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A B S T R A C T   

The continuous change of the drug landscape in the United States demands adaptation and incorporation of 
emerging analytical methods that preferably allow onsite screening but are also capable of supporting the 
analysis of seized drugs received at forensic laboratories across the country. Current methods employing color 
testing require the interaction of chemical reagents with powdered and liquid materials and can often yield 
inconclusive results, especially when the material is impure. 

Implementation of portable Raman spectroscopy can remove the need for direct interaction with solid and 
liquid specimens. In this study a portable, 785 nm, Raman spectroscopy system was employed for screening of 
seized drug samples, including mixtures. First, a panel of analytes comprised of 15 common drugs of abuse, 15 
diluents, and 64 different mixtures comprising various ratios of analytes were used to measure bias, precision, 
and repeatability in accordance with United Nations Office on Drugs and Crime (UNODC) guidelines for 
handheld Raman field identification devices for seized material. Accuracy and precision through glass packaging 
was 91% and 90%; and through plastic was 89% and 88%, respectively for the diluents examined. A subset of the 
pure and mixture samples was then analyzed using direct analysis in real time mass spectrometry (DART-MS). 
Identification of analytes was performed manually by observing the [M+H]+ protonated molecule and con
ducting a library search of an in-house database. Using DART-MS, the drug analyte present in the sample was 
correctly identified 92% of the time using the library search feature. The presence of dimers and –OH losses were 
also observed for many of the analyte drugs of abuse. The combination of portable Raman spectroscopy and 
DART-MS data resulted in an overall accuracy of 96% for the detection of both drugs and diluents. The combined 
accuracy when analyzing authentic case samples was 83%, providing a rapid and accurate method for seized 
drug screening within drug chemistry laboratories.   

1. Introduction 

Forensic chemists rely on an assortment of analytical techniques and 
instrumentation to reach conclusions when dealing with unknown 
seized compounds. However, every year forensic laboratories in the 
United States are burdened by over one million submissions of suspected 
drugs [1], requiring significant time and resources despite often limited 
budgets. To alleviate these problems and improve the speed of analysis, 
rapid screening of samples is a logical first step. Current screening 
practices often involve the use of color tests. This approach is prone to 
subjective, visual, judgments from the chemist [2,3] and requires the use 

of different chemicals, some of which are toxic [4]. Furthermore, 
sensitivity and selectivity problems are common, especially for impure 
or low concentration samples and with novel substances [4,5]. Also of 
issue is the collection and submission of unknown samples to the 
forensic laboratory that, upon analysis, turn out to be harmless or legal 
substances. To address these concerns, innovative, safer, and more cost- 
effective methods for screening unknown seized substances are needed 
both within the laboratory and in the field. 

Raman spectroscopy, a well-established, nondestructive technique is 
attractive because it can provide high discrimination between drug 
structures. The selectivity of Raman spectroscopy is superior to chemical 
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color tests, increasing the ability to reliably differentiate and identify a 
wider range of compounds. The use of Raman spectroscopy for the 
identification of drugs of abuse has been well documented using both 
conventional desktop models [6–8] and portable instrumentation 
[7,9–12]. The implementation of low-cost, battery powered, portable 
Raman spectrometers in forensic drug chemistry casework has har
nessed their versatility as a fast and safe option [13], simplifying the 
testing process, eliminating the need for sample preparation, and 
opening the door to a wider range of materials and packaging types 
[12,14,15]. 

Another means of improving drug screening has been the use of mass 
spectrometry techniques such as high-resolution mass analyzers coupled 
with ambient ionization. Direct analysis in real time mass spectrometry 
(DART-MS) has been shown to provide rapid, and sensitive analysis of a 
wide range of materials, including drugs of abuse, through direct 
introduction of small sample amounts with minimal to no sample 
preparation [16–19]. In addition, recent literature reports have 
demonstrated the ability of DART-MS to detect trace drug residues on 
the outside of packaging, allowing prediction of the internal contents 
prior to opening the packaging [20,21]. The combination of the DART 
ionization source with high-resolution mass spectrometry results in ac
curate mass measurements, providing more confident screening of drug 
compounds. 

Combining the results from the orthogonal techniques for the 
detection of 15 common drugs of abuse and 15 diluents is presented 
herein. After establishing bias, precision, and reproducibility of portable 
Raman spectroscopy, a suite of pure and binary mixture samples was 
analyzed to determine the accuracy of this approach. A subset of these 
samples and mixtures was analyzed using DART-MS to establish the 
accuracy of the technique by itself and when these results were com
bined with portable Raman. To demonstrate real-world utility, this 
combination of screening techniques was used to analyze a set of 
authentic samples provided by the Maryland State Police Forensic Sci
ences Division (MSP-FSD). 

2. Materials and methods 

2.1. Reagents and materials 

A total of 15 drugs of abuse and 15 diluents were purchased, as neat 
materials with a minimum purity of 99% from a number of chemical 
suppliers. Drug purity was verified using GC–MS. All drugs were 

purchased from Cayman Chemical (Ann Arbor, MI), and the identities of 
the compounds and the suppliers for the diluents are listed in Table 1. 

2.2. Instrumentation 

Raman spectra were obtained using a TacticID portable 785 nm laser 
Raman instrument from B&W Tek (Newark, DE). The unit was operated 
at either 20%, 60%, or 90% laser power. Spectra were acquired between 
the range of 176 cm− 1 and 2900 cm− 1 with 9 cm− 1 resolution. Spectra 
were automatically compared with the stored instrument library, as well 
as an in-house library created using the same instrument. Assessment of 
spectral similarity was determined by the hit-quality-index (HQI) with 
the low-end cut-off set to the instrument’s default of 85%. A polystyrene 
reference material was utilized daily to verify the performance of the 
instrument before any further measurements. 

DART-MS spectra were acquired in positive ionization mode using an 
IonSense DART-SVP ion source (Saugus, MA) with a JEOL AccuTOF 4G 
LC-plus mass spectrometer (Peabody, MA). DART analysis was per
formed using the parameters outlined in Table 2. Direct sampling was 
implemented by first placing the closed end of a capillary tube within 
the DART gas stream for several seconds. Following brief cooling, the 
capillary was dipped and swirled into the powdered sample before being 
introduced to the ion source. To perform drift compensation, poly
ethylene glycol (PEG) was used. Resulting mass spectra were extracted 
and background subtracted using an area of the chronogram where 
samples were not analyzed in msAxel. Spectra were assessed manually, 
as well as through use of Mass Mountaineer (Fineview, NY) software 
with an in-house library of over 600 compounds provided by the Na
tional Institute of Standards and Technology (NIST). Search parameters 
for mixture analysis included a minimum peak height of 5% relative 
intensity, to minimize the potential for false positive identification, and 
an m/z agreement of ±0.005 Da, based on the MS manufacturers 
tolerance. DART-MS is a well-established technique in forensic seized 
drug analysis and therefore a validation of the technique was not 
required [22,23]. 

2.3. Establishing Bias, Precision, & reproducibility for the portable 
Raman 

Establishment of bias, precision, and reproducibility of the portable 
Raman instrument was performed following ASTM E1683-02 [24], 
ASTM E1840-96 [25], and United Nations Office on Drugs and Crime 
(UNODC) guidelines [26] by investigating interference from different 
types of packaging, variability between analysts, mixture analysis, and 
verification of libraries within the instrument. For these studies only a 
diluent panel was used for testing. Pure diluents were analyzed inside 
glass vials and 2 mil plastic bags. The point-and-shoot adapter was used 
for analysis through plastic bags and no adaptor for analysis though 
glass. Spectra were acquired in triplicate at both 60% and 90% laser 
power. Reproducibility and repeatability were established through 
triplicate analysis performed by a total of three different operators. 
Analysis of variance (ANOVA) was used to evaluate within and between 
operator variability. The instrument’s accuracy when analyzing pure 
drugs and diluents was reported. 

Table 1 
Analyte panel for drugs and diluents. Abbreviations or alternate, common, 
names are shown in parenthesis next to the name. Compounds with an asterisk 
(*) were purchased as hydrochloride salts. For the diluents, superscript letters 
indicate chemical supplier.  

Drugs Diluents 

4-Methylethcathinone (4-MEC) Acetaminophenb 

4-Methylmethcathinone (Mephedrone) Benzocaineb 

Alprazolam Boric Acide 

Buprenorphine* Caffeinee 

Cocaine* Diltiazem*c 

Codeine Hydroxyzine*d 

Fentanyl Levamisole*c 

Heroin Lidocaine*b 

Methamphetamine* Maltosef 

Mitragynine myo-Inositolh 

Morphine Phenacetina 

Naltrexone* Phenolphthaleing 

PB-22 Procaine*c 

Sufentanil Sorbitold 

Δ9-Tetrahydrocannabinol (THC) Starchi 

Suppliers: aTCI Chemicals (Portland, OR), bMillipore-Sigma (St. Louis, MO), 
cAcros Organics (Geel, Belgium), dSpectrum Chemical MFG (New Brunswick, 
NJ), eBaker (Radnor, PA), fMPBio (Salon, OH), gFisher Chemical (Fairlawn, NJ), 
hAlfa Aesar (Ward Hill, MA), iKroger (Morgantown, WV). 

Table 2 
DART-MS parameters for analysis.  

DART Temperature 400 ◦C 
DART Gas He 
Orifice 1 Voltage 30 V, 60 V, 90 V switching at 0.2 s/scan 
Ring Voltage 5 V 
Orifice 2 Voltage 20 V 
Ion Guide 500 V 
m/z Scan Range m/z 50 – m/z 800  
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2.4. Assessment of mixtures 

A total of 64 mixtures of target drugs and common diluents were 
created to simulate street samples and are shown in Table 3. Mixtures 
and ratios were selected based on published literature [27–32]. As an 
example, a 1:4 ratio was prepared by mixing 10 mg of target drug with 
40 mg of diluent. All mixtures were analyzed via Raman through the 
plastic bags in triplicate at different areas to account for variability in 
the sample. The mixture analysis setting was used for all mixtures, to 
allow for identification of multiple compounds, with the number of 
hits—high spectrally correlated compounds, set to 5 and the ratio 
threshold set to 15%. 

Previous studies have shown that DART-MS is an established tech
nique for drugs of abuse analysis [16,20,33,34]. Therefore, a subset of 
25 samples of the original 64 mixtures, highlighted in Table 3, was 
selected to demonstrate the applicability of DART-MS for mixture 
analysis. The accuracy of DART-MS, the TacticID instrument, and the 
orthogonal combination of both techniques were determined. The 
combined accuracy was determined when the compounds were 
correctly reported by either DART-MS or Raman. For example, if the 
drug was only reported from the DART-MS results and the diluent re
ported with Raman, a correct identification of both drug and diluent 
resulted for that particular mixture. 

2.5. Authentic samples 

Fifteen adjudicated case samples were provided by the Maryland 
State Police Forensic Sciences Division and analyzed via both the 
portable Raman system and DART-MS. Samples were assessed in trip
licate using both methods and compared against their respective li
braries. The Raman laser power was altered based on the color of the test 
material—20% or 60% for colored samples and 90% power for white 
powders. Analysis of the authentic samples by DART was performed as 
described previously in Table 2. Samples were prepared following MSP- 

FSD protocols by dissolving 1 mg to 2 mg of powder in ≈1 mL of 
methanol. The averaged mass spectrum was obtained for each sample 
from the triplicate analyses and used for identification in MassMoun
taineer with a tolerance of ±0.005 Da and threshold of 5%, which was 
lowered to 1% for differentiation of isomers. A multi-point drift 
compensation with tetracaine was used for calibration to serve as a 
positive control. 

3. Results and discussion 

3.1. Portable Raman 

3.1.1. Laser power and operator reproducibility 
The hit quality index (HQI)—a common spectral comparison method 

[35,36], is a measure of the spectral correlation between the known li
brary spectrum and the unknown test spectrum. Rodriguez et al. 
described HQI by Eq. (1) [37]. The Raman system reports the HQI as a 
percentage where a value closer to 100% represents higher similarity 
and a value closer to 0% represents poor similarity. Validation of the 
instrument was performed with diluents only as a cost saving option. 
Fig. 1 shows the distribution of the HQI for the diluents at 60% (Fig. 1A) 
and 90% (Fig. 1B) power for three operators. All HQI values were 
greater than 90% although there was higher variation with Operator 3. 
ANOVA results showed myo-inositol with the highest variation in the 
HQI value—2% coefficient of variation (CV) observed between and 
within operators. The percent CV for all other compounds was less than 
2%. 

HQI =
(Library*Test)2

(Library*Library)(Test*Test)
(1)  

3.1.2. Packaging container 
Fig. 2 shows the distribution of HQIs when the diluents were 

measured through glass (Fig. 2A) and plastic (Fig. 2B) at 60% and 90% 
power as part of the instrument validation. Although all HQI values were 
greater than 85%, there was higher variation when the packaging ma
terial was glass at both laser powers. Analysis of corn starch through 
glass only returned a result using the mixture setting on the instrument 
and was not plotted in Fig. 2. However, the portable Raman instrument 
returned all the pure diluents tested as the top hit through both glass and 
plastic. The instrument is designed to analyze compounds through 
transparent glass vials <5 mm diameter thickness, as used in this study. 
The thickness of the plastic bags used in this study was 2 mil (0.0508 
mm), which provided more consistent spectral intensities, and therefore 
typically higher HQIs compared to glass. Most of the drugs analyzed in 

Table 3 
Mixtures of drugs and diluents investigated in this study. Ratios with a check
mark were analyzed using the portable Raman system (n = 64). Samples with an 
asterisk (*) were also analyzed using DART-MS (n = 25).  

Mixture Mass Ratio (Drug: Diluent) 

1:4 1:7 1:10 1:20 

Heroin HCl / acetaminophen ✓* ✓  ✓ 
Fentanyl HCl / caffeine    ✓ 
Fentanyl HCl / methamphetamine HCl ✓    
Cocaine HCl / levamisole ✓*    
Fentanyl HCl / cocaine HCl ✓    
Methamphetamine HCl / levamisole ✓* ✓   
Methamphetamine HCl / caffeine ✓*    
Cocaine HCl / benzocaine ✓*    
Alprazolam / caffeine ✓* ✓*   
Alprazolam / levamisole ✓ ✓   
4-MMC HCl / maltose ✓*   ✓ 
4-MMC HCl / lidocaine  ✓* ✓  
4-MEC HCl / maltose ✓* ✓   
4-MEC HCl / benzocaine  ✓* ✓  
PB-22 / lidocaine ✓    
Sufentanil / caffeine ✓    
Codeine / acetaminophen ✓ ✓ ✓ ✓ 
Codeine / maltose ✓* ✓* ✓* ✓* 
Morphine / maltose ✓* ✓* ✓* ✓ 
Naltrexone HCl / maltose ✓* ✓* ✓* ✓* 
Buprenorphine HCl / starch ✓* ✓* ✓* ✓ 
Cocaine HCl / caffeine ✓ ✓ ✓ ✓ 
Cocaine HCl / diltiazem ✓ ✓ ✓ ✓ 
Cocaine HCl / hydroxyzine ✓  ✓  
Cocaine HCl / lidocaine ✓ ✓  ✓ 
Cocaine HCl / maltose  ✓  ✓ 
Cocaine HCl / procaine ✓ ✓ ✓  
Cocaine HCl / boric acid   ✓   

Fig. 1. Boxplots showing the distribution of the HQI (%) between three oper
ators when the portable Raman was operated at 60% (A) and 90% (B) power. 
All diluents were powders and analyzed through plastic. Results for diltiazem 
are not shown because it was not present in the instrument library. Each box 
and whisker plot represents nine total measurements. 
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this study were white powders and the laser power selected for subse
quent analysis was 90% because of the lower variation in the observed 
HQIs. 

3.1.3. Performance measures 
The performance of an instrument in relation to a particular purpose 

is important to understand, especially the false identification rates 
within a forensic context. Given that portable Raman systems can be 
used for field applications or laboratory case work, the ability to 
correctly identify compounds through glass or plastic packaging was 
investigated. A true positive (TP) was defined as the instrument 
correctly associating the spectrum of the drug with the spectrum of the 
drug in its library; a true negative (TN) was defined as the instrument 
returning a “no match” result when the drug was absent from the library 
or no drug was present in the sample; a false positive (FP) was defined as 
the instrument erroneously returning a match for a drug that was not 
present; and a false negative (FN) was defined as the instrument 
returning a “no match” result or failing to detect a drug when it was 
present and its spectrum was in the library. Eqs. (2)–(5) were used to 
calculate the accuracy, sensitivity, specificity, and precision for pure 
target drugs and diluents. When the compounds listed in Table 1 (with 
the exception of THC) were analyzed through plastic, the accuracy was 
89%, the true positive rate (TPR) was 100%, the true negative rate 
(TNR) was 23% and the precision was 88%. When analysis was per
formed through glass, these values were 91%, 100%, 38%, and 90%, 
respectively. Although the portable Raman instrument demonstrated 
high accuracy and TPR, the high false positive rate is one reason it is 
regarded as a preliminary method. For this reason, we explored the 
potential of combining the portable Raman technique with DART-MS. 

Accuracy =
(TP + TN)

(TP + FN + FP + TN)
(2)  

Sensitivity(TPR) =
TP

(TP + FN)
(3)  

Specificity(TNR) =
TN

(TN + FP)
(4)  

Precision =
TP

(TP + FP)
(5) 

When binary diluent–diluent mixtures were analyzed, both com
pounds were correctly identified in 17% of the samples as shown in 
Fig. 3(A). For drug-diluent mixtures as shown in Fig. 3(B), both com
pounds were correctly identified in 19% of the samples. In one instance, 
the drug-diluent mixture of naltrexone-maltose (1:7 ratio), both com
pounds were incorrectly identified (Supplemental Table S1). The mix
tures at 1:4 and 1:7 ratios produced greater success in observing both 
compounds, possibly due to the more equal proportions of each com
pound (Supplemental Table S1). 

Cocaine is one of the most prevalent drugs of abuse. A study con
ducted in Austria reported 10% of seized samples analyzed contained 
cocaine as the active ingredient [38] with purities ranging from 30% to 
60% based on the geographic location [28,39,40]. Cocaine seizures in 
the European Union increased by more than 42 tonnes in 2018 from the 
previous year, the highest level recorded [41]. A 2020 midyear report in 
the US ranked cocaine as the third most popular drug of abuse 
comprising 13% of drug seizures [42]. To gain a better understanding of 
the ability to identify binary mixtures involving cocaine using portable 

Fig. 2. Boxplot comparing the type of packaging—glass (A), and plastic (B), through which the diluents were analyzed when the instrument was operated at 60% and 
90% power, by three operators. Diltiazem is not plotted as it was not present in the instrument’s library and returned a “no match” result. Corn starch and maltose are 
not shown for glass (A) since the mixture setting was used to get a hit and the mixture setting provides a spectral weight percentage instead of an HQI. Note the 
differences between the y-axes, where (A) is from 84% to 100% and (B) is from 92% to 100%. 
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Raman, the 90% laser power data was analyzed separately. Fig. 3(C) 
shows both cocaine and the diluent were correctly identified in 14% of 
the tested mixtures. However, cocaine was reported as the detected drug 
in only 24% of the samples while the diluent was correctly identified 
90% of the time. Fig. 4 presents the Raman spectra obtained using the 
TacticID for cocaine, levamisole, and a ratio 1:4 cocaine-levamisole, 
demonstrating areas of congruence for both compounds within the 
mixture. The peaks at 1000 cm− 1, 1024 cm− 1, 1276 cm− 1, 1600 cm− 1, 
and 1716 cm− 1 are attributed to symmetric stretching of aromatic ring 
breathing, asymmetric stretching of the aromatic ring, C-N stretching, 
C––C stretching of the aromatic ring, and C––O symmetric stretching, 
respectively in cocaine HCl [43]. The levamisole spectrum is marked by 
the absence of a peak at 1716 cm− 1 present in the mixture and the 
cocaine spectra. Although cocaine and levamisole have a peak at 
1260–1276 cm− 1, representing CN stretching, it is weaker in levamisole. 
Similarly, cocaine has a stronger peak at 1600 cm− 1 than levamisole. 

Fentanyl remains a drug of interest especially in the United States 
due to the ongoing opioid crisis. Three mixtures containing fentanyl 
were investigated in this study, but the portable Raman system was only 
able to detect fentanyl in one sample. Possible reasons for the missed 
detections include the limited amount of sample used in preparing the 
mixtures due to the high exposure risk associated with fentanyl, and 
fluorescence. Surface-enhanced Raman spectroscopy (SERS) was used 
by Haddad, Green and Lombardi to detect fentanyl in binary cocaine 
mixtures at 65 ppm [44], overcoming the low concentrations of fentanyl 

found in street samples [28]. Green et al. also compared the sensitivity of 
immunoassay based fentanyl testing strips, a TruNarc™ Raman spec
trometer and a Bruker Alpha™ Fourier-Transform Infrared (FTIR) 
spectrometer for detecting fentanyl in street samples [45]. The TruNarc 
system resulted in an overall sensitivity of 25.7%, and 81.9% sensitivity 
with FTIR for all test compounds including fentanyl. Although the 
immunoassay test strips produced a higher sensitivity than both TruNarc 
and FTIR, they do not discriminate between fentanyl and its analogues. 

Several portable Raman instruments are currently on the market for 
forensic applications. For a comparison of the specifications between 
some of these instruments, refer to the Forensic Technology Center of 
Excellence report [46]. Although the Scientific Working Group for the 
Analysis of Seized Drugs (SWGDRUG) lists Raman spectroscopy as a 
category A technique indicating it has the highest discriminatory power 
[47], some laboratories consider portable Raman spectroscopy as cate
gory B due to the challenge in detecting all components in mixture 
samples. For example, Spicher et al. reported an accuracy of 97.6% 
when certified reference materials were analyzed with a portable 
Raman, but 76.9% accuracy for case samples [48] which usually contain 
several compounds and have the controlled substance as the minor 
ingredient. The overall accuracy of the portable Raman system in our 
study was 32% in detecting the target drug, 89% in detecting the 
diluent, and 19% in detecting both compounds in the binary mixtures 
analyzed above, highlighting the need for complementary techniques 
that also provide results just as fast as Raman and with minimal sample 

Fig. 3. (A)— Percent of correctly reported compounds for each ratio and the total dataset (purple) by the portable Raman system for diluent-diluent mixtures (ratios 
1: 4 and 1:20, n = 6; ratios 1:7 and 1:10, n = 9). 83% of correctly identified substances matched 1 compound and 17% matched for both compounds as shown by the 
purple bars; (B)—Percent of correctly reported compounds by the portable Raman for drug-diluent mixtures (ratio 1: 4, n = 69; ratio 1:7, n = 51; ratios 1:20 and 1:10, 
n = 36). 81% of the identified substances returned a hit for 1 compound, and 19% for both compounds in binary mixtures; (C)—Percent of correctly identified 
compounds in cocaine- diluent mixtures (ratio 1:4, n = 21; ratios 1:10 and 1:7, n = 21; ratio 1:20, n = 12). All mixtures were analyzed with 90% laser power. The 
combined ratio is the overall percentage for the number of identified compounds calculated from the total number of samples. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Raman spectra of solid powders within plastic bags for cocaine, levamisole, and a mixture ratio of 1:4, cocaine-levamisole. Areas of congruence with le
vamisole are highlighted in green and with cocaine are highlighted in blue to demonstrate spectral regions for each analyte compared to the mixture. The area 
highlighted in gray represents contributions from both levamisole and cocaine. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 5. Representative DART mass spectrum of a 1:4 mixture ratio of cocaine to levamisole. Peaks of interest are labeled based on MassMountaineer identification 
along with the difference in milli-mass units (mmu) between the library and the spectrum. Due to high concentration, the levamisole peak fell outside of the ±5 mmu 
window, which was widened to encompass this peak. For simplicity, only the spectrum collected at the 30 V voltage is shown. 
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preparation. 

3.2. DART-Ms 

DART-MS was utilized as an orthogonal detection method for the 
samples tested by portable Raman. SWGDRUG lists mass spectrometry 
as a category A technique [47], but like portable Raman, DART-MS is 
used as a screening method. A polyethylene glycol standard was run on 
the instrument to account for drift compensation. For analysis by 
traditional DART sampling, m/z 283.17513 was chosen for drift 
compensation by the software. Fig. 5 shows a representative DART-MS 
spectrum for a 1:4 mixture ratio of cocaine-levamisole mixture 
analyzed using traditional microcapillary sampling. 

Identification was based on manual inspection of the mass spectrum 
for each sample run in triplicate and using MassMountaineer data 
analysis software (Rev: 5.0.7.0) with an in-house library as demon
strated. Due to the structural properties of maltose and starch, these 
molecules do ionize easily and were therefore not observed in the DART- 
MS spectra. Previous work has demonstrated the ability to analyze 
carbohydrates via DART-MS; however, the authors utilized an in situ 
permethylation step to allow positive mode analysis [49]. In our pro
posed protocol, a generic drug screening method was used with direct 
analysis and minimal sample preparation. When considering positive 
identification of both the drug and diluent, the samples where the 
diluent was not identified contained either maltose or starch, while the 
remaining samples had positive identifications for the diluent, repre
senting the loss of carbohydrate information due to the ionization mode 
rather than instrument ability. As such, performance of the DART 
analysis was judged by positive identification of the drug of abuse. The 
true positive rate was determined to be 93% with false negative rate of 
7%. 

In many cases, peaks not corresponding to the protonated molecule 
were present in the mass spectrum. Upon analysis, the majority of these 

peaks were easily explained through the presence of dimers and loss of 
water. Codeine, acetaminophen, naltrexone, caffeine, levamisole, and 
alprazolam demonstrated the formation of dimers while –OH losses 
were observed for buprenorphine, morphine, and codeine. In one 
instance, methamphetamine was not identified in the sample due to the 
5% peak threshold set by the search algorithm. Manual examination of 
the mass spectrum easily revealed the methamphetamine peak of m/z 
150 (Fig. 6). 

3.3. Orthogonal detection 

Analytical schemes which leverage orthogonal techniques to provide 
complimentary identification data have demonstrated improved reli
ability and accuracy, and therefore the data from the portable Raman 
and DART-MS were combined to compare the performance rates of the 
orthogonal approach. It is important to note that although Raman 
spectroscopy and mass spectrometry are considered SWGDRUG cate
gory A techniques, these instruments are being assessed as rapid 
screening techniques. Although the portable Raman initially struggled 
to identify the drug analyte in dilute mixture ratios, the diluent was 
correctly identified 100% of the time in the subset of mixtures used for 
the orthogonal detection study. In contrast, DART-MS excelled at 
detecting both drug and diluent compounds; however, many diluents 
were not identified due to analysis in positive mode. Therefore, the 
combination of both techniques yielded high accuracy for both drug and 
diluent compounds in all the analyzed samples, demonstrating the 
combined strength and enhanced reliability through orthogonal com
bination. Table 4 presents the comparison of overall performance rates 
for the samples assessed orthogonally, first by portable Raman and fol
lowed by DART-MS analysis. Specificity does not apply because the in
struments always returned a match based on the library search. The full 
data set can be found in Supplementary Table S2. Performance measures 
were determined using Eqs. (2)–(5). Accuracy for both analytes (drug +

Fig. 6. Demonstration of the lack of identification of the methamphetamine peak in the MassMountaineer software due to the peak threshold value of 5%. Mass
Mountaineer identifications are shown along with the milli-mass unit difference between the library and the spectrum. Methamphetamine m/z 150 can be seen when 
zooming into the group of peaks present near m/z 150. (abundance of less than 2%. The relative abundance window was widened to observe the methamphetamine 
peak. For simplicity, only the spectrum collected at the 30 V voltage is shown. 

Table 4 
Comparison of accuracy between Raman, DART-MS, and the orthogonal combination when mixtures were analyzed. The accuracy of the Raman shown below is only 
for the 25 mixtures that were also analyzed by DART-MS. Specificity is not applicable as there were no true negatives in this data set.   

Raman DART-MS Combined  

Drug Diluent Both Analytes Drug Diluent* Both Analytes* Both Analytes 

Accuracy 48% 100% 56% 85% 33% 26% 96% 
Sensitivity 56% 100% 56% 92% 36% 28% 96% 
Specificity NA NA NA NA NA NA NA 
Precision 78% 100% 100% 92% 82% 78% 100% 

*Diluents measured by DART-MS were acetaminophen, benzocaine, caffeine, levamisole, lidocaine, maltose, and starch. 

T. Cooman et al.                                                                                                                                                                                                                                



Forensic Chemistry 25 (2021) 100352

8

diluent) was determined by the sum of the samples producing identifi
cations for both the drug and diluent divided by the total number of 
samples. Lastly, the accuracy of the combination of the two instruments 
was assessed as the sum of the samples producing the respective iden
tifications by either portable Raman and/or DART-MS divided by the 
total number of samples (Table 4). 

3.4. Authentic sample results 

To investigate how the orthogonal approach worked for real sam
ples, fifteen authentic adjudicated case samples were obtained from the 
Maryland State Police Forensic Sciences Division. The majority of the 
samples were white powders or white crystalline samples and several 
samples were off-white to gray-brown. All samples were analyzed by 
portable Raman through plastic bags or through capsules. Table 5 pro
vides the results of the portable Raman and DART-MS analyses along 
with the ground-truth results which were obtained using GC–MS anal
ysis. Accuracy was defined as the ability of the instrument to detect 
those compounds assigned as ground truth for each respective group 
(drug, diluent, or all analytes). For example, if the ground truth con
tained two diluents, both needed to be detected for a positive result for 
diluent accuracy. In this manner, detection of all ground truth com
pounds was required. The overall accuracy of the portable Raman was 
44% for all analytes, whereas the accuracy of the DART-MS analysis was 
74% for all analytes (Table 6). The failure of the portable Raman in
strument to detect some controlled substances due to their low pro
portion, was compensated for with DART-MS as the combination of the 
two techniques resulted in 83% accuracy in the detection of all ground 
truth compounds for the authentic samples. It is important to note that 
while both instruments performed well, in one instance, both in
struments were needed to yield a full profile of the unknown substance 
as demonstrated by case #1. Some diluents can foul the GC–MS source, 
therefore most drug chemistry laboratories screen samples for controlled 
substances but do not always report diluents. In one case, #3, a diluent 
was detected by both Raman and DART-MS but not observed by GC–MS. 
Given that the diluent was mannitol it is expected as GC–MS is not 
sensitive to sugar alcohols. 

4. Conclusions 

On-site drug testing can help reduce drug backlogs, but the safety of 
personnel conducting the tests is important due to the increasing po
tency of illicitly manufactured substances. Portable Raman analysis al
lows for testing without opening certain types of packing, thereby 
reducing potential drug exposures. It produces high confidence in results 
when analyzing pure substances, but accuracy suffers when mixtures are 
present, as demonstrated in this study. The use of orthogonal techniques 
such as DART-MS can help resolve some of the challenges encountered 
in Raman analysis. 

In this study, a portable Raman spectrometer was validated accord
ing to the UNODC guidelines on a panel of 15 commonly encountered 
drugs of abuse and 15 diluent compounds. The HQI for pure diluents 
through plastic was higher than that for glass, >90% and >86%, 
respectively. The between-operator precision was low at ≤2%. Analysis 
through plastic resulted in an accuracy of 89% and precision of 88%, 
while analysis through glass resulted in an accuracy of 91% and 

Table 5 
Summary of authentic samples analyzed through Raman and DART-MS and 
ground truth as observed from GC–MS. An explanation is provided for com
pounds detected via DART-MS but not observed via GC–MS analysis.  

Case GC–MS Results 
(Ground Truth) 

Portable Raman 
Results 

DART-MS Result 

1 Heroin 
Mannitol 
Quinine 
6- 
Monoacetylmorphine 

– 
Mannitol 
– 
– 
Additional Hits: 
Hydrogen peroxide 
Sodium azide 
JWH-122 

Heroin 
– 
Quinine 
6- 
Monoacetylmorphine 

2 Cocaine 
Levamisole 

Cocaine HCl 
Levamisole HCl 

Cocaine 
Levamisole 

3 Fentanyl 
Caffeine 
Diphenhydramine 
Quinine 

– 
Caffeine 
– 
– 
Additional Hits: 
Erythromycin 
Mannitol 
Sodium azide 

Fentanyl 
Caffeine 
– 
Quinine 
Additional Hits: 
Levamisole 
Mannitol 

4 MDMA MDMA HCl 
Additional Hits: 
Centrophenoxine 
Buprenorphine HCl 
2-N,N-diethylamino-1- 
(4-methoxyphenyl)-1- 
propanone 

MDMA 

5 Fentanyl 
Acetaminophen 

– 
Acetaminophen 

Fentanyl 
Acetaminophen 
Additional Hits: 
Xylitol 

6 Cocaine 
Levamisole 
Phenacetin 

Cocaine base 
Levamisole 
Phenacetin 

Cocaine 
Levamisole 
Phenacetin 

7 Caffeine Caffeine 
Starch 

Caffeine 

8 Caffeine 
Mannitol 
Quinine 

– 
Mannitol 
– 

Caffeine 
Mannitol 
Quinine 

9 No Drugs of Abuse Maleic anhydride 
Hexobarbitone 

Caffeine 

10 Fentanyl 
Acetylsalicylic Acid 
Benzocaine 
Caffeine 
N-Phenylpropamide 
Quinine 

– 
Acetylsalicylic Acid 
– 
– 
– 
– 

Fentanyl 
Acetylsalicylic Acid 
– 
Caffeine 
– 
Quinine 

11 Cocaine 
Levamisole 
Phenacetin 
Inositol 

Cocaine base 
– 
Phenacetin 
– 
Additional Hits: 
Thebaine 

Cocaine 
Levamisole 
Phenacetin 
– 

12 Phentermine Phentermine HCl Phentermine 
13 Methamphetamine 

Ketamine 
Phenacetin 

– 
Ketamine HCl 
Phenacetin 
Additional Hits: 
Dimethyl sulfone 

Methampehtamine 
Ketamine 

14 Heroin 
6- 
Monoacetylmorphine 
Mannitol 
Quinine 
6-Acetylcodeine   

– 
– 
Mannitol 
– 
– 
Additional Hits: 
Sorbitol 
Hydrogen peroxide 
Hydroxyzine pamoate 
Codeine 

Heroin 
6- 
Monoacetylmorphine 
Mannitol 
Quinine 
– 

15 Cocaine 
Benzoylecgonine 

Cocaine HCl 
– 

Cocaine 
–  

Table 6 
The accuracy results for the authentic case samples. The calculation of the ac
curacy was performed in similar fashion as described above in Section 3.5. 
Sample #9 was not included since it was a true negative sample.  

Performance measure Raman DART-MS Combined 

Drug accuracy 41% 82% 82% 
Diluent accuracy 45% 68% 83% 
Accuracy for all analytes 44% 74% 83%  
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precision of 90%. The system excelled at identification of analytes in 
their pure form and in higher percent ratio but demonstrated some 
difficulty in detection the analyte at low concentrations. In comparison, 
DART-MS demonstrated high accuracy and sensitivity for the drug 
analytes of interest and many of the diluent compounds. However, 
DART-MS struggled with diluent compounds that perform better in 
negative mode (only positive mode was used). Although these tech
niques are strong on their own, the combination of both instruments 
resulted in a drug accuracy of 96%, diluent accuracy of 100%, and 
overall accuracy for two-part mixtures of 96%. Analysis of authentic 
case samples using both techniques resulted in 44% accuracy by Raman, 
74% by DART-MS, and 83% accuracy when both techniques were 
combined. This combination of orthogonal data demonstrates the 
improved reliability and accuracy possible when both techniques are 
used in screening. The ability to detect both drug and diluent analytes 
provides useful information for drug intelligence operations that can be 
performed rapidly for improved investigative leads and real-time deci
sion making. 
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Qualitative, quantitative and temporal study of cutting agents for cocaine and 
heroin over 9 years, Forensic Sci. Int. 257 (2015) 307–313, https://doi.org/ 
10.1016/j.forsciint.2015.09.014. 

[40] S. Schneider, F. Meys, Analysis of illicit cocaine and heroin samples seized in 
Luxembourg from 2005–2010, Forensic Sci. Int. 212 (1-3) (2011) 242–246, 
https://doi.org/10.1016/j.forsciint.2011.06.027. 

[41] European Monitoring Centre for Drugs and Drug Addiction (2020) European Drug 
Report: Trends and Developments. 

[42] System NFLI (2021) NFLIS-Drug 2020 Midyear Report. 
[43] C.A.F.O. Penido, M.T.T. Pacheco, R.A. Zângaro, L. Silveira, Identification of 
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