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ARTICLE INFO ABSTRACT

Keywords: The development of Free and Open-Source Software (FOSS) is being increasingly recognized as an indispensable
Infrared spectroscopy resource for the development, validation, and replication of analytical methodologies and tools. In this context,
Chemometrics

the use of Attenuated Total Reflectance Infrared (ATR-IR) spectroscopy for the in-situ identification of drugs
requires software for the treatment of spectroscopic data, including spectral quality controls, the subtraction of
possible excipients, and the comparison with well-defined libraries that can be complex and limits its application
on the field analysis by non-expert users. Here we describe a user-friendly FOSS for drug identification that can
be operated in an intuitive way, including automatic features such as i) quality controls that warn the user from
possible technical problems during spectrum acquisition (e.g. water vapour, contaminated background), ii) the
subtraction of the contribution of excipients and other substances present on the sample, and iii) the creation of
custom and updated cloud-based libraries to deal with the great number of new psychoactive substances (NPS)
that are constantly being developed and introduced for their consume. The proposed application was tested by
expert and non-expert users with spectra from 42 drug samples measured in situ in a music festival and 39 seized
samples measured in a laboratory. Non-expert users were able to flag technical problems in the spectra and to
perform excipient subtractions automatically, obtaining drug identifications that matched those ones obtained by
reference methods and dedicated commercial software. We share both, the code, and a standalone Windows app
to reach worldwide users and scientists interested in the identification of drugs.

New psychoactive substances
Seized drugs

Graphical User Interface
Open-Source Software

1. Introduction aforementioned review paper [1], interest in open-source software in

analytical chemistry has increased significantly since the turn of the

The evolution of science towards an open-source mode is becoming
evident by leaps and bounds. It is widely accepted that the scientific
advancement depends on the discovery, access and reformulation or
improvement of studies by other researchers. In this sense, publishers of
scientific journals, as well as national governments and scientists, have
clearly opted for the open dissemination of scientific results in open-
access journals. The motivation of this “open-source” movement in
analytical chemistry has been previously stated in a review article [1],
which is, basically, make available to any scientist the tools to replicate a
project together with the permission for users to use, improve, and share
it with others. It generally implies the adoption of open hardware and
software principles in analytical chemistry research.

Free and Open-Source Software (FOSS) has been around for decades,
being its ubiquity the most obvious success. As it was stated in the
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century. As a result, the number of publications of open-source appli-
cations in spectroscopy [2-5], chromatography [6-8], and electro-
chemical analysis [9,10] has increased at a proportional rate. Here we
propose the creation of “DrogoFinder” an open-source application for
the identification of illicit drugs using their ATR-FTIR spectra. The app
focuses on the identification of common drugs and new psychoactive
substances (NPS), featuring a user-friendly interface; so non-expert
users, such as health workers or security forces can easily process the
data in order to obtain reliable results in a fast and simple way. This
include the quality control of the spectra, the subtraction of potential
interferents present in the sample, [11] and the comparison with custom
and cloud-based libraries.

The identification of unknown illicit drugs in seized samples is one of
the most active fields of research in forensics. In this context, IR
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spectroscopy is one of the most widely used techniques. Methodologies
based in ATR-FTIR spectroscopy are rapid, sensitive, easy to handle,
cost-effective and non-destructive. Because of that, ATR-FTIR have been
widely applied in illicit drug analysis [12,13] for the identification of
classical drugs like cocaine [14-16], MDMA [17], and also NPS [18-20].
The identification is done by the comparison of the spectrum of the
unknown sample with spectra stored in spectral libraries, allowing its
identification whenever the compound of interest is included in the li-
brary. However, this apparently simple operation can become very
complicated in the case of samples that are complex mixtures. Bands
from other components present in the sample such as other active
components, fillers/adulterants or excipients, interfere with the identi-
fication, making it difficult to obtain a sufficiently reliable result.

In this sense, ATR-FTIR methodologies require an updated database
containing spectra of all known psychoactive substances (as well as
spectra of potential adulterants and excipients) and specialized software
that allow the manipulation of spectra to increase the accuracy of the
identifications (e.g., subtraction of the spectra of other psychoactive
compounds or cellulose). Furthermore, in general, the resolution of
these problems requires well-trained users who can detect potential
experimental pitfalls that can hamper the identification and provide
misleading results. Common examples of unsuitable spectra include the
presence of bands associated with the rotational states of the water
vapor, negative bands product of a contamination in the background
scan, and low absorbances due to an ineffective contact of sample with
the ATR crystal during measurement step.

Commercial companies provide dedicated software packages to
control the IR instruments and to perform such identifications. These
packages usually integrate extensive libraries with spectra from
different substances, and generally increase the cost of the basic version
of the software. However, depending on the supplier, each instrument
uses different programs, with specific and protected procedures for data
analysis (i.e. black boxes). This fact can make it even more difficult to
compare results among different devices and software. Furthermore,
these applications are generally not specific for drug identification and
contain a large set of instructions and options, making them not very
intuitive for non-expert user. Thus, there is a need for graphical user
interfaces (GUI) that enable the implementation of complex routines and
spectral processing pipelines on easy-to-use apps [5] dedicated to spe-
cific applications such as drug identifications.

The developed FOSS presented in this paper includes the quality
control of the spectra, the subtraction of potential interferents present in
the sample, and the comparison with custom libraries. The app also
includes an advanced mode, which adds the possibility of performing
advanced identification routines as well as the incorporation of new
spectra into the library to be used in future identifications. Furthermore,
the proposed software has also the potential to be implemented in a
cloud-based environment, providing updated databases to keep pace
with the continuous emergence of NPS. We tested the features of the app
with expert and non-expert users to validate its use in both, laboratory
and field scenarios. To that end 1 set of samples obtained at a music
festival as well as 2 sets of seized samples were evaluated. Moreover, the
code and a user manual are free shared as an open-source resource for
researchers and institutions.

2. Methods
2.1. Software development

The proposed application was developed using MATLAB R2022a
from MathWorks (Natick, MA, USA). According to preliminary tests, it is
be compatible with MATLAB versions R2021b, R2022a and R2022b.
The GUI was created using the “app designer” extension from MATLAB,
and uses in-house written scripts for importing, pre-processing and
evaluation of the spectra. Scripts contain functions from the Bioinfor-
matics, Image processing, Signal processing, and Statistics and Machine
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Learning Toolboxes, as well as other functions available at the Math-
Works file exchange such as the PerkinElmer IR data file import tool
[21] and passwordUI [22]. The developed app can be used and modified
from MATLAB as long as these toolboxes are available. Furthermore, a
stand-alone version of the app was created to be used in the Windows
environment without the need for a MATLAB license. This was per-
formed by using the MATLAB compiler toolbox. The stand-alone version
contains almost all the functions available in the MATLAB version, apart
from saving data in a custom library. A user manual and installation
guide are included in the software files, which can be downloaded at
https://zenodo.org/records/10245755.

Within the included options, the app provides the ability to auto-
matically subtract common adulterants typically found in the samples,
such as cellulose or caffeine. This subtraction is performed by generating
a vector *C’ ranging from 0.1 to 1, which simulates relative concentra-
tion of the adulterant in the spectrum.

C=100.10.2--1] @

Such vector is multiplied by the spectrum of the excipient (e),
obtaining a matrix (Ce) of the excipient spectra at different levels of
concentrations.

Ce = C*e 2)

Then, the generated spectra in Ce are subtracted to the sample
spectrum, to obtain a new matrix of subtracted spectra (Ci).

Ci=i—Ce 3

Finally, a search is performed to select the spectrum with the mini-
mum value in the matrix of spectra above 0. This search is performed
over a predetermined range of wavenumbers.

S(x) = min;((i — Ci) > 0) @

Being S(x) the minimum positive absorbance value. The spectrum
that contains this value is considered as the best subtracted spectrum.

The automatic subtraction was evaluated by using samples adulter-
ated with different compounds, like cellulose or caffeine. The pre-
determined range of wavenumbers is optimized for different substances
used as excipients or adulterants like cellulose, caffeine and lactose.
Alternatively, a selected substance from the compound list (i.e. in the
case of samples containing mixtures) can also be subtracted, enabling
the determination of whether the sample contains more than one sub-
stance. For common excipients, this specific region is already registered
within the app, while for other compounds of the library wavenumber
interval for correction, taking into consideration the maximum absor-
bance band, is automatically selected. The range was optimized by
performing subtractions with different seized samples and selecting
those that provide better subtractions results, which included the re-
gions with the higher absorbance bands for each compound (see
Table 1).

The app also performs three different quality controls every time a
new spectrum is loaded. The first one checks if there is a contribution
from the presence of water vapour bands on the spectrum, which is
common if the measure takes place in an environment where humidity is
not well regulated (i.e., outside a laboratory), and reduces the quality of
the spectrum. The second one checks for possible negative bands in the
spectrum, which can be the product of cross-contamination of the crystal

Table 1
Wavenumber intervals used for the subtraction of the desired substance.

Compound Wavenumbers region (cm™1)

Cellulose 970-1067

Lactose 1006-1070

Caffeine 1605-1675

Selected compound from the =+ 40 from the maximum band of the
library compound



https://zenodo.org/records/10245755

J. Béjar-Grimalt et al.

during the background. The last quality check assesses whether the
absorbance is enough for a satisfactory analysis since a spectrum with a
low signal is more susceptible to noise, also hampering the identification
of the drug. To that end, the software follows the criteria in the Table 2
to perform the calculations. For the absorbance and negative bands, the
range between 800 and 3400 cm™! was selected, and for the water
vapour the region selected included one rotational band from the water
vapour spectrum.

The quality control procedures were validated by measuring spectra
under conditions that simulated typical experimental problems which
could potentially skew the identification, including i) interferences
caused by water vapour bands, ii) negative bands caused by an inef-
fective cleaning of the crystal when the background was measured, and
iii) low absorbance caused by a weak contact of sample with the ATR
crystal. The cut-off values were optimized by testing the quality controls
with the spectra of different samples.

2.2. Spectral acquisition

The IR spectra were obtained using a Spectrum Two FT-IR spec-
trometer from Perkin-Elmer (Waltham, MA, USA) equipped with the
UATR accessory, coadding 10 scans at 4 cm ™' spectral resolution over
the range 4000-500 cm™!. The atmospheric contribution was corrected
using the build-in CO3/H20 correction provided by the software from
Perkin-Elmer, Spectrum (version 10.03.06). A new background scan was
acquired between each sample, which was obtained after cleaning the
ATR crystal surface with ethanol. Components in the acquired spectra
were identified by both, the proposed app and Spectrum. In both cases,
the same strategy for the identification of illicit drug was employed,
including the subtraction of probable excipients or other active com-
pounds and the computation of “score” values based on the correlation
between the sample spectrum and each spectrum of a library. A total of 3
different data sets of samples were used. Set 1 was used to evaluate the
methodology and contained spectra of 17 samples of seized drugs that
were identified by reference techniques such as gas chromatography
mass-spectrometry (GC-MS) and ion mobility spectrometry (IMS) in the
analytical laboratory. Set 2 was used to validate the software with
samples measured in-situ and contained spectra of 42 sample drugs
measured during a music festival that took place at Spain in July 2022.
Set 3 was used to test the method’s selectivity and the impact of fillers
and excipients on drug identification. It consisted of 22 adulterated
cocaine samples characterized by liquid chromatography diode array
detection (LC-DAD) in the analytical laboratory. In our study we used
the library from SWGDRUGS (Version 2.1, 624 NPS spectra, August
27th, 2019) in combination with spectra of standards and characterized
samples measured by our research team at the University of Valencia (93
drug spectra plus 7 adulterants).

An additional dataset containing 15 spectra were used for the blind
testing of the app by non-expert users. The set included spectra of
different drugs from Set 1 and 2, as well as spectra of complex samples or
with problems, like the presence of water vapour bands, negative bands,
or the presence of strong contributions of excipients that should be
subtracted. A total of 4 non-expert users which included a final year

Table 2
Software criteria for the quality controls.
Quality Criteria Range Cut-off
Control (em™) value (u.
a.)
Water Difference of intensity between the 3909 to < 0.001
vapour maximum and minimum of a rotational 3917
water band
Absorbance Maximum value for the loaded 800 to > 0.01
spectrum 3400
Negative Minimum value for the loaded 800 to < —0.01
bands spectrum 3400
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chemistry student, and 3 non-qualified users with technological degrees
not related to chemistry, were employed for validating the app. Users
were asked to identify the given spectra blindly after reading the app
instruction manual (SM1) in order to prove if the designed GUI was easy
to use, even if the users had no experience with drug analysis and/or
ATR spectra treatment.

3. Results
3.1. Software interface and options

When launching the app, the GUI shows five main panels (see Fig. 1):
a) Spectrum panel, where the spectra can be loaded, and saved to the
library, b) Subtraction panel, where the subtraction takes place by
choosing the adulterating substance, c¢) Parameters panel, for modifying
the parameters of the determinations, d) Quality control panel, for dis-
playing the quality controls outcome, and e) Results panel, in which the
processing is described and the results are displayed. The user can
import the spectrum through the “Load” button on the Spectrum panel
using .sp, .DX, .dx and .spc file extensions. The wavenumbers of the
imported spectrum are then automatically aligned using the function
Interpl from MATLAB to create a spectrum within the 3980-750 cm ™!
range with a uniform spacing of 1 cm L. The same process is also applied
to all the spectra of the databases to provide compatible comparisons.

The flowchart in Fig. 2 summarizes the different steps and options
performed by the app. Once the file is loaded, the quality controls are
automatically applied to the spectrum, checking if water vapour bands,
negative signals or low absorbance values, are detected. Results are
displayed as green or red lights in the quality controls panel If a quality
control check fails, a message in the results panel suggests steps to
address the issue. For example, if the Negative band QC fails, the soft-
ware recommends acquiring a new background. Additionally, if a filler
or excipient is detected in the sample within the top 5 identification
results, the application performs the subtraction automatically, and
shows a message in the results panel specifying the type of adulterant
and providing the subtraction result. Moreover, the user can subtract the
desired substance from the spectra selecting one of the common adul-
terating substances included in the dropdown menu of the Subtraction
panel, which includes cellulose, caffeine, and lactose. Furthermore, the
user can subtract any compound from the Results panel table by
checking the “subtract” checkbox. After the subtraction, the identifica-
tion of the resulting spectrum is automatically performed, and the new
matches appears in the Result panel. After that, the user can generate a
report by pressing the button “Do report” in the Results panel, which can
be downloaded as a pdf file. An example of pdf report can be found in the
electronic supplementary material (Report_example.pdf). A further
explanation on how the app works is described in the user manual.

3.2. Data processing and parameters

After loading the spectrum and conducting quality controls and ex-
cipients subtractions, the spectrum is compared to the spectra in the
library. The application also includes an advanced mode which can be
used by checking the “Advance” box located in the bottom left corner of
the GUL. It has been blocked by a password that can be set by the user.
Within the advanced mode, the “Add to library” button and the “Pa-
rameters” panel will be unlocked, giving the user the ability to include a
loaded spectrum in a new library called “Own library” (In the current
version, this feature is only available when using the MATLAB version of
the app). Additionally, the spectrum is plotted in the Results panel for
visual inspection, and can be normalized by pressing the “Normalize”
button on the Spectrum panel. Also, the spectrum with the higher match
is displayed alongside the sample spectrum, and the user can manage
which spectra are shown by selecting or deselecting the “display”
checkboxes at the results panel. In this mode, the software also in-
corporates tuning parameters for the identification, such as the
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Fig. 1. DrogoFinder GUI after loading a spectrum, showing 5 main panels: a) Spectrum panel, where the spectra can be loaded, normalized, and saved to the library,
b) Subtraction panel, where the subtraction takes place by choosing the adulterating substance, c) Parameters panel, for modifying the parameters of the de-
terminations, d) Quality control panel, for displaying the quality controls outcome, and e) Results panel, the results are displayed.
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utilization of derivatives, the selection of specific spectral regions, and
the choice of identification methods. The methods available for selection
include the correlation coefficient (R%) and the k-nearest neighbours
(Knn). After modifying any of these parameters, an updated identifica-
tion will take place automatically, and the resulting spectrum is dis-
played. Derivatives are performed using a Savitzky-Golay filter (15
points window, 2nd degree polynomial order). This is designed to pro-
vide experienced users with more options to explore the spectra and
expand the library. Inexperienced users, on the other hand, can focus on
the identification of the sample without the need to be concerned about
additional parameters.

3.3. Evaluation of the quality controls

To check if the quality controls of the app were working as intended,

%107
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a ‘stress test’” was performed by analysing spectra obtained under
different circumstances imitating unfavourable experimental acquisi-
tion conditions. This included a spectrum with low absorbance, a
spectrum obtained with a contaminated background, and a spectrum
with contribution of water vapour. For the first spectrum, a minimal
amount of sample was deposited onto the ATR crystal to simulate con-
ditions where the spectrum exhibits very low absorbance (Fig. 3a). The
second spectrum was obtained using a background registered with a
contaminated ATR crystal, providing negative bands (Fig. 3b). In the
third spectrum, the water vapour correction of the software was turned
off and some water vapour was induced through the beam path,
emulating high water vapour changes in the environment (Fig. 3¢). The
3 spectra obtained under these circumstances were compared to 58
spectra from a database obtained by expert operators with appropriate
control of experimental issues (i.e., without major water vapour
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Fig. 3. Evaluation of the quality controls. Spectra measured in the “stress test” of the low absorbance (a), negative bands (b) and water vapour quality controls (c).
Comparison of the ratios calculated for the spectra collected by expert operators under favourable conditions (blue histogram) and “stress test” samples (green dot),
for the low absorbance, negative bands and water vapour quality controls, for the low absorbance (d), negative bands (e) and water vapour quality controls (f). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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contributions, with enough absorbance and with an optimal obtained
background). The calculated values of the parameters of the quality
controls (see Table 1) obtained for each spectrum are depicted in
Fig. 3d-f, which compare a histogram of the results of 58 well-collected
spectra with the spectrum obtained under unfavourable conditions and
the cut off value selected in the quality control. As seen in the different
histograms, all the 58 spectra measured under favourable conditions
passed the quality controls, while the ones obtained under the stress test,
represented as a green dot in the histograms, failed. Thus, the QC rep-
resented an effective and automatic way to flag possible experimental
problems to users without spectroscopic expertise.

3.4. Subtraction

To test if the subtraction was working as intended, a sample adul-
terated with caffeine was assessed. The spectrum of the sample can be
seen in the Fig. 4a along with the spectrum of the caffeine. The app
provided a R? value of 0.74 for caffeine as the first option. The sub-
traction of the caffeine automatically removed the most intense caffeine
bands, as seen in the subtracted spectrum in Fig. 4b. The algorithm
computed an optimal C parameter of 78, indicating that the caffeine
standard spectrum was multiplied by 0.78 before subtraction. This value
is related to the actual proportion of cocaine and caffeine in the sample
and can serve as a semiquantitative indicator of the concentration level
of the excipient and illicit substance. Subsequent identification using the
subtracted spectrum yielded an R? value of 0.96 for cocaine, which had
the highest R? among all the compounds. This improvement could also
be appreciated in the comparison of the subtracted spectrum with the
cocaine spectrum (See Fig. 4¢). This fact proved that the sample spectra
were being processed as intended, since the subtraction increased the R?
to almost 1 after the subtraction.

3.5. Software comparison and validation by non-expert users

Results obtained after identifying the 42 drug spectra using the
software Spectrum and the designed GUI DrogoFinder are shown in
Table 3. As it can be seen, the identification provided by the Drogo-
Finder app matched the one obtained by the Spectrum software for
almost all the samples. A discrepancy can be found which is the iden-
tification of 2C-B instead of amphetamine for Sample #24 and in the
identification of 3MMC instead of MDMA for sample #20 (see Table 3).
These mismatches can be caused by small differences in the procedures
employed by both software, but in general, the results obtained from the
app are comparable to the ones obtained from a commercial software.

For the blind test performed by the non-expert users, all the partic-
ipants were asked to identify the substances from a set of spectra without
any additional information about the samples (see Table 4). The users
were previously trained with the DrogoFinder User Manual (available in
SM1) and had to provide a table with the results, which was compared to
the results obtained by expert users with the Spectrum software. The
four participants were able to flag the two spectra that did not pass the
quality controls (due to the presence of negative bands or water vapour).
Furthermore, all the spectra were correctly identified by the users,
which were able to automatically subtract the caffeine contribution in
one of them. These results show the capability of the application to help
with the identification of the substances, even when the users have no
previous knowledge about drugs or spectroscopy analysis.

3.6. Validation of the methodology with well-known seized samples

To validate the methodology, the spectra obtained from the seized
samples (Set 2) were identified using ATR-FTIR with DrogoFinder and
Spectrum software, and the results were compared with the identifica-
tions obtained with reference methods (GC-MS and IMS). All seized
samples were presented in the form of powders with different colours
(white, pink, blue, or grey). The sample set contained a total of 17 of
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Fig. 4. Evaluation of the subtraction. First the original spectrum is plotted
along the spectrum of the caffeine after being normalized(a), then the original
spectrum is represented with the subtracted one (b) and in the last place the
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spectra of the cocaine which gave the highest score R (o).

common drugs (1 sample of cocaine and 4 samples of ketamine) as well
as design drugs such as ADB-PINACA and 11 samples of 4-chlorometh-
cathinone (4 CMC). As seen in Table 5, the DrogoFinder app was able
to find matches of the ATR-FTIR spectra obtained within the SWG li-
brary (R? values between 0.51 and 0.98). Most importantly, the results
obtained are in well agreement with the main drug found in the samples
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Table 3
Comparison of substance identification provided by Spectrum software (by
Perkin Elmer) and the DrogoFinder app for spectra of different seized drug
samples.

Microchemical Journal 199 (2024) 109801

Table 5
Comparison between the identifications obtained using ATR-FTIR (for both
DrogoFinder and the one obtained from commercial software and reference
methods.

Sample Number Compound identified

Spectrum Software DrogoFinder
1 MDMA MDMA
2 MDMA MDMA
3 Amphetamine Amphetamine
4 MDMA MDMA
5 MDMA MDMA
6 MDMA MDMA
7 MDMA MDMA
8 MDMA MDMA
9 MDMA MDMA
10 MDMA MDMA
11 Ketamine Ketamine
12 MDMA MDMA
13 MDMA MDMA
14 Ketamine Ketamine
15 Amphetamine Amphetamine
16 Lidocaine Lidocaine
17 Lidocaine Lidocaine
18 MDMA MDMA
19 MDMA MDMA
20 MDMA 3MMC
21 MDMA MDMA
22 Cocaine Cocaine
23 Cocaine Cocaine
24 Amphetamine 2C-B
25 MDMA MDMA
26 Amphetamine Amphetamine
27 Lidocaine Lidocaine
28 MDMA MDMA
29 MDMA MDMA
30 MDMA MDMA
31 MDMA MDMA
32 2C-C 2C-C
33 Amphetamine Amphetamine
34 MDMA MDMA
35 MDMA MDMA
36 MDMA MDMA
37 MDMA MDMA
38 Cocaine Cocaine
39 Cocaine Cocaine
40 2C-B 2C-B
41 MDMA MDMA
42 MDMA MDMA

Note: MDMA, 3,4-methylenedioxymethamphetamine; 2C-B, 4-Bromo-2,5-
dimethoxyphenethylamine.

Table 4
Seized drug samples used for the blind test by non-expert users.
Sample Main Component Observations
M1 N-ethyl-pentylone
M2 alpha-PHP Water vapour bands
M3 MDMA Negative bands
M4 Cocaine
M5 Ketamine
M6 Amphetamine Caffeine before subtraction
M7 MDMA
M8 Cocaine
M9 Lidocaine
M10 Amphetamine
M11 Cocaine
M12 MDMA
M13 Amphetamine
M14 2C-B
M15 MDMA

Note: alpha-PHP, alpha-pyrrolidinohexiophenone; 2C-B, 4-bromo-2,5-dime-
thoxyphenethylamine; MDMA, 3,4-methylenedioxymethamphetamine.

ATR-FTIR-DrogoFinder ATR-FTIR-Spectrum GC-MS IMS

software software

4-CMC (N =11) 4-CMC 4-CMC 4-CMC

Ketamine (N = 4) Ketamine Ketamine Ketamine

ADB-PINACA ADB-PINACA ADB- ADB-
PINACA PINACA

Cocaine Cocaine Cocaine Cocaine

Note: ADB-PINACA, N-(1-amino-3,3-dimethyl-1-oxobutan-2-yl)-1-pentyl-1H-
indazole-3-carboxamide; 4-CMC, 4-cloromethcathinone; N, number of samples.

by GC-MS and IMS. Similar results were obtained when the ATR-FTIR
data was treated with the commercial Spectrum software.

Finally, set 3, which included 22 seized samples containing different
concentrations of cocaine as well as other 6 excipients, was used to
evaluate the prediction performance of the app in complex samples with
low concentrations of drugs. Sample components were identified using
their ATR-FTIR spectra and the proposed software, and the outcomes
were compared with the results obtained by LC-DAD [23] (See Table 6).
Samples in Set 3 exhibited a cocaine content ranging from 0.50 % to
17.17 % by weight, according to the reference method. These samples
were adulterated with one to five substances, including levamisole,
caffeine, phenacetin, tetracaine, procaine, and lidocaine. Following the
initial identification (Table 6, hit 1), an automatic subtraction of the
substance that gave the higher hit was applied obtaining a second result
(Table 6, hit 2). A third subtraction was conducted aiming to identify
another substance (Table 6, hit 3). A fourth subtraction was not feasible
due to the significantly reduced spectral quality. Table 6 shows that out
of the 22 samples, cocaine was detected in 19, but not in samples 1, 5,
and 6. Sample 1, containing only 0.99 % cocaine, likely falls below the
method’s selectivity threshold. In this case, the only identified substance
was procaine, comprising about 76.15 % of the sample. In sample 5,
despite having a high cocaine content of 11.72 %, cocaine was not
detected, highlighting cases where the app struggled to resolve mix-
tures. Sample 6 presented a unique challenge as it contained five adul-
terants, with four of them in higher concentrations than cocaine,
rendering the app unable to identify cocaine.

Regarding the limit of detection of the method, the app successfully
identified cocaine with a minimum concentration of 4.24 % by weight,
even in the presence of two or more adulterants. However, it is impor-
tant to note that this result may vary depending of the complexity of the
samples. Binary ternary samples could range better sensitivity if the
interferents can be easily subtracted, while multi-component samples
would have a higher limit of detection. It is important to note that ex-
cipients not included in the database cannot be accounted for, and as a
result, the limit of detection for samples containing these interferences
will be significantly high. This highlights again the need for a compre-
hensive database of spectra including a wide range of drugs and
excipients.

4. Conclusions and outlook

Drug identification though IR methodologies can be a complicated
task, especially for inexperienced users with barely any knowledge of
spectroscopy. A GUI like DrogoFinder offers a user-friendly tool with an
easy way to identify these substances from their IR-ATR spectra without
the need of a commercial software. To that end, the quality controls
included in the developed app can assist non-experienced users to
identify errors that can hamper the identification of the sample during
the obtention of the spectra. It also provides an intuitive tool for the
subtraction of an adulterating substance or additional compounds in the
same sample in order to improve the identification of compounds in
seized samples. Furthermore, the app can be easily updated to keep up
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Table 6

Identification of the adulterated cocaine samples using Drogofinder with successive subtractions with the obtained hits from before and after the 2 subtractions.
Sample %Coc Y%Lev %Caff %Phe %Tet %Pro %Lid Hit 1 Hit 2 Hit 3
1 0.99 0 18.14 0 1.93 76.15 0 Pro 0.99
2 10.3 0 4.72 20.08 0.29 0 0 Phe 0.66 Coc 0.51
3 17.16 10.12 19.59 26.59 0 10.51 0 Phe 0.76 Caff 0.50 Coc 0.43
4 8.3 4.91 0 10.32 0 0 0 Coc 0.81 Phe 0.83
5 11.72 5.45 0 86.96 0 0 0 Phe 0.96
6 3.8 6.58 5.39 68.92 3.8 7.3 0 Phe 0.96 Pro 0.46
7 15.55 9.14 8.08 10.51 6.12 23.6 0 Coc 0.88 Pro 0.94
8 13.25 29.18 45.79 0 0 0 0 Caff 0.96 Coc 0.70
9 11.22 0 26.29 56.07 0 0 0 Phe 0.77 Caff 0.71 Coc 0.57
10 14.95 49.6 0 0 0 9.04 0 Coc 0.79 Lev 0.75
11 14.98 0 25.66 0 0 6.84 0 Caff 0.73 Coc 0.91
12 4.88 98.99 0 0 0 0 0 Lev 0.68 Coc 0.77
13 9.85 24.66 0 12.09 0 5.57 0 Coc 0.76 Phe 0.58 Lev 0.57
14 9.82 95.86 0 0 0.31 0 0 Lev 0.70 Coc 0.79
15 14.01 37.34 0 11.42 0 32.85 0 Coc 0.76 Phe 0.84
16 9.7 35.34 0 10.79 0 41.56 0 Phe 0.75 Coc 0.9
17 9.57 0 29.13 0 0 0 72.06 Caff 0.86 Coc 0.70 Lid 0.64
18 10.53 7.73 0 17.43 0 0 0 Phe 0.79 Coc 0.82 Lev 0.36
19 9.21 14.03 30.93 0 16.78 0 0 Caff 0.85 Tet 0.80 Coc 0.76
20 6.9 9.13 25.28 0 17.54 0 0 Caff 0.78 Tet 0.88 Coc 0.69
21 4.24 6.33 24.78 0 14.88 0 0 Caff0.85 Tet 0.90 Coc 0.4
22 8.09 9.89 19.43 0 16.01 0 0 Caff 0.74 Tet 0.88 Coc 0.72

Note: Coc, Cocaine; Lev, Levamisole; Caff, Caffeine; Phe, Phenacetin; Tet, Tetracaine; Pro, Procaine; Lid, Lidocaine.

with the constant development of NPS. The app was successfully vali-
dated with a set of real samples by comparing their identification with
identifications performed by commercial software and reference meth-
odologies, being able to identify the presence of cocaine is complex
samples with a lower limit of concentration around 5 %. A blind test was
also conducted with inexperienced users, who were able to identify
compounds of interest, subtract the spectra of excipients and detect
spectra with poor quality. The developed software, including the source
code, is free and open-access, resulting in a tool that can be used or
improved by anyone in the field. Examples of future developments that
can be added to the app include the addition of more complete drug
spectra databases and the inclusion of more sophisticated search/
quantification algorithms, increasing the potential value of the FOSS.
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