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Abstract

Rapid identification of drugs of abuse in different types of forensic evidences, including bulk street drugs as well as traces 
found in drinks, on fibers/clothing, in fingerprints, on fingernails, on bank notes, in body fluids etc., is of critical importance. 
Current forensic methods involved in identification and quantification of illicit drugs are destructive and slow, making it 
difficult for them to be used for rapid on-site analysis. Surface enhanced Raman Spectroscopy (SERS) offers distinct advantages 
to various law-enforcement agencies, working in the security field, as it provides rapid, sensitive, accurate and non-destructive 
technique for the identification and quantification of a variety of drug types. This review summarizes techniques for detection 
of contraband drugs, difficulties associated with them and discusses the future direction of research in this field
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Abbreviations: SERS: Surface Enhanced Raman 
Spectroscopy; FTIR: Fourier Transform Infrared; DUID: 
Driving under the Influence of Drugs; TERS: Tip Enhanced 
Raman Scattering; CARS: Coherent Anti-Stokes Raman 
Scattering; SRS: Stimulated Raman Scattering; HRS: Hyper 
Raman Scattering; SORS: Spatially offset Raman Spectroscopy.

Introduction

The intrinsic features of Raman spectroscopy along 
with the instrumental advancements have triggered the 
application of this spectroscopic tool in many fields and 
are transforming it from a technique accessible to a small 
number of specialized users, to a more widely available 
analytical technique. It has become a relatively common tool 
used by a number of agencies to identify powders suspected 
of being biological agents [1,2], explosives [3,4], or drugs 
[5], simply by exposing the sample to a monochromatic 
laser light source. The photons interacting with the sample 

molecule can undergo Rayleigh scattering (occurring at the 
same wavelength as the incident light) or Raman scattering 
(occurring at slightly higher (Stokes) or slightly lower 
(anti-Stokes) wavelengths than the incident light source). 
The shifts and intensities of these wavelengths (Stokes 
or anti-stokes) in Raman scattering are characteristic of 
each molecule, indicating the types of bonding present in 
the target molecule thereby enabling identification of the 
chemicals. 

It is found that only one in every 106–108 photons will 
Raman scatter, which makes Raman signals very weak in 
nature and vulnerable to being masked by fluorescence, thus 
its capability to detect trace quantities of drugs on surfaces 
that are essentially invisible, is incapacitated. However, 
Raman scattered signals can be significantly enhanced by the 
interaction of chemicals with the plasmon field generated 
by lasers at the surface of gold or silver nanoparticles to 
enhance the Raman signal intensity by as much as six-
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eight orders of magnitude [6,7]. This phenomenon is called 
as surface-enhanced Raman spectroscopy (SERS). SERS 
was discovered accidently while pyridine was studied on 
roughened silver electrode [8]. SERS spectroscopy is one of 
the most powerful analytical techniques which can be used 
for the identification of molecular species, with the potential 
to reach single-molecule detection under ambient conditions 
[9]. The advantage of SERS over other ultrasensitive 
techniques, such as mass spectrometry, is that it provides 
an excellent opportunity to acquire the spectra directly 
from aqueous solution. SERS is a phenomenon in which the 
Raman signals of molecules are enormously enhanced when 
they are placed in the vicinity of SERS-active nanostructures. 
In due course SERS will become a versatile analytical tool in 
various fields such as surface sciences, material sciences, life 
sciences, environmental sciences, forensic sciences and food 
sciences and eventually may help in developing commercial 
instrument that is widely used in medicine, energy, 
agriculture, pollution, security and criminal investigation. 

The application of SERS to illicit drug detection began at 
the turn of the century and included detection/identification 
of cocaine, barbiturates, and amphetamines [5,10-12]. The 
widespread use of illicit drugs is enormously responsible for 
crime and violence in society, is dangerous to public health, 
is a threat to the safety and welfare of mankind and can 
endanger the security and sovereignty of countries [13,14]. It 
is therefore a major concern amongst law enforcing agencies 
all across the globe.

Current forensic methods for detecting illicit drugs include, 
colour tests, microcrystal tests, high performance liquid 
chromatography [15,16], ultra violet spectrophotometry 
[17,18], coupled gas chromatography mass spectroscopy 
[19], Fourier transform infrared (FTIR) spectroscopy [20] 
and powder X-Ray diffraction. Though, chromatographic 
techniques have high sensitivity and molecular specificity, 
but they involve pre-processing techniques such as sample 
preparation, separation of materials, besides, the reagents 
used may be toxic and hazardous to the operator and to the 
environment. These techniques are thus time consuming 
and destructive, making it difficult to take them out of the 
lab and carry out on-site analysis. The requirement of rapid, 
sensitive, accurate, non-destructive and on-site analysis for 
the trace of illegal drugs to ensure public safety has inspired 
the scientific community to explore new instruments and 
methodologies in this direction.

SERS by virtue of its high sensitivity and unique 
spectroscopic fingerprint is capable of bridging this gap. It 
can be developed as simple, rapid and cost-effective tools 
for the sensitive detection and identification of contraband 
drugs in seized samples, including hidden compounds in 
legal materials such as beverages and clothes, detection of 

trace samples found in drinks, in fingerprints, on envelopes, 
on bank notes etc. Quantitative SERS can also be employed to 
determine the actual drug concentrations in street cocaine, 
crack rocks etc. and to identify possible adulterants in these 
samples for forensic toxicology and criminalistics. Here we 
review the different technologies available, their applications 
vis-à-vis drug detection and their drawbacks.

Drug Menace

Driving under the influence of drugs (DUID) is turning 
out to be a big menace to the society, Studies have revealed 
that the number of deaths resulting of car accident with 
DUID has surpassed the death number with drunken driving. 
In 2015, 43% of fatally injured motorists were found to be 
driving under the influence of drugs, while 37% of motorists 
who died had consumed alcohol [21]. DUID poses a serious 
threat to the public and property safety. So far, there has been 
no specific methods for detecting the presence of on-site drug 
testing for suspected drug drivers. Generally, tests based on 
blood and urine samples are conducted, but such tests with 
blood sample needs trained medical staff to operate, which 
might otherwise impose a risk of infection. Likewise, urine 
test though can be used to detect drugs and metabolites, 
however, it involves privacy issues. Both the methods require 
sample collection and laboratory analysis, and consume a 
long inspection cycle. Law enforcement agencies are in dire 
need of rapid screening technique for on-site and roadside 
identification of DUID. 

Measurement of illicit drugs on paper currency is of 
interest for evidentiary purposes in legal cases involving 
the drug trade. Handling or abuse of a drug leads to 
contamination of fingers. Analysis of fingernails and 
fingerprints, coupled with detection/characterization of the 
substance embedded in it could possibly help in establishing 
a link between a suspect and the substance of abuse and can 
be used in breaking the smuggling racquet. 

In the fight against smuggling, analysis of cocaine in 
alcoholic drinks in sealed bottles is becoming a top priority 
amongst various government agencies. The ability of 
smugglers to conceal large quantities of drugs in a single bottle, 
which could be hidden in a genuine consignment of drink 
bottles makes detection almost impossible without opening 
each individual bottle. Displaced Raman spectroscopy, a 
variant of spatially offset Raman Spectroscopy, is not only 
quick and non-destructive technique, but it is also immune 
to fluorescence emissions of bottle. It can be used to detect 
cocaine dissolved in rum contained in transparent bottles 
without the need for opening the seal of the bottle. 

Detection of Gamma-hydroxy-butyric acid (GHB), a 
central nervous system depressant, is another major concern 
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amongst law-enforcing agencies in their fight against drug-
facilitated sexual assaults. GHB, usually administered with 
alcoholic drinks as its sedative affect tends to get accentuated 
in its presence. It is used for spiking the drinks. Benchtop and 
portable Raman spectrometers has been used for analyzing 
this drug in a variety of containers such as glass/plastic 
vials/plastic bags etc [22].

Saliva as Drug Specimen

Using saliva as a biological specimen for testing of drugs 
offers a very viable option as it offers several advantages 
such as: it is non-invasive, sample collection is easier than 
for urine or blood samples, does not involve infringement 
of privacy and it has less interference from impurities. 
However, saliva is plagued with few drawbacks, such as (i) 
drug concentration is relatively lower in saliva as compared 
to blood or urine thus, the need to develop highly sensitive 
detection technique, (ii) the collection method of saliva will 
have a significant effect on the outcome of the test (iii) there 
has been a steady inflow of synthetic drugs, which requires 
instrument to detect multiple drugs simultaneously (iv) for 
rapid screening of people on road, we need faster detection 
technique [23,24]. SERS is capable of addressing these issues 
with equanimity.

Saliva samples from 44 narcotic users and 52 non-users 
were examined using SERS and the samples from the users 
showed a characteristic band at 1030 cm−1 that was not 
observed in the non-users [25]. Thus, it is possible to rapidly 
identify users and nonusers with this technique. Analysis of 
saliva by SERS can detect usage of heroin, methamphetamine 
and methadone [26,27]. SERS is capable of providing 
improved and reliable on-site drug-detection technique. 
Recent developments in portable Raman spectrometers and 
advancements in data analysis offer exciting opportunities for 
new applications of Raman spectroscopy in the identification 
and quantification of drugs of abuse, including investigations 
conducted immediately at the scene of a crime. A recent study 
has used two commercially available Raman spectrometers 
in order to detect street samples of cocaine, ecstasy, and 
amphetamine in situ in an international airport arrivals 
area [28]. Spectra were obtained and identified within 30s 
or less without requiring the sample to be removed from its 
container. This reduces the potential for contamination and 
also has the advantage that the operator does not come into 
contact with an unknown substance that could possibly be 
harmful.

Current SERS Techniques Involved in Drug 
Detection

Nowadays, scientists are working on several aspects 
of SERS, for example, fundamental aspects related to the 

electromagnetic or the chemical enhancement mechanisms, 
single molecule detection, structural-property investigations 
with the objective to explore how the structure of SERS 
substrate influences its optical response, Tip enhanced 
Raman scattering (TERS) [29], and ultrafast SERS studies of 
molecular dynamics at the interface with metallic surfaces. 
The plasmonic amplification of the optical response has 
also been exploited to enhance coherent anti-Stokes Raman 
scattering (CARS) [30], stimulated Raman scattering (SRS) 
[31], hyper Raman scattering (HRS) [32], fluorescence, and 
infrared absorption. With the proliferation of commercial 
availability of portable or handheld spectrometers the 
possibility of carrying out on-site analysis is becoming 
increasingly feasible [33-35]. Besides, there is a surge in 
the so-called hyphenated instruments, that combine Raman 
with other analytical techniques, one such instrument is 
a combination of Fourier transform infrared and Raman 
instrument [36], such instruments allow to perform 
characterization of the sample as per our requirements. The 
manufacturers allow the flexibility to modify the features of 
these instruments (weight, sensitivity, excitation wavelength, 
price, etc.) as per our requirements for specific application.

Another important field is the development of substrates 
with optimal characteristics for SERS; fabrication strategies 
have been reviewed in several papers which include, wet 
chemical protocols, the assembly of nanoparticles on 
different types of surfaces, and the fabrication of ordered 
arrays of nanoparticles [37-39].

A number of papers have proposed new SERS-active 
media for the detection of drug traces. SERS data for analysis 
of two different forms of cocaine in solution using colloidal 
silver has been reported. It was found that SERS can easily 
distinguish the two forms of cocaine even in the presence of 
adulterants such as lidocaine or benzocaine, common cutting 
agents for cocaine [40-42]. The SERS spectra obtained for 
lower concentrations of cocaine solution indicated that the 
technique may be useful for forensics.

SERS substrate based on Paper dipstick or swab with 
inkjet-printed plasmonic substrate, utilizing lateral- flow 
concentration has been demonstrated with detection limits 
as low as 95 fg of R6G, 413 pg of malathion, 15 ng of cocaine, 
and 9 ng of heroin [43]. These paper-SERS devices are easy 
to fabricate, have sensitivity comparable to conventional 
SERS substrates and traditional microfluidic devices, are 
inexpensive and may find immediate applications for remote 
locations or on-site trace chemical analysis in liquid samples 
or on surfaces, including the detection of illegal drugs by law 
enforcement agencies [44].

SERS detection of heroin, codeine and cocaine 
samples achieved detection limit of 0.2 μg/mm2 [45]. The 
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detection limit of 19 and 17 ppm for amphetamine and 
methamphetamine using a coupling of the amines with 
2-mercaptonicotinic acid prior to the surface derivatization 
has been reported [46]. By measuring SERS directly in drug 
solutions the spectral differences of morphine, codeine and 
hydrocodone has been demonstrated [47]. Commercially 
available SERS substrates has been used to determine the 
limit of detection, limit of identification and dynamic range 
for common narcotic drug analytes, including cocaine, 
amphetamine and morphine [48]. These papers and many 
more [49-54] are clear indicators of the emergence of SERS 
in narco-analysis.

Spatially offset Raman Spectroscopy (SORS) has emerged 
as a promising technology for detection and quantification 
of analytes. It has successfully examined cocaine dissolved 
in alcoholic drink (rum) inside transparent glass bottle with 
detection limit to be of the order of 9 g of pure cocaine per 
0.7 l of rum in less than 1s [55]. Researchers have used SORS 
technique in analysis of drugs from various sources such as: 
multilayered postal package, identification of a medicine 
inside its plastic blister pack; analysis of an envelope 
containing unknown substance; and identification of a drug 
dissolved in a clear solvent, contained in a nontransparent 
plastic bottle, noninvasive quantification of ternary drug 
mixtures inside an opaque plastic container [56,57].

The need of rapid and accurate on-site analysis can 
be fulfilled by portable/hand-help Raman spectrometer. 
Detection of cocaine HCl, MET and amphetamine sulfate 
with unknown constituents in less than a minute has been 
demonstrated using portable Raman spectrometer in real 
airport environment by comparing the measured spectra 
with the available data [27]. The need of transportable 
Raman spectrometer at borders have encouraged 
researchers to detect and seize drugs at borders under real 
conditions and parameters [58]. Researchers are exploring 
ways to use multi wavelengths for excitation instead of 
sticking to 785nm source, (considered as an ‘industrial 
standard’) as it shows strong fluorescence. A new dispersive 
Raman spectrometer using excitation wavelength as 1064 
nm demonstrated that Raman bands of heroin and cannabis 
could be clearly identified unlike in the case of 785nm 
wavelength demonstrating the major advantage of the 1064 
nm excitation for the analysis of these types of drugs despite 
the longer integration time required to obtain the spectra 
[59-61].

Integration of data processing and analysis with Raman 
instrumentation to enhance the overall efficiency is soon 
becoming inevitable. Several search algorithms based on 
conventional Euclidean distance searching, spectral angle 
mapping and correlation algorithms were tested on spectral 
library [62] to identifying illegal substances deposited in 

fingerprints based on the infrared absorption features 
that can easily be applied to Raman features. It has also 
been demonstrated how preprocessing techniques such 
as truncating, Savitzky–Golay smoothing, normalization, 
differentiating, mean centering etc. would help in resolving 
the spectral differences between various samples with 
almost 100% accuracy [63].

Conclusion

Applications of SERS as a non-destructive, rapid and 
sensitive method for detection and classification of drugs 
has made significant progress in the past decade. This has 
helped preserve the forensic evidences, recovered at crime 
scenes and maintain the chain of custody. The technique is 
capable of detection and quantification of trace samples. 
Rapid progress in instrumentation will witness SERS moving 
out of the lab environment and deployed in the field for 
forensic and strategic applications. Integration of artificial 
intelligence with SERS active device will ensure identification 
and classification of even concealed drugs of abuse and aid 
the government agencies to lead their offensive at all places 
including airports, borders, post offices and other public 
places. SERS is capable of identifying all sorts of illicit drugs 
in concealed containers, in the presence of adulterants, 
does not generate any chemical waste, does not require any 
preprocessing or sample preparation, hence eliminating 
any possibility of being hazardous to the environment. By 
implementing SERS for the detection of drugs of abuse, we 
are sure to win our fight against drug-trafficking and save 
our future generations from the clasp of such menace.
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