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Abstract: Fentanyl and its derivatives have been mainstays for the treatment of pain for many years.
To accurately detect them in medical applications and customs, a rapid, sensitive, and selective
method is urgently needed. In this study, we established a point-of-care-testing (POCT) differential
Raman approach for the detection of fentanyl substances in liquid and solid conditions. The silver
nanoparticle was prepared and characterized as SERS substrate, which can adsorb fentanyl-related
molecules on the rough surface to enhance the Raman signal. Subsequently, 27 kinds of fentanyl-
related substances were detected to determine that the POCT spectral resolution is better than 6 cm−1,
Raman detection range is 100–3200 cm−1, and the detection limit of the fentanyl-related substances
at 1002 cm−1 is 0.1–25 ppb. Furthermore, the Raman characteristic peaks of fentanyl were checked
through comparison between theoretical calculations and experiments to obtain a database for rapid
on-site inspection. Thus, the fast, accurate, stable POCT approach can be widely applied to monitor
drugs and toxins due to its sensitivity, specificity, and abundance database.

Keywords: POCT; SERS; differential Raman spectroscopy; fentanyl substances

1. Introduction

Fentanyl is a powerful opioid analgesic, which is clinically used to treat cancer pain
and other chronic pain as well as surgical anesthesia [1]. However, excessive fentanyl
may cause side effects such as drowsiness, confusion, and nausea, as well as even more
serious side effects, including addiction, hypotension, and respiratory depression. Fentanyl
is considered as approximately 100-fold more effective than morphine and 50-fold more
effective than heroin [2]. Some derivatives of fentanyl, such as carbofentanil, are even
stronger for the nervous system, with an effect 100 times higher than that of common
fentanyl, 5000 times higher than that of heroin, and 10,000 times higher than that of
morphine. Stunningly, only 0.02 g of the fentanyl drug is enough to kill an adult [3]. Due
to its strong toxic effect, numerous cases of drug overdose deaths have occurred since
2000 [4]. There has also been the clandestine and illegal synthesis of fentanyl analogues,
and new fentanyl analogues continue to emerge and pose a major threat to public health
and safety. Therefore, accurate identification and quantitative analysis of fentanyl is of
great significance to control medicine dose and combat illegal psychoactive substances.
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For different fentanyl substances, the components and molecular structure in organ-
isms vary greatly. Thus, it is a challenge to establish a reliable and stable analysis method to
detect them accurately. The detection methods for fentanyl substances mainly include high-
performance liquid chromatography (HPLC) [5], gas chromatography–mass spectrometry
(GC-MS) [6–8], liquid chromatography–tandem mass spectrometry (LC-MS/MS) [9,10],
and enzyme-linked immunosorbent assay (ELISA) [11,12]. However, these traditional
methods require large instruments and a long time due to tedious preprocessing proce-
dures. A point-of-care-testing (POCT) method is urgently needed for the effective rapid
on-site detection of fentanyl substances. Raman spectroscopy is a molecular vibration
spectroscopy that offers nondestructive testing and rapid and accurate identification. Re-
searchers have used SERS technology to conduct a lot of studies on fentanyl’s detection
method [13–16]. For example, Zhang et al. use a gold-trisoctahedra-coated capillary-based
SERS platform for microsampling and sensitive detection of trace fentanyl; the limit of
detection is as low as 1.86 and 40.63 ng/mL in aqueous solution and serum samples [13]. Su
et al. practice a freestanding hydrophobic plasmonic paper biosensor to detection fentanyl
in biofluids with label-free SERS [14]. Ding et al. realize rapid and direct detection of
trace fentanyl in real human urine without pretreatment by a portable surface enhanced
Raman spectroscopy (SERS) strategy on liquid/liquid interfacial plasmonic arrays, and
consequently amplify the detection sensitivity [15,16]. Thus, more specific and more sen-
sitive SERS-based fentanyl detection is in demand. However, in practical application,
when the laser source irradiates the actual sample, there is often a certain fluorescence
background in the excitation environment, which will cause a great interference on the
extraction of an effective characteristic peak. Raman spectroscopy is often interfered with
by the fluorescence background when applied, which leads to the decrease in the Raman
signal. The Raman signal would be submerged in the fluorescence background in the worst
situation. In order to solve the problem of the fluorescence background interference in the
application of Raman detection, frequency shift-excited Raman differential spectroscopy
(SERS-DS) can overcome the shortcomings of the fluorescence background of traditional
Raman spectroscopy [17–19]. SERS-DS is applied in this work because it can effectively
avoid the fluorescence background interference in SERS detection.

Here, we synthesized silver nanoparticles to apply in SERS differential spectroscopy,
to achieve a rapid and POCT detection method for 25 fentanyl-related substances and
2 fentanyl precursors in juice. The sensitivity can reach 0.1 ppb with great specificity.
Moreover, based on this method, a Raman spectrum library of fentanyl-related substances
was established, including characterized peak, intensity, and the spectrum matrix, which
offers a database for rapid detection of multiple substances in a one-step method. As a quick
on-site monitoring method, the SERS differential spectroscopy method will greatly improve
the efficiency of law enforcement and biomedical applications in dealing with fentanyl-like
substances due to its rapid determination, preliminary screening, and clear classification.

2. Experiments and Materials

The synthesized method of silver nanoparticles is modified upon our previous work [20].
Silver nitrate (AgNO3, 0.1 mmol) was dissolved in deionized water (10 mL), stirred for
30 min at ambient temperature, and then dilute polyvinyl pyrrolidone (PVP) in sulfuric
acid (20% H2SO4) was next added dropwise into the mixture until pH = 5. The obtained
solution was magnetically stirred for 6 h, forming a transparent colorless solution for
the next step. The silver nanoparticles were synthesized after 350 K heating for 60 min.
The prepared silver nanoparticle was placed in a newly set water pan and washed before
testing. A handheld cloud intelligent Raman quick detector (Model: Guoyan®H01, D01)
was used: laser source was 785 nm, laser power was 300 mW, and integration time was
5 s. In desktop Raman tests, unless specifically stated, the excitation wavelength was
785 nm, laser power was 0.5 mW, and the specification of the objective was ×50 L. A series
of standard solutions of fentanyl were used as the probe molecules. We used fentanyl
standard compounds (Table 1) dissolved in methanol (chromatographic purity, Fisher
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Scientific, USA) and ultrapure water (prepared by Milli-Q Pure Water instrument, USA).
Fentanyl liquid sample: A 1 mL sample solution was treated with 9 mL ultrapure water.
The SERS sensitized substrate and the tested fentanyl were evenly mixed into the reagent
bottle at a 1:1 volume ratio. The analysis equipment was a handheld Raman spectrometer
with 785 nm laser. If the signal of target concentration in the sample solution was not
obvious and too low, then the sample weighing volume could be appropriately increased
two to ten times to confirm detection limit. Fentanyl solid samples: (1) The samples were
thoroughly ground and mixed, then analyzed by handheld Raman spectroscopy direct
reading. (2) The sample was fully ground and mixed, and about 0.1 g was weighed. Next,
10 mL methanol was added, sealed, and oscillated for 10 min. After centrifugation, 5 mL
supernatant was taken and nitrogen blow-dried. Next, 1 mL (1:9) methanol: water was
added, vortexed; 100 µL was the smallest volume unit. The SERS-sensitized base and
fentanyl substance tested were selected at 1:1 volume ratio and were evenly mixed in the
reagent bottle. Analysis was also made by handheld Raman spectroscopy.

Table 1. Results of 27 types of fentanyl controlled by the state.

Serial
Number Sample Type Substrate CAS Number Detection Limit

(ppb)

1 4-fluorobutanyl fentanyl Standard methanol 244195-31-1 10
2 4-fluoroisobutyrl fentanyl Standard methanol 244195-32-2 10
3 Butyryl fentanyl Standard methanol 1169-70-6 10
4 Isobutylfentanyl hydrochloride hydrochloride methanol 117332-90-87 10
5 Furanfentanyl hydrochloride hydrochloride methanol 101365-56-4 0.1
6 Pentanyl fentanyl hydrochloride hydrochloride methanol 117332-91-9 25
7 β-hydroxythiofentanyl Standard methanol NA 10
8 Cis-3-methylfentanyl hydrochloride hydrochloride methanol 78995-18-3 10
9 Ocfentanil Standard methanol 10343-69-5 10

10 To the flufentanil Standard methanol 90736-23-5 10
11 Sufentanil citrate Standard methanol 60561-17-3 10
12 Acetyl fentanyl Standard methanol 3258-84-2 10
13 β-hydroxy-3-methylfentanyl Standard methanol 78995-14-9 10
14 4-anilinegroup-N-phenylethyl piperidine Precursor methanol 21409-26-7 10
15 Remifentanil hydrochloride hydrochloride methanol 132539-07-2 10
16 Alpha-methylfentanyl hydrochloride hydrochloride methanol 1443-44-3 10
17 N-phenylethyl-4-piperidone Precursor acetonitrile 39742-60-4 10
18 Carfentanil Standard methanol 59708-52-0 10
19 Beta-hydroxyfentanyl Standard methanol 1473-95-6 10
20 3-methylthiofentanyl Standard methanol 86052-04-2 10
21 alfentanil Standard methanol 69049-06-5 1
22 fentanyl Standard methanol 437-38-7 10
23 Acetyl alfa methyl fentanyl Standard methanol 101860-00-8 10
24 Allanyl fentanyl hydrochloride Standard methanol 79279-03-1 10
25 Thiofentanyl hydrochloride Standard methanol 79278-88-9 10
26 Alfa methyl thiofentanyl Standard methanol 117332-94-2 100
27 Tetrahydrofuran fentanyl Standard methanol NA 100

3. Results and Discussion
3.1. Preparation and Characterization of SERS-Enhanced Substrates

Among various SERS-enhanced substrates, silver nanoparticles are easily synthesized
and have extremely high sensitivity, approximately 10 [12] times higher than conventional
Raman spectroscopy for molecules. The silver nanoparticle SERS substrate in this work has
good enhancement effect and stability.Figure 1a shows that the Ag nanoparticles building
blocks were uniformly dispersed with sizes of 40 nm. The applied silver particles as shown
in Figure 1b have a uniform size, approximate spherical shape, and good dispersion after
evaporation in high-density conditions. The surface charge is evaluated to be around
−20 mV by zeta potential.
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Figure 1. (a) The dispersive and (b) aggregated SERS substrate’s structural characterization. The
SERS reagents are silver nanoparticles.

3.2. POCT Device and Optimization of Spectral Raman Detection Technique

The POCT device, consisting of a 785 nm dual-wavelength laser, fiber Raman optical
module, silicon-based (Si) linear array CMOS detector, and indium gallium arsenic (InGaAs)
surface array CCD detector, was established as shown in Figure 2a. Two steps were
studied to obtain the stable and sensitive differential Raman signals: (1) establishment of a
differential Raman system and (2) establishment of a dual-wavelength Raman detection
module. For the set-up of device system, a 785 nm Raman system was established to
detect the optical path. The Raman spectra of absolute ethanol is shown in Figure 2b.
The Raman peaks of absolute ethanol are located at 424 cm−1, 876 cm−1, 1043 cm−1,
1087 cm−1, 1267 cm−1, 1446 cm−1, 2712 cm−1, 2872 cm−1, and 2920 cm−1. Furthermore,
applying the dual-wavelength Raman system, a dual-wavelength transient differential
Raman detection module with high signal-to-noise ratio was designed to eliminate the
fluorescence background in the Raman signal. Our differential Raman was utilized to
evaluate the sensitivity (Figure 2c). A standard fentanyl aqueous solution with a mass
concentration of 1 ppm was prepared first and then diluted with deionized water to 1 ppb,
10 ppb, and 100 ppb concentration gradient solutions; the results show the detection limit
can reach 1 ppb. The sensitivity of the dual-wavelength Raman detection module in this
study is excellent, and the detection module realizes the Raman spectrum measurement of
high-fluorescence background samples.

3.3. Establishment of a Fentanyl POCT Detecting Method

The list of fentanyl-like substances in the Ministry of Public Security shows 27 species
including liquid samples of two precursors. Surface Raman enhancement technology was
used to detect the detection limit of fentanyl standard. The limit of detection of 25 kinds
of fentanyl and two precursor substances detected here is 0.1–25 ppb (Table 1), thus in-
dicating that this method offers simple pretreatment, low matrix effects, high sensitivity
and selectivity, and suitability for analysis of actual samples. Moreover, the characteristic
peaks of the fentanyl sample in Raman spectra are unique due to the different compo-
nents of the molecule’s vibrations. Therefore, molecular structure information can be
obtained by analyzing the Raman peaks in the Raman spectrum [21,22]. Fentanyl-type sub-
stances generally refer to the compounds formed by taking fentanyl (N-[1-(2-phenylethyl)-
4-piperidyl]-N-phenylpropionamide) as the parent substance and then replacing or adding
other modifications on one or more positions of its phenylethyl, piperidyl ring, phenyl, and
propionyl groups directly connected to the nitrogen atom [23,24]. The detailed variation
can be realized by precise SERS detection with principal component analysis and maximum
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expectation algorithms (Figure 3). For instance, Figure 3k indicates a 1020 cm−1 vibration
with the benzene-like functional group, and another 27 types of fentanyl compounds are
also detected with this peak, which is consistent with the ppb level in serial samples in
Table 1. Moreover, we marked other characterized peaks with red circle, cubic and triangle
labels, which represent 816, 1160, and 1400 cm−1, respectively. Compared with various
structural fentanyls, similar terminal groups can obtain similar signals, such as in Figure 3a
(4-fluorobutanyl), Figure 3c (Tetrafluorobutyl-), and Figure 3r (4-Fluoroisobutyryl-), which
all have the F terminal group, which induces a C-F stretching peak in 816 cm−1 (marked
with circle). The C-O (1160) and C-H (1400) groups are also verified. However, in Figure 4,
the SERS substrate has an adsorption site, which can influence the enhanced characterized
peak. Hence, based on Figures 3 and 5, we can establish a Raman database for quick
fentanyl-related substance identification.
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(aa) tetrahydrofuran fentanyl; (ab) Thiofentanil.
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(r) Carfentanil; (s) Beta-hydroxyfentanyl; (t) 3-methylthiofentanyl; (u) alfentanil; (v) fentanyl;
(w) Acetylafmethylene fentanyl; (x) Acrylyl fentanyl hydrochloride; (y) Thiofentanil hydrochlo-
ride; (z) Alphamethylthiofentanyl; (aa)T etrahydrofuran fentanyl.
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Figure 5. Standard spectrum of fentanyl in liquid solution. (a) 4-flubuylfentanyl; (b) 4-fluoroisobutyl
fentanyl; (c) Butylfentanyl; (d) Isobutylfentanyl hydrochloride; (e) Furan fentanyl hydrochloride;
(f) Pentanyl fentanyl hydrochloride; (g) Beta-hydroxy thiofentanyl; (h) Cis-3-methylfentanyl hy-
drochloride; (i) Ocfentanil; (j) p-fluorofentanyl; (k) Sufentanil citrate; (l) Acetyl fentanyl; (m) Beta-
hydroxy-3-methyl fentanyl; (n) 4- aniline -N- phenylethylpiperidine; (o) Remifentanil hydrochloride;
(p) Alpha-methyl fentanyl hydrochloride; (q) N-phenylethyl-4-piperidone; (r) Carfentanil; (s) Beta-
hydroxyfentanyl; (t) 3-methylthiofentanyl; (u) alfentanil; (v) fentanyl; (w) Acetylafmethylene fentanyl;
(x) Acrylyl fentanyl hydrochloride; (y) Thiofentanil hydrochloride; (z) Alphamethylthiofentanyl;
(aa) Tetrahydrofuran fentanyl.
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3.4. Screening Application of Fentanyl-like Substances by POCT Raman Spectroscopy

Raman spectroscopy screening was performed on 27 fentanyl substances, including
desktop Raman and POCT Raman. Notably, fentanyl new essence active substances mainly
modify the propionyl chain and the phenylethyl part of fentanyl to achieve similar or
even stronger drug effects [25]. A stable and reliable Raman spectrum database has been
established for 27 kinds of fentanyl substances in China, and blind sample field tests have
been conducted with this database (Figure 4). The desktop Raman results show that the
27 kinds of fentanyl-class materials have qualitative results with high accuracy. Moreover,
the sample testing time cost can be restricted within one minute. Furthermore, Fentanyl
standards were also detected by POCT dual-wavelength differential Raman equipment,
and then the Raman spectra of the two groups could be compared (Figures 3 and 5). The
spectra in these two figures are similar, and a certain small amount of Raman signal cannot
be observed on the conventional Raman spectra of fentanyl standard stock due to molecular
charge transfer. Compared with spectra in this work, the spectra in the POCT device have
mean peak similarity with rare other information, which is due to the sensitivity of the
POCT device. In the comparison between Figures 4 and 5, the liquid surroundings should
provide a suitable environment for analyte adsorption, which has better Raman signal,
comparable to the pure samples. Additionally, the stability of POCT detecting fentanyl
substances has been also discussed. To determine the reliability of the method, solid
samples were tested nine times in the same experimental conditions (Figure 6). The test
protocol was repeated three times a day after three consecutive days, and each fentanyl
substance was summarized over nine maps (from bottom to top—the first to ninth detection
spectra). The results show the detection stability of the Raman spectroscopy detection
method. The matching degree between the detection results of each fentanyl-type substance
and the automatic identification of the database was more than 90%. The results show that
the SERSDS technique has good stability in the detection of fentanyl substances.

A stable and reliable Raman spectrum database has been established for 27 kinds of
fentanyl substances, and blind sample tests have been conducted with this database to
further amplify the database. When comparing with conventional Raman spectroscopy, the
POCT dual-wavelength differential Raman spectrogram can identify the strong resonance
characteristic peaks at 1002 cm−1 and 1029 cm−1, thus detecting the targeted molecules
more sensitively. The characteristic peak amplification is the significant advantage of this
approach. However, it is still necessary to improve the certainty of molecules’ adsorption
configuration. For example, in the 27 types of fentanyl-like substances, several spectra
(Figures 3j,n,z and 4g,y,z) exhibit weaker intensities in characteristic peaks, which might
be contributed by the adsorption sites through the thio-functional group on the substrate
surface. These metal–sulfur bonds bind the molecule adsorption configuration differently
in solid conditions, which greatly decreases the benzene vibrational states.
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Figure 6. Stability results of fentanyl monohydrate via POCT-Raman. (a) Fentanyl hydrochloride; (b) p-
fluorofentanyl; (c) Acetyl fentanyl hydrochloride; (d) 4-fluoro-butanylfentanyl; (e) isobutanylfentanyl
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hydrochloride; (f) Ocfentanil; (g) thiofentanyl hydrochloride; (h) β-hydroxythiofentanyl; (i) β-
hydroxy-3-methylfentanyl; (j) cis-3-methylfentanyl Hydrochloride; (k) Anti-3-methylfentanyl hy-
drochloride; (l) 3-methylthiofentanyl Hydrochloride; (m) remifentanil hydrochloride; (n) sufentanil;
(o) Butylfentanyl hydrochloride; (p) β-hydroxythiofentanyl; (q) Acrylyl fentanyl; (r) Furan fentanyl;
(s) V alanyl fentanyl; (t) 4-fluoro-isobutanylfentanyl; (u) Acetylafmethylene fentanyl hydrochloride;
(v) Afentanil hydrochloride; (w) Carfentanil hydrochloride; (x) Afmethylene fentanyl hydrochloride;
(y) Afmethylene thiofentanyl hydrochloride; (z) Tetrahydrofuran fentanyl hydrochloride; (aa) N-
phenylethyl-4-piperidone; (ab) 4-aniline-n-phenylethylpiperidine dihydrochloride.

4. Conclusions

Differential Raman spectroscopy is a simple, accurate, and nondestructive method
for fentanyl-like substance detection that can effectively overcome strong fluorescence
interference induced by Raman lasers. Combined with SERS-assisted substrate, a POCT,
rapid, and sensitive Raman spectral detection method was created and used for 25 fentanyl-
like substances and 2 fentanyl precursors’ detection in this work. The detection results
offer high sensitivity and good selectivity. Significantly, the POCT results are better than
those on conventional desktop Raman in practical screening; these results are consistent
with our previous research [26]. Moreover, a fentanyl-like substance library database can
be established, and these unique algorithms would deal with complex matrix interfer-
ence. It can potentially realize one-step rapid detection with uploading in real time and
data transformation in cloud-based big data, which offer multi-dimensional statistics to
achieve risk analysis and early warning in biomedical overdose and psychoactive substance
security control.
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