an
indirect measure of drug substance release that can be
leveraged to detect SF medicines. While the Minilab

CHROMATOPLATE OBSERVED AT
DAYLIGHT AFTER SULPHURIC ACID

Solvent front

STAINING 1.0
1 0.8

Run No.1:

Upper working standard representing | 0.6

100% of total artemether

Run No.2:
A product of good quality with 1 0.4
acceptable artemether content

Run No.3:
A product of poor quality with un-
acceptable low artemether content

0.2

Run No.4:
Lower working standard representing
80% of total artemether

Artemether spots

Same artemether spots
observed at UV light of
366 nm after sulphuric
acid staining

Origin line

Fig. 3 Mock TLC plate of artemether from Minilab manual. Source: Global Pharma Health Fund, permission granted by Richard Jaehnke, Global

Pharma Health Fund
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disintegration method has been shown to detect substand-
ard drug substance release, such methods often lack the
selectivity of dissolution testing (Sabartova et al. 2011).

System suitability is not required for Minilab. Various
reagents, solvents, and consumables are required to use
Minilab. One kit contains enough supplies to analyze
approximately 1000 test samples. Reagents, consumables,
and secondary reference standards are included in a pro-
tective case, which weighs approximately 25 kg. Solvents
are not in the protective case and weigh approximately
25kg (GPHF 2017). The shelf life of the secondary
reference tablets is generally 2 years. Most solvents have
five-year shelf lives if stored in their original packaging.
Minilab analysis types, both TLC and simple disintegra-
tion, are destructive. Analysis of a sample generally
takes between one to 3 h depending on the proficiency
of the user, but samples can be collected in parallel
using multiple plates (Risha et al. 2008). To reduce
operator error and improve accuracy, a cradle to hold
TLC plates, which interfaces with a smartphone appli-
cation that uses a quantitative algorithm to analyze
spots, is being developed (Yu et al. 2016).

Paper analytical device: employing chromatography and
wet chemistry

The Paper Analytical Device (PAD) was developed at
the University of Notre Dame (Indiana, USA).
Twelve lanes on a paper card contain reagents,
which react with specific chemical functional groups
to produce a color reaction. (Lieberman 2017). The
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sample is applied in a line across the lanes and the
card is placed on its edge in water. The water is
drawn up the card by capillary action and mixes the
reagent with a sample to start 12 color reactions.
One lane acts as “timer” to indicate when the card
is to be removed from the water. The colors pro-
duced and their position within the lanes serve as a
“bar code” indicative of functional groups present.
This pattern can then be compared to “bar codes” of
reference medicines (Weaver and Lieberman 2015;
Weaver et al. 2013). Currently, the PAD can analyze
over 60 drug substances. Although the current 12 lane
PAD is qualitative, an additional quantitative test card,
which aims to quantify ampicillin and amoxicillin and 12
additional antibiotics, is in development (Lieberman 2017)

No calibration, verification, or system suitability is
required prior to using a PAD. Apart from water, no con-
sumables or reagents are needed to perform an analysis.
Sample preparation takes less than 5 min while a run takes
3 minutes. Colors develop in a further 3 minutes (see
Fig. 4) and the test result can be recorded by photo-
graphing the PAD. Experienced users can interpret a
PAD in less than a minute. The developers of the PAD
are also in the process of developing an application to run
an image analysis program that automatically analyzes the
PAD, removing user subjectivity (Bannerjee et al. 2016).
Individual test cards are single-use, cost USD $1, are
seven by 11 cm in size, and can be disposed of along
with other non-hazardous waste (Lieberman 2017).

University of Notre Dame

Fig. 4 Paper analytical device running a sample. Source: Barbara Johnson/University of Notre Dame, permission granted by Marya Lieberman,
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PharmaChk: employing Chemiluminescence

PharmaChK is an instrument being developed by re-
searchers at Boston University. Although originally
intended to perform field dissolution, it is now being
modified to provide quantitative information on the
drug substance of interest (Desai 2014; Ho et al.
2015). PharmaChk requires dissolving a sample in
solution to measure its luminescence and is not yet
commercially available.

Speedy Breedy: employing Respirometry

Speedy Breedy is a commercially available portable
respirometer that measures pressure change in a vessel
filled with a liquid sample to determine whether or not
the sample has been contaminated with microbes.
Although traditionally used for the analysis of foods,
USP’s technology review program, in collaboration with
local partners, recently evaluated the instrument as a
technology to screen the sterility of liquid samples (e.g.,
water for injection and artesunate injections). Speedy
Breedy was evaluated in both laboratory and field
settings in Ghana, India and Zimbabwe, respectively.
The instrument was reliably able to detect bacterial
contamination in liquid samples and less than 1week
was required to train staff to effectively use Speedy
Breedy in field settings. Although this test is several days
shorter than traditional sterility testing, with most pro-
tocols having 24 h run times or less, it does require
continuous power for the entirety of the run (USP Tech-
nology Review: Speedy Breedy 2018).

Screening technologies - needs, current efforts, and
deployment strategies
While information on capabilities of STs is available, a
lot of the existing literature presumes a certain level of
familiarity with the technology. There is a lack of
guidance translating the analytical capabilities of screen-
ing technologies into effective field deployment and
specifically within existing PMS systems.

Strategies and approaches for empowering prospective
ST users in LMICs should focus on three objectives:

1. Develop guidelines and standards that describe how
to evaluate and utilize STs

2. Disseminate comparable, rigorous, objective, and
practical information about the strengths and
limitations of STs

3. Provide user-specific guidance and support (including
local capacity building) on ST deployment

Guidelines and standards

The absence of guidelines, public information, and stan-
dards that describe how to evaluate the suitability of STs
contributes to the ineffective utilization of these
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technologies. Guidelines and standards would be par-
ticularly helpful in LMICs where the potential impact of
STs is much greater than in high-income countries
(Gostin and Buckley 2013; Pribluda et al. 2014). Access
to guidelines and standards helps users ask the questions
that enable them to determine the suitability of a given
ST, such as whether an organization can afford the tech-
nology, whether the technology can screen medicines of
interest, and how costly and difficult it is to train staff?

USP has published a proposed general chapter, < 1850>
Evaluation of Screening Technologies, for Assessing
Medicine Quality (USP 2018), which focuses on providing
users with the guidelines and standards they need to
address critical questions regarding ST utilization.
The General Chapter was developed by a USP expert
panel, comprised of professionals from regulatory
agencies, the pharmaceutical industry, academia, and
non-governmental organizations (USP 2018). Six ST
applications are described as they relate to the analysis of
pharmaceutical products, i.e. medicines, bulk drug sub-
stances, and excipients:

e Application I: Verification of packaging, labeling,
origin, and appearance

Application II: Major component ID
Application III: Impuritiy' ID

Application IV: Major component quantification
Application V: Impurity quantification
Application VI: Performance characteristics
(medicines only)

Table 2 builds on this work and lists the different STs
discussed in this manuscript and specifies which types of
applications are most appropriate for each ST and details
the capital investment required to procure them.

(Information not obtained) — Instruments are com-
mercially available, but pricing information could not
be obtained.

(Not commercially available) — Instrument not com-
mercially available, as a result, there is no pricing in-
formation available.

Future work should focus on the development of
more detailed guidelines for the evaluation of all
types of ST analyses. In addition, instrument manu-
facturers can leverage the proposed USP general
chapter and future guidelines to improve their offer-
ings. Incorporating PMS needs and perspectives in
product design could also lead to more effective use
of vibrational spectroscopy. For example, to better
enable the use of vibrational spectroscopy for PMS,
medicine manufacturers could consider minimizing
the interferences, which impede these technologies.
The use of colorants and opaque packaging could, for
example, be reduced (Vickers et al. 2018). Although
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Table 2 Applications and capital costs of different screening technologies by technique or equipment

Screening Technology Techniques and Notable Equipment Application® Price Range (USD)®

I Il M1l v % Vi
Infrared spectroscopy NA + NA +N NA NA $25,000 - $70,000
Near infrared spectroscopy NA + NA +N NA NA $7000 - $60,000
Raman spectrometry NA + NA +N NA NA $18,000 - $60,000
X-ray diffraction spectroscopy NA +L NA NA NA NA information not obtained
X-ray fluorescence spectroscopy NA + + + + NA $30,000 - $60,000
lon mobility spectrometry NA + + + + NA $25,000 - $60,000
CD5 - multi-spectral imaging + NA NA NA NA NA Not commercially available
Counterfeit Drug Identifier — multi-wavelength absorption NA + NA NA NA NA $100 but not commercially available
GPHF Minilab™ — chromatography and disintegration NA + + +L NA + $4500 - $10,000
Paper analytical device — chromatography and wet chemistry NA + NA +L NA NA $1 per test card
PharmaChk — chemiluminescence NA NA NA +N NA NA Not commercially available
Speedy Breedy — respirometry (sterility) NA NA +L NA +N NA $4500 - $5000

(+) Intended application
(+n) Intended but non-routine application

(+1) Intended application with significant limitations e.g., able to analyze a limited number of drug substances

(NA) Not an intended application
2As per proposed USP General Chapter < 1850>

PRanges reflect price quotes obtained from instrument vendors and information from the literature.

such product decisions are often necessary for en-
suring product quality, these decisions can also be
influenced by marketing strategies.

Information

Beyond the need for guidelines on how to evaluate STs
is the need for comprehensive and objective information
on the capabilities of STs. Several studies have evaluated
one specific ST or compared two or three STs side-by-
side for specific medicines, mostly antimalarials (Batson
et al. 2016; Green et al. 2015; Hajjou et al. 2013), but
there are no detailed, standardized individual, or com-
parative evaluations of these STs for use in LMICs
across multiple medicines. It remains unclear which STs
are the most accurate, appropriate, and cost effective
depending on the situation and how much training and
preparation is realistically required for sustainable use
(Fernandez et al. 2011; Hall et al. 2016; Kaur et al. 2016;
Nayyar et al. 2015). For example, NRAs in LMICs do
not have resources which describe how all STs available
on the market work and why one may be more advan-
tageous than another based on the country’s circum-
stances. Anecdotally, program managers and laboratory
staff from the Promoting the Quality of Medicines
program have observed some NRAs in LMICs, if they
have STs, are obliged to use what is selected or provided
by a donor or device manufacturer. Kovacs et al. (2014)
described the ability of STs in the field and laboratory to
detect SF medicines, and listed each ST’s need for elec-
tricity, sample preparation, reagents, portability, level of
training required, and speed of analysis (Kovacs et al.

2014). In addition, all STs are grouped into three
categories by cost: USD $10,000, USD $10,000—-100,000,
and greater than USD $100,000. The paper identified two
key issues when examining STs; (1) the unavailability
of performance data on and (2) the absence of a
reliable standard.

The Lao Oxford Mahosot Wellcome Trust Research
Unit recently published a systematic review of estab-
lished and emerging STs, highlighting available data and
identifying gaps in the literature (Vickers et al. 2018),
which included independent evaluations of STs with re-
spect to their field readiness, ability to analyze different
medicines, their cost effectiveness, their utility in diffe-
rent areas of the supply chain and their training require-
ments. The Lao Oxford Mahosot Wellcome Trust
Research Unit has also undertaken a project, with
funding from the Asian Development Bank, to perform
a side-by-side laboratory and field evaluation as well as a
cost effectiveness analysis of STs, eight of which are
commercially available and three of which are in de-
velopment (IDDO 2018). USPs Technology Review
program is carrying out similar work to LOMWRU,
evaluating emerging STs identified by experts. The first
USP Technology Review evaluations were published in
late 2017 and early 2018 with three more scheduled for
early 2019. The results of the USP Technology Review
evaluations have already informed ST procurement for
regulatory authorities and the pharmaceutical manu-
facturers. The WHO Member State Mechanism also has
a working group to survey the available STs (Substan-
dard/spurious/falsely-labelled/ falsified/counterfeit
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medical products Report by the Director-General 2015).
At the 6th meeting of the Member State Mechanism,
both USP and the Lao Oxford Mahosot Wellcome Trust
Research Unit, who are non-state members of the work-
ing group, presented on their various activities (WHO
2017a). This continued exchange of information and col-
laboration is important to avoid a duplication of efforts
and leverage their respective expertise, resources, and
processes. Furthermore, to leverage the momentum of
these programs and other activities, resources need to be
mobilized to target comparative evaluations of estab-
lished and emerging STs, which have yet to be evaluated
in any forum (Wilson et al. 2017).

Deployment

The user-specific deployment of STs requires thought-
fulness, adaptability, and a need to tailor approaches.
First and foremost, understanding how, when, and where
to use the various STs available is difficult; there is no
panacea ST. There are pros and cons to using each tech-
nology. For example, challenges with successful imple-
mentation of vibrational spectroscopy instrumentation
in LMICs stem from developing and maintaining
adequate reference libraries and building reliable quanti-
tative models for medicines (IDDO 2018; Vickers et al.
2018). A challenge in both field and laboratory testing is
therefore determining how to combine tests and tech-
nologies for detecting SF medicines with maximum effi-
ciency (Batson et al. 2016; Gostin and Buckley 2013;
Roth et al. 2018a). To expect one ST to detect all SF
medicines is unrealistic. The deployment of multiple STs
is more often the rule than the exception when working
to detect SF medicines. A handheld Raman spectrometer
can determine if an incorrect drug substance is present
in an artesunate injectable sample, while Speedy Breedy
can determine it is not sterile.

Table 3 Screening technology parameter importance by user
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Secondly, the effectiveness of STs is limited by the
effectiveness of the overarching PMS system. Developing
and maintaining a functional, sustainable, and risk-based
PMS system is one of the core functions of any NRA
(Wirtz et al. 2017). STs are an integral part of these sys-
tems but understanding where STs fit into this broader
system and how their results should be used is complex
and context specific. Answers to these questions depend
on many factors, including the size of the NRA and
country, the existing PMS system, the capacity of the
National Quality Control Laboratory, and the local
burden of disease.

Finally, the requirements of a ST vary by type of user.
Table 3 compares some of the general parameters and
their relative importance across different types of users.
An important requirement for a retail pharmacist
would be an ST that works through packaging to avoid
destroying a medicine and forgoing the associated
revenue. Contrastingly, an inspector analyzing bulk
material is not concerned about packaging. An inspec-
tor’s ST does, however, need to be able to identify the
drug substance and potentially the proportion of ex-
cipients in a bulk mixture.

Any prospective ST user should perform a situational
analysis to determine their specific requirements and
determine the ST most appropriate for their quality
challenge. To do this, ST users can work with domestic,
regional, or international counterparts and partners who
may have experience working in this field. Regional
groups such as the African Medicine Quality Forum
(NEPAD 2017) should promote dialogue and exchange
information about best practices and experiences.
Donors and other key stakeholders also need to mobilize
resources to support the evaluation of emerging STs and
to support the provision of technical assistance to those
seeking to incorporate STs into their PMS systems.

User Parameter

Non- Size Rapid Ease Application®

destructive of | I M v v Vi

use

Consumer I I \Y V - - - - -
Customs \% I \Y V V - - - -
NRA — Inspectorate I \ \% | \ I - - - -
NRA - National Quality Control Laboratory - - \ - \Y \Y \% \ \
Pharmaceutical manufacturer - V \Y - - \Y I I -
Pharmacy \ I [ - V | - I - -
Procurement agency \% I I \ \% I - I - -
Wholesaler / distributor % I \ I \Y I - I - -

(I) Important
(V) Very important
(-) Relatively less important

@Per proposed USP General Chapter Evaluation of Screening Technology for Assessing Medicine Quality
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Conclusion

The march of globalization creates ever increasing
complexities in our ability to provide quality medicines
as exemplified by the proliferation of SF medicines. SF
medicine STs provide affordable, easy to use, and port-
able tools to address this global healthcare challenge and
are revolutionizing the way SF medicines are detected in
LMICs. Care must be taken, particularly with chemical
analysis STs, to employ robust method development and
validation processes. Many data analysis tools are
available to leverage the information contained in
spectroscopic data to attain the desired level of method
performance. A variety of techniques and tailored equip-
ment are also available to the ST analyst, the strengths
and weaknesses of which must be considered. Develop-
ment of public guidelines and standards will enable
NRAs to evaluate the suitability of emerging STs. Tech-
nical support and local capacity building will expand and
accelerate the utilization of STs and promote collabo-
ration and work-sharing among stakeholders facing
similar challenges. As STs continue to develop, they will
increasingly enable LMICs to combat the preventable
but enduring global public health crisis of SF medicines.

Endnotes

'Impurities refer to minor components of the medicine
or drug substance and may be present due to product
adulteration, contamination, or degradation. According to
compendial methods, impurity specification levels
are typically in the range of 0.1-1% of the nominal
concentration.
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