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Abstract

The identification of the illicit substances in low-purity seized drugs with
Raman spectroscopy is an outstanding problem. The low concentration of the
target molecule demands high sensitivity and the presence of impurities pro-
duces a strong fluorescence background that makes identification challenging.
Although Raman analyzers with 785 and 830 nm excitation wavelengths pro-
vide high sensitivity, the longer 1064 nm wavelength produces lower fluores-
cence. In this work, we demonstrate a Raman spectrometer that
simultaneously achieves both high sensitivity and low background fluores-
cence. We utilize swept-source Raman spectroscopy in which the spectrometer
is replaced by a single high-collection spectral channel, and the Raman spec-
trum is swept using a tunable laser. By eliminating the spectrometer and its
slit, the optical throughput and sensitivity are improved. Moreover, our swept-
source system requires a single uncooled silicon photodiode that provides
higher quantum efficiency at longer wavelengths compared with CCDs. This
allowed us to use excitation wavelengths in the 900 nm range to reduce back-
ground fluorescence without sacrificing sensitivity. We have demonstrated 6x
background fluorescence reduction in colored seized drugs compared with
830 nm excitation. With lower background fluorescence and high sensitivity,
we could identify heroin with only 1% purity in a seized sample. Besides foren-
sics and security, the demonstrated swept-source Raman spectroscopy
approach can be a powerful technique in biomedical applications where strong

background fluorescence limits detection capabilities.
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1 | INTRODUCTION

Drug abuse is a prevalent and growing issue that affects
all regions of the world. Between 2009 and 2018, global
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drug users had increased by 28%.1 In 2018 alone, it was
estimated that one in every 19 people in the world had
used drugs at least once in the previous year.['! Globally,
cannabis, opioids, methamphetamine, ecstasy and
cocaine remain the most abused drugs[l] and have been
linked to high rates of fatal drug overdoses. In the
United States, 70,200 drug overdose deaths in 2017 repre-
sented a 84.7% increase from 2010,?! and two-thirds of
these deaths were attributed to opioids.!

Besides being a public health threat, drug abuse
imposes substantial economic burden. In Singapore, the
annual economic impact of drug crimes amounts to
approximately two billion dollars and 95% of the cost is
accounted by heroin and methamphetamine.'!

There are many reports'*°! that purity levels of illicit
street drugs vary significantly as they either contain
impurities resulting from the manufacturing process or
adulterated with cutting agents. The deadliest drugs are
typically the potent compounds that come in small con-
centrations, such as heroin and fentanyl (Table 1). Her-
oin, one of the most common opioids, is often
adulterated regardless of its geographical origin.[w] In the
United States, the street forms are frequently mixed with
fentanyl,['*! whereas Southeast Asian Heroin (Heroin
No. 3) are heavily diluted with caffeine."?! Furthermore,
drug purities can vary widely in different regions of the
country (shown in Table 1) and its unpredictable compo-
sition can increase the risks of overdose deaths. There-
fore, the detection of low-purity drugs should have the
highest priority for battling the harms of illicit
substances.

Raman spectroscopy is an effective tool for the law
enforcement, border police and first responders to ana-
lyze substances that could endanger the public in the
field."> The screening process with Raman analyzers is
quick, works through most packaging materials, and
does not require contact with the sample. This is impor-
tant as many potent illicit drugs such as fentanyl can
be harmful if they come into contact with skin. Despite
these ideal features for “field” analysis and screening,
portable and handheld Raman analyzers have their
limitations.

Most portable and handheld Raman analyzers do not
provide sufficient sensitivity for the detection of low-
purity, potent drugs. This is largely due to two factors:
(1) sensitivity-size tradeoff of dispersive spectrometers
and (2) the shot noise from the strong fluorescence emis-
sion from “cutting agents.” Most portable Raman ana-
lyzers today utilize dispersive spectrometers that have an
inherent tradeoff between size, spectral resolution, and
optical throughput that determines the sensitivity.'* As
a result, portable Raman analyzers cannot match the sen-
sitivity level of laboratory-scale analyzers that provide the

sensitivity levels needed for the detection of illicit
substances.

The second issue with low-purity illicit substances is
the fluorescence emission from impurities and cutting
agents. The shot noise from the fluorescence can limit
the sensitivity and potential for detecting illicit sub-
stances. In particular, strong fluorescence emission with
Raman analyzers that use 785 nm and 830 nm excitation
wavelengths have been reported in the analysis of illicit
drugs.['>®! Fluorescence emission weakens as the exci-
tation wavelength is increased, and therefore, Raman
analyzers with 1064 nm excitation wavelength have been
developed to reduce fluorescence background. These ana-
lyzers are shown to produce higher quality Raman spec-
tra for many illicit substances including colored
pills.['®1°! Nevertheless, these analyzers need InGaAs
infrared detector arrays which are significantly noisier
than their silicon counterparts, such as charged coupled
devices (CCDs) used in 785 nm and 830 nm analyzers.
This leads to low detection sensitivity, and therefore,
although 1064 nm analyzers are effective for reducing
fluorescence emission, they do not provide adequate sen-
sitivity for the detection of low-purity drugs.

An alternative approach that has worked successfully
for the detection of low-purity fentanyl and heroin is
surface-enhanced Raman spectroscopy (SERS).!**! How-
ever, SERS requires dissolving the illicit substance in a
solution and, therefore, does not preserve some of the
benefits of spontaneous Raman spectroscopy such as
being non-contact or non-invasive. This is important in
cases where exposure of the illicit substance could be
dangerous to law enforcement, or when the amount of
seized illicit substance is too small for multiple experi-
ments that involve wet chemistry and reagents. In the
forensic context, evidence destruction disallows the re-
examination of such trace evidence in the event that
post-conviction testing is required. Non-invasive,
reagent-less detection of low-purity drugs still remains an
outstanding problem.

In this work, we have developed a Raman analyzer to
provide both high sensitivity and low background fluo-
rescence. This is mainly achieved by moving the excita-
tion wavelength to the 900 nm range and using low-noise
silicon detectors with high quantum efficiency in the
near-infrared range. The 900 nm excitation wavelength
reduces fluorescence compared with 785 and 830 nm
analyzers, whereas the silicon detector provides low noise
for achieving high sensitivity. In order to maximize the
excitation wavelength and reduce fluorescence, we utilize
swept-source Raman spectroscopy.*!! This approach
allows us to eliminate the dispersive spectrometer and
the wavelength limitations imposed by the low quantum
efficiency of CCDs at longer wavelengths. We use a large-
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TABLE 1 Purity levels of the most abused drugs in the world
Drug Purity Common cutting agents??!
Heroin 67% (27%-77%) Vietnam, 2017"! Caffeine, Chloroquine,
Dextromethorphan, Paracetamol,
Piracetam, Procaine, Quinine,
Sugars, Theophylline
63%-73% Cambodia, 2017"
50% US, 2018/
16%-59% Australia, 2015-2018*°!
9%-57% Europe, 2010-2017.7*]
3% (1%-5%) Singapore, 2018!°12]
Fentanyl 9.7% (0.05%-98%) US, 2019!°! Heroin, Cocaine
Methamphetamine 95% Thailand, 2019!" Ammonium acetate, Caffeine,
(crystalline) Dimethylsulfone, MSM
78% Indonesia, 2017
75% (40%-80%) Malaysia, 2018!"!
70% (42%-75%) Vietnam, 2017')
68%-78% Cambodia, 2017
49%-83% Australia, 2015-2018*%)
5%-90% Europe, 2010-2017!7-%]
Amphetamine 5%-50% Europe, 2010-2017.7*] Caffeine, Ephedrine, Paracetamol
1%-77% Australia, 2015-2018*
MDMA 39% Philippines, 2016/ Amphetamine, Caffeine,
Chloroquine, Dextromethorphan,
Ketamine, Methamphetamine,
NPS, Paracetamol, PMA, PMMA
36% Singapore, 20151
30% (19%-43%) Vietnam, 2017"
29%-39% Cambodia, 2017"
15%-40% Malaysia, 2018’
Cocaine 73%-83% Cambodia, 2017 Caffeine, Diltiazem, Hydroxyzine,
Levamisole, Lidocaine,
Phenacetin, Procaine, Starch,
Talc, Tetramisole
65% US, 2018!%"]
32%-62% Australia, 2015-2018*
10%-88% Europe, 2010-2017"%
Ketamine 75% (70%-85%) Malaysia, 2018!"! Caffeine, Dimethylsulfone,

59% (12%-84%) Vietnam, 2017"!
49%-59% Cambodia, 2017'!

Diphenhydramine, Lidocaine,
Procaine

N WILEY_| =
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Previous Raman work
on 785 nm systems

Detectable down to 60% w/w
heroin in quinine!?¥

Undetectable with strong

background fluorescence!™®!

Some Raman peaks detectable
down to ~25% w/w heroin!>

Detectable down to 30% w/w
methamphetamine in
dimethylsulfone[**

Detectable with background
fluorescence!'®!

Almost undetectable due to
background fluorescence!®!

Some Raman peaks detectable
down to 10% w/w MDMA[?)

Crack cocaine was undetectable
due to background
fluorescence!*®!

Some Raman peaks detectable
down to 10% w/w cocaine
HC1!?!
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area amplified silicon photodiode that provides double-
digit quantum efficiency at wavelengths as high as
1100 nm, beyond what is achievable even in the
advanced deep-depletion CCDs. The elimination of the
spectrometer also allows improving the throughput and
the overall sensitivity of the analyzer. This is critical for
the detection of low-purity drugs.

TABLE 2  Specifications of the commercial micro-Raman and
in-house SSRS analyzers

Micro-Raman Swept-source

Parameter analyzer Raman analyzer

Excitation 830 nm 925-980 nm
wavelength

Laser power 58 mW 10 mW

Spectral range 200-2700 cm ™! 450-1350 cm ™!

1 1

Spectral 8cm™ 5cm
resolution
Numerical 0.13 0.63
aperture of
objective
Detector TE-cooled back- Amplified silicon
illuminated CCD photodiode
(2048 pixel)
TABLE 3 List of illicit street drugs studied
Category Identifier Drug
White or S1 Methamphetamine
colorless
S2 Methamphetamine
S3 Methamphetamine
S4 Methamphetamine
S5 Ketamine
S6 Ketamine
S7 Ketamine
S8 Cocaine
S9 Gamma-butyrolactone
Colored S10 Methamphetamine
S11 Heroin No. 3
S12 MDMA
S13 MMB-FUBINACA, N-
ethylpentylone

2 | MATERIALS AND METHODS

2.1 | Illcit street drug samples

We analyzed 13 seized street samples that were provided
by the Central Narcotics Bureau in Singapore as listed in
Table 2. The identities of the drugs and their purities
were previously confirmed with gas chromotography-
masss spectrometry (GC-MS) by the Health Sciences
Authority in Singapore. All samples were in powder form
and sealed in transparent polyethylene bags, except for
liquid gamma-butyrolactone contained in a sealed bottle.
Powder samples were analyzed through the transparent
bags whereas an aliquot of gamma-butyrolactone was
transferred to a quartz cuvette for Raman measurements.

2.2 | Overview of Raman analyzers

We used two back-scattered Raman spectroscopy systems
for our experiments: (1) a dispersive micro-Raman ana-
lyzer with 830 nm excitation wavelength (Technospex,
uRaman-Ci) and (2) our in-house swept-source Raman
spectroscopy (SSRS) system with excitation wavelengths
from 925 to 980 nm. This allowed us to compare the SSRS
system with 830 nm Raman analyzers that have gained
interest for forensics and security applications.[zsl Table 3

Purity % HQI % HQI
Color (%) Dispersive SSRS
White 66 97 + 0.03 96 + 0.21
White 66 96 £ 0.30 96 £ 0.72
White 64 97 £ 0.4 95+ 04
White 67 97 £0.31 97 £ 0.04
White 71 96 + 0.14 92+ 1.0
White 73 97 £ 0.29 93 £1.0
White 67 95+ 0.81 90 +5.3
White 54 93 £0.19 96 £ 0.03
Colorless NR 98 + 0.03 96 + 0.22
Brown NR 59.7 64.3
Brown 1 NA NA
Pink 38 73.5 70.5
Blue NR 9.3 19.05

Note: The 1% concentration of the heroin sample is too low to use a traditional HQI definition for identifying the target chemical. In Section 3.4 we employ a

different method for identifying Raman peaks of low-purity samples.
Abbreviation: NR, not reported.
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compares the main specifications of these spectroscopy
systems.

We had several criteria for the design of the SSRS sys-
tem: (1) a high spectral resolution on the order of 5 cm ™"
for resolving the sharp Raman peaks of illicit substances
in solid form; (2) a spectral range coverage of 500-
1200 cm ™' overlapping with the main Raman peaks of
the illicit substances in our study; (3) the longest excita-
tion wavelength possible with low-noise near-infrared sil-
icon detectors; (4) a high-throughput optical design to
achieve the sensitivity needed for low-purity drugs. The
SSRS architecture requires a single spectral channel
which could be optimized for both high optical through-
put and long excitation wavelength. The elimination of
the spectrometer and its slit in this architecture improves
the optical throughput. Also, the excitation wavelength
could be increased beyond 830 nm because of the avail-
ability of efficient single-element silicon photodiodes
above 1000 nm wavelength. Below, we describe the con-
cept of SSRS and the details of our instrument.

2.3 | Swept-source Raman spectroscopy

The swept-source Raman spectroscopy concept and
instrument schematic are shown in Figure 1 and com-
pared with dispersive Raman spectroscopy. In the SSRS
approach, the spectrometer is replaced by a single high-
throughput spectral channel and a tunable laser is used
to sweep the Raman spectra through this one channel

(a) Dispersive Raman Spectrometer

FIGURE 1

RAMAN 1325
SPECTROscopy—YY ILEY-

(see Figure 1b). By removing the spectrometer and its
micron-sized slit the optical throughput of the system can
be increased. We wuse an ultra-narrowband, high-
throughput Fabry-Perot interference filter and a
millimeter-sized detector for implementing the single
detection channel. The throughput (or etendue) of the
SSRS setup developed in this work at every spectral chan-
nel is 50x higher than the dispersive spectrometer in the
micro-Raman system. This throughput advantage has
allowed us to both lower the laser power by almost 6x
(10 mW) and use lower cost uncooled detectors instead of
cooled CCDs. The laser power in the SSRS setup is only
twice the ANSI Z136.1 standard for ocular exposure.

The schematic of the experimental SSRS setup is
shown in Figure 2a. We use a benchtop fiber-coupled
external-cavity laser (Sacher GmbH, Germany) with a
tuning range of 920-985 nm, an output power of 15 mW
for excitation and a linewidth of 1 MHz. The excitation
laser is collimated, passed through amplified spontaneous
emission filters, and delivered to the optical assembly
(marked Raman probe in Figure 2) that is used for excita-
tion, as well as, collection and detection of the back-
scattered Raman emission. The Raman emission is fil-
tered through several thin film filters (including a ultra-
narrow bandpass filter) and then focused on to an ampli-
fied single-channel silicon photodetector. We use an
ultra-narrow bandpass filter (Alluxa Inc, USA) with a
center wavelength of 1031 nm and a full-width half maxi-
mum (FWHM) bandwidth of 0.5 nm. This filter provides
about 5 cm ™! spectral resolution, and together with our

Raman spectrometer with fixed
excitation wavelength. A large
benchtop dispersive
spectrometer is needed to
achieve high optical throughput
due to the presence of the
entrance slit. (b) Swept-source Raman probe
Raman spectroscopy concept in
which a tunable excitation laser
sweeps the Raman spectrum
across a narrowband detection

channel. The optical throughput S
of this architecture can be up to
three orders of magnitude higher
than the dispersive Raman
spectrometer due to the
elimination of the

spectrometer slit [Colour figure
can be viewed at Raman probe
wileyonlinelibrary.com]

(a) Dispersive °

(b) Swept-source Raman Spectrometer

excitation wavelength swept

|

Raman Spectrum
input slit

Swept Raman spectrum

large-area PD

narrowband filter -

>

X

=

3

2

detection channel J
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uncooled detector

Raman probe

silicon photo-receiver
(photodiode+amp)

laser excitation
from external-cavity
tunable laser

p

excitation

focusing lens

bandpass filter
(1031nm)

=10-15 mW
(920nm-985nm)

excitation dichroic

clean-up filters collection lens

in translation stage

sample

> Raman emission
excitation beam
ASE clean-up filter
collimator

excitation fiber

FIGURE 2

The photo of SSRS setup with a back-scattered geometry. Excitation laser is delivered to the setup from an external-cavity

semiconductor tunable laser with an optical fiber. The excitation laser is focused on the sample after passing through a 99:1 fiber splitter, a

fiber collimator, two ASE cleanup filters and reflection off of a dichrioc filter. The same lens is used for both excitation and collection of

Raman emission. The collected light is passed through excitation cleanup filters and a narrowband filter with a 0.5 nm linewidth. The

filtered Raman light is focused on to a 1.2 mm? silicon photodiode amplified with a high-gain transimpedance amplifier. The output of the

detector is acquired on a computer with a data acquisition card [Colour figure can be viewed at wileyonlinelibrary.com]

tunable laser cover a spectral range of 500-1300 cm .

The detector in our experiment is an amplified uncooled
silicon photodiode with an area of 1.21 mm® and sub-
femtowatt sensitivity (Femto Gmbh, Germany). See
supporting information for further details of the setup.

2.4 | Spectral processing

The Raman spectra acquired from the dispersive Raman
were truncated to 200-1750 cm ™, followed by cosmic ray
removal by median filtering and smoothed with Savitzky-
Golay filter. Raman data acquired from SSRS were trun-
cated to 510-1250 cm™'. Polynomial fitting with non-
negative constraint (lieberfit) was used to remove back-
ground in the Raman spectra acquired from both sys-
tems. Although the shape of background is different
between the two systems, they could both be fit with a
fifth-order polynomial. We also observed etaloning in the
spectra with the dispersive system. We included an
etaloning term in background fitting so its effect could be
removed after background subtraction. See supporting
information for more details.

For chemical verification, Raman spectra were
uploaded to KnowItAll® spectral library (Wiley, USA)
and a percentage hit quality index (HQI) correlation of
several potential chemical identities was reported. The
etaloning (oscillation behavior) observed in the spectra of

the dispersive system was removed prior to spectral
library comparison.

3 | RESULTS AND DISCUSSIONS
3.1 | Chemical database and
identification

The identity of each drug sample was evaluated by a cor-
relation algorithm in KnowItAll® spectral library that con-
tains the largest collection of Raman spectra of various
drug reference standards measured predominantly with
1064 nm laser wavelength. The database adopted HQI as
an indicator in spectral library matching for the identifica-
tion of unknown materials. The measured spectrum of the
unknown compound is correlated to all spectra of known
compounds in the reference database, and the degree of
similarity between the sample spectrum and each library
spectrum is quantified by the calculation of HQIL.

The KnowlItAll® spectral library was able to identify
the uncolored illicit substances but not the colored drugs.
These colored substances have a significantly lower con-
centration of the illicit compound and higher impurities
compared with uncolored drugs. The Raman peaks of the
impurities mask the weak Raman peaks of the active
compound and do not allow the KnowItAll® algorithm to
robustly identify the active compound in colored drugs.
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In Section 3.4, we use an optimization algorithm to find
the contribution of the Raman spectrum of a target mole-
cule present in low concentration to the Raman spectrum
of colored drug samples.

3.2 | Uncolored illicit substances

All of the nine uncolored drug samples were successfully
identified with the KnowItAll® spectral library for both
the dispersive and swept-source Raman systems. These

RAMAN
SPECTROSCOPY

are white powders with purity of >50% which include
methamphetamine (S1-S4), ketamine (S5-S7), and
cocaine (S8), as well as colorless liquid gamma-
butyrolactone (GBL) (S9). Figure 3a shows the barchart
of HQI of selected drug samples analyzed on both Raman
systems which consistently reported high percentage hit
of their respective drug identity above 90%. Figure 3b
shows the Raman spectrum of four of the uncolored
drugs acquired with both dispersive (orange) and swept-
source (blue) Raman setups. The Raman spectra from
these two approaches are in agreement. For the swept-

100

80 |
a
(a _— o
é’  Dispersive
I 40 - HSSRS
20 -
0
s1 s2 s3 s4 S5 6 s7 s8 9
L Methamphetamine (4x) —1 L Ketamine (3x) — Cocaine (1x)
(b)

I Methamphetamine (S1) 1 o Ketamine (S5) 1
> | SSRsHQl 9% | £ | SSAS HAl: 929 |
@ | Dispersive HQI: 97% | <1C> Dispersive HQI: 96%

2 £ |
= p IS
- C
: -
g 1 ©
= _ o
500 600 700 éOO 900 1600 1100 1200 500 600 700 800 900 1000 1100 1200
Wavenumber / cm™* Wavenumber / cm-!
| Cocaine (S8) I Gamma-butyrolactone (S9) i
- SSRS HQl: 96% 2> | SSRSHQI: 96% ]
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c L o) r 4
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= i
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% 5}
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Wavenumber / cm-! Wavenumber / cm’’
FIGURE 3 Identification of illicit white powders and a colorless liquid. (a) Barchart comparing HQI of the spectra obtained from the

dispersive and swept-source Raman systems for samples S1-S9 from Table 3. Four independent samples of methamphetamine, three
independent samples of ketamine were measured. (b) The Raman spectrum of one sample from each drug type is shown for both the
dispersive (orange) and swept-source (blue) Raman systems. Three swept-source Raman spectra were acquired and the variations between
these measurements are shown by the shaded areas [Colour figure can be viewed at wileyonlinelibrary.com]
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source measurements, three spectra were acquired and
the shaped region in Figure 3b shows the variations
between these measurements. The acquisition time with
the dispersive micro-Raman system is 5, 4, 4, and 7 s for
methamphetamine, ketamine, GBL and cocaine, respec-
tively. The integration time is 1 s per spectral point for all
drugs with the SSRS setup, resulting in 120 s of total
acquisition time.

The similar HQI with both Raman systems validates
that SSRS can be reliably used for identification of illicit
substances even with spectra databases acquired with dis-
persive Raman analyzers. Some of the differences in the
HQI in the two systems is because of the wavelength-
dependent components that affect the spectra differently
in these systems — for example, wavelength dependence
of the detectors and filters. We expect HQI differences
can be reduced through power transmission/reflection
calibration.

Also, there are small differences between the Raman
peak positions in the dispersive and swept-source systems
seen in Figure 3b. We used a calibrated spectrometer to
find a lookup table for wavelength tuning in the swept
laser. However, in the Raman measurements there were
slight deviations between the actual output wavelength
and the wavelength in the lookup table. This has resulted
in slight differences between the swept-source and dis-
persive spectra. In the future, we will use a miniature
spectrometer to measure the wavelength in real-time for
dynamic wavelength calibration.

3.3 | Colored illicit substances

Four of the seized drugs were colored, including brown
substances (Heroin No. 3 and methamphetamine), pink
MDMA and blue NPS. The color in Heroin No. 3 and
methamphetamine is a result of impurities from the drug
manufacturing process. Heroin is a semi-synthetic opioid
that involves the initial collection of raw opium from
opium poppy plant and subsequent chemical conversion
to morphine, and finally, heroin. The brown coloration
most likely originates from the opium gum and remains
in the final heroin product due to poor purification which
removes highly-colored opium alkaloid impurities.[*”’
Furthermore, because Heroin No. 3 is produced in the
first stage of purification, it would contain lower concen-
tration of diamorphine. Similarly, residual impurities
may be retained in the final drug product synthesized
from a different synthetic route or by a less-competent
methamphetamine cooker,m] as was the case with an
unusual methamphetamine sample (S10) that appeared
brown as opposed to its usual white color. On the other
hand, different colored dyes can be intentionally added to

drugs not only to give them an eye-catching and attrac-
tive appearance, but also as a means of indicating the
homogeneity of the adulterated mixture. This applies to
ecstasy powders or tablets containing MDMA, and NPS
that are passed off as ecstasy for their stronger stimulat-
ing effects.*!]

Figure 4 shows the Raman spectra of three of these
colored drugs: methamphetamine (S10), MDMA (S12)
and NPS (S13). Figures 4a—-c and 4d-f show the spectra
before and after background subtraction. The acquisition
time is 5 and 120 s for the dispersive and SSRS systems,
respectively. The background fluorescence in these drugs
were significantly higher compared with uncolored
drugs. This is caused by the impurities including the col-
ored dye. Raman spectra in each of Figure 4a-c are nor-
malized such that the strongest Raman peak of each
sample has a similar height in both dispersive and swept-
source systems. With this normalization, the relative
background level in each figure represents the relative
fluorescence signal in each system.

The background fluorescence in the SSRS setup is 2—
5x lower compared with the dispersive Raman system
due to its longer excitation wavelength. The difference in
fluorescence emission between these systems is the stron-
gest toward shorter wavenumbers. This is because the
excitation wavelength in the SSRS setup increases toward
shorter wavenumbers, and therefore, induces a weaker
background fluorescence. SSRS also exhibits a much flat-
ter fluorescence background compared with dispersive
Raman spectroscopy: as the excitation wavelength
increases, the fluorescence emission decreases whereas
the offset between excitation and detection wavelengths
decreases. These two effects move the fluorescence signal
in opposite directions and lead to a notably flatter fluo-
rescence background.

Figure 4d-f shows the Raman spectra of the same
substances after background subtraction and removing
etaloning (oscillating behavior) in the spectra of the dis-
persive spectrometer — see supporting information for
etaloning removal. The Raman spectrum of the pure
form of each illicit substance is also shown.

The KnowItAll® database failed to find the right
chemical match for impure colored samples. This could
be due to (1) the noisier spectra of these samples due to
the lower concentration of active compounds and (2) the
presence of impurities that are not in the database.
Because the active compounds of these samples were
determined with GC-MS, we estimated HQI by calculat-
ing the correlation coefficient between the Raman spectra
of the sample and their main compound.*?! These HQI
values are shown in Table 2. The HQI value drops with
the purity of the sample as the correlation between the
spectra of the sample and main compound is decreased.
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557 cm™'. Comparison of Raman spectra acquired from dispersive and swept-source systems to (d) MDMA, (e) methamphetamine,

(f) N-ethylpentylone reference from KnowItAll® spectral library [Colour figure can be viewed at wileyonlinelibrary.com]

This makes HQI less useful as a value that indicates the
presence of a target compound in low-purity samples. As
a result, we could not apply HQI to the heroin sample
(S11) that only has a 1% purity level. In Section 3.4, we
apply a Bayesian estimation algorithm for identifying tar-
get chemicals in low-purity samples.

3.4 | Low-purity heroin sample

Figure 5a shows the Raman spectra of a seized Heroin
No. 3 sample (S11) with the swept-source and dispersive
Raman systems. The purity level of heroin was estimated
at 1% using mass spectrometry at Health Sciences
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(a) Raman spectra of the seized Heroin No. 3 sample with SSRS and dispersive Raman spectroscopy systems. (b) Swept-

source Raman spectra from five different points on the seized sample near the strongest Raman peak of heroin around 630 cm™*. The
bottom spectrum is the same spectrum shown in panel (a). (c) The result of the Bayesian fitting algorithm (dashed red) shown along with
the experimental result (blue). The background that is modeled with spline functions in the Bayesian algorithm is shown in green.

(d) Individual Raman peaks contributing to final fitting result. The contribution of heroin is also shown by the black curve. (e) The weight of
the target molecule (heroin HCl monohydrate) estimated by the Bayesian algorithm for the seized sample and control (pure caffeine)

[Colour figure can be viewed at wileyonlinelibrary.com]

Authority (HSA), Singapore. Considering that the Raman
scattering cross-section of heroin is known to be weak
with only one major peak near 625 cm*,**! the reduction
of background fluorescence and its shot noise is important
for identifying heroin in these low-purity samples. The
longer excitation wavelength of the SSRS setup (925-
980 nm) compared with the dispersive micro-Raman sys-
tem (830 nm) helps in this regard by reducing the back-
ground fluorescence by about 4x as shown Figure 5a.

Four of the strongest Raman peaks observed in the
spectra (497, 555, 644, and 743 cm ™ Y) are attributed to

caffeine which is a common cutting agent for illicit drugs
(marked on Figure 5a). KnowItAll® spectral library also
found a match to caffeine for this sample with an HQI of
94.6%. The strongest Raman peak of heroin at 625 cm ™
is close to the caffeine peaks at 613 and 644 cm ™', and
also overlaps with the shoulder of the strong caffeine
peak at 555 cm ™. This has been a challenge in the identi-
fication of low-purity heroin samples in the past.”**!

SSRS provides two capabilities to help resolve weak
Raman peaks in the presence of strong interference. First,
the integration time can be increased near the peak(s) of
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interest to improve the signal-to-noise ratio and sensitiv-
ity. Secondly, the spectrum could be sampled with a high
resolution by reducing the step size during wavelength
scanning. To keep the overall spectral acquisition time
manageable, the laser could be swept over a more limited
spectral range. This capability is demonstrated for the
heroin sample in Figure 5b, in which the integration time
per spectral point is increased to 5 s and the spectral step
size is reduced to 2 cm ' — compared with 1 s and
5cm ™' used for the other spectra in the paper. Figure 5b
shows the Raman spectra over 5 points on the sample
acquired with the same acquisition settings. A few weak
peaks are observed near 620 cm™!, close to the Raman
peak of heroin.

In order to find a better understanding of the contri-
bution of heroin to the acquired spectra from the sample,
we utilized a two-step Bayesian estimation algorithm that
our group has developed.** This algorithm is capable of
finding the contribution of a target molecule to the
Raman spectrum of a mixture with unknown chemicals
and a strong background signal. In the first step, the algo-
rithm decomposes the Raman spectrum of the target mol-
ecule on a series of modified Voigt functions that
represent the Raman peaks of the spectrum. The algo-
rithm uses a Reversible-jump Markov chain Monte Carlo
(RJ-MCMC) technique to find the best fit of a series of
modified Voigt functions to a Raman spectrum. In the
second step, the same algorithm is used to decompose the
Raman spectrum of the mixture on another series of
modified Voigt functions. However, in this step, we
include the contribution of the target molecule through
its decomposed Raman peaks (Voigt functions found in
the first step) with a single unknown weight that
accounts for the concentration of the target molecule in
the mixture. In the final step, the weight or concentration
of the target molecule is one of the fitting parameters. At
every fitting step, we also include a spline function to fit
to the slowly varying fluorescence background.

We applied the algorithm to the Raman spectra of
our sample and the target molecule, heroin hydrochlo-
ride (HCI) monohydrate. The fitting result to the Raman
spectrum of the sample is shown by the dashed red
curve in Figure 5c — the background is shown in green.
Good agreement is observed between the measurement
and the fitting result. The contribution of the Raman
spectrum of heroin HCl monohydrate (black curve)
along with all of the individual Raman peaks of
unknown chemicals in the sample are shown in
Figure 5d. Five of the major peaks in the decomposition
belong to caffeine and are annotated in the figure. Even
the weak Raman peak of caffeine at 613 cm™ ", which is
very close to the peak of heroin, was correctly found by
the Bayesian algorithm.

RAMA
SPECTROSCOPY

As observed in Figure 5d, the Raman spectrum of her-
oin has a non-negligible contribution to the Raman spec-
trum of sample. However, to verify this is not a fitting
error, we applied the same fitting algorithm to the
Raman spectrum of pure caffeine as control. Because caf-
feine is the dominant cutting agent in our sample (all vis-
ible Raman peaks belong to caffeine) it can serve as a
reasonable control in our experiment. We repeated the
Bayesian fitting algorithm 40x on the Raman spectra of
the sample and caffeine. The estimated heroin weight for
is shown in Figure 5e. The difference between the contri-
bution of heroin to the sample versus caffeine is about 5x
larger than our fitting error. This control experiment pro-
vides confidence that the Bayesian algorithm is not con-
fusing the Raman peaks of the cutting agent (caffeine)
with those of the illicit substance.

4 | CONCLUSIONS

In summary, we demonstrated a swept-source Raman spec-
troscopy approach to address the sensitivity and back-
ground fluorescence limitations of the dispersive approach
for the detection of low-purity illicit drugs. For the
uncolored samples with low background fluorescence, we
demonstrated that the swept-source approach provides a
similar hit index to the target chemicals as with the disper-
sive system. We also demonstrated that longer excitation
wavelengths into the 900 nm range is possible with the
swept-source approach as compared with the dispersive
approach due to the higher quantum efficiency available in
low-cost infrared-enhanced silicon photodiodes. This
allowed reducing the fluorescence emission by up to 6x in
some of the colored drug samples. We also utilized the
flexibility of the swept-source approach in adjusting the
spectral resolution and integration time near the Raman
peaks of interest to improve the spectral acquisition of
weak Raman peaks. This allowed us to resolve the weak
Raman peaks of a 1% heroin seized sample. To the best of
our knowledge, this purity level is about 10x lower than
the lowest heroin sample detected with spontaneous
Raman spectroscopy. The results of our work demon-
strate that the swept-source Raman spectroscopy
approach is a promising solution for a host of samples
with low concentration of the target molecule in the pres-
ence of a strong fluorescence background.
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