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1 | INTRODUCTION

Abstract

Background: Current chromatographic methods applied for the forensic analysis of
methamphetamine are costly, time-consuming, and require complicated pretreat-
ment procedures. Thus, the rapid detection of methamphetamine is a critical and
unmet need. In this study, a surface plasmon resonance (SPR) system based on indi-
rect inhibitive immunoassay was designed for the analysis of methamphetamine in
forensic oral fluid samples.

Methods: For the inhibition immunoassay, the diluted oral fluid was mixed with
methamphetamine antibody and then injected into the SPR sensor chip. The biosen-
sor chip was constructed by covalently immobilizing of methamphetamine-bovine
serum albumin conjugate onto a carboxymethyl dextran surface at an optimized pH.
The concentration of antibody was also optimized.

Results: The SPR biosensor showed good sensitivity with a limit of detection of
0.44 ng/mL and was comparable or lower than the pre-existing methods. The method
was finally tested using oral fluid samples from 20 suspected drug abusers in forensic
cases, and it provided an acceptable recovery of 113.2%, indicating good anti-inter-
ference capability of the SPR sensor.

Conclusion: The SPR biosensor was rapid, reproducible, and had a great potential

approach for the forensic detection of methamphetamine.
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In general, accurate detection methods in forensic laboratories

mainly utilize either gas chromatography-mass spectrometry (GC-

Methamphetamine (MA), a widely circulated “club drug,” has strong
effects on the central nervous system, resulting in mental alertness
and other symptoms.1 The abuse of MA continues to be one of the
most concerning problems for public safety. The detection of drugs
in biological specimens, typically urine, blood, and oral fluid, is im-
portant for the identification of drug addicts.?

MS),35 high-performance liquid chromatography (HPLC),® or LC-
MS.”11 These methods are sensitive and specific since they allow
specific identification and accurate quantification of the target
analyte. Due to the high complexity of biological samples and low
concentrations of target analytes, these chromatographic methods

usually require a series of sample pretreatment steps to eliminate
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matrices and enrich target compounds. Enzyme-linked immuno-
sorbent assay (ELISA), a quick and cheap approach, is the first line
of screening utilized for the determination of the presence of an
abused drug in biological samples. However, it cannot be used to
reliably identify the tested drugs.12 Thus, there is a demand for a fast
and direct method with minimal sample pretreatment for forensic
drug analysis.

To this end, surface plasmon resonance (SPR), an optical sens-
ing technique that investigates surface phenomena and generates a
signal related to a change in refractive index at the metal was con-
sidered. It has the advantages of rapid-response measurements with
high sensitivity and specificity, without the need for intricate sample
preparation. The value of SPR equipment is less than the currently
used for MA analysis.

SPR has been known to be a capable analytical technique for
the detection of various biological molecules, chemicals, and metal

ion,13-24

and as such, it is a promising tool for forensic drug analy-
sis.?> There are limited reports related to the detection of MA using
an SPR biosensor. Sakaia et al 2 developed an SPR sensor based
on the immunoreaction between methamphetamine-bovine serum
albumin (MA-BSA) and the antibody, and validated its feasibility for
the sensitive response for MA. Cao et al 2 proved its usefulness for
quantitative analysis of MA in spiked human serum.

Oral fluid testing for MA has emerged as a promising alternative to
urine and blood testing. Oral liquid can be easily and noninvasively col-
lected under observation, thereby eliminating the problem of substi-
tution or adulteration that are often associated with urine collection.
Furthermore, previous studies have found that the MA concentration
in oral liquid could correlate well with those in blood and plasma.?®??

In this study, an SPR sensor based on indirect competitive im-
munoassay enabling the rapid detection of MA is presented. The
immobilization process and MA-antibody concentration were indi-
vidually optimized. The specificity of the sensor was evaluated by
testing the oral fluid samples from forensic cases. High sensitivity
and satisfactory recovery were obtained. This work sheds some light
on developing SPR sensor as a powerful technique for the forensic

monitoring of MA.

2 | EXPERIMENTAL

2.1 | Chemicals and reagents

Bovine serum albumin (BSA), MA-BSA conjugate, and anti-MA
monoclonal antibody (MA-Ab) were purchased from Hangzhou
Clongene Biotech Co., Ltd. The amine-coupling reagents containing
N-hydroxysuccinimide (NHS, 98%) and 1-ethyl-3-[3-dimethylami-
nopropyl] carbodiimide hydrochloride (EDC, 299.0) were obtained
from Sigma-Aldrich. Phosphate buffered saline (PBS) and ethanola-
mine were purchased Sigma-Aldrich. Methamphetamine (1 mg/mL in
methanol) was provided by the Public Security Bureau of Hangzhou.
Acetic acid-sodium salt was purchased from Sinopharm Chemical
Reagent Co., Ltd. Acetic acid was purchased from Shanghai Lingfeng
Chemical Reagent Co., Ltd.

2.2 | Instrumentation

An automatic flow injection system (BT100F-1) was used for sample
injection. SPR measurements were performed on a Biacore 3000 sys-
tem (Swit). The MA diagnostic kit (colloidal gold) was purchased from
ACON Biotech Co., Ltd. The CM5 sensor chip (20 mm x 10 mm x 0.5 m)
was obtained from the General Electric Company. A ThermoFisher
Micro 21 centrifuge and an Amicon ultra-0.5 centrifugal filter unit

(Merck KGaA) were used for the purification of samples.

2.3 | Immobilization procedure of the MA-
BSA conjugate

The immobilization of MA-BSA conjugate consisted of the following
three steps. First, the chip was mounted on the SPR platform. A mix-
ture (1:1, v/v) of 100 mmol/L NHS and 400 Mmol/L EDC was injected
over the chip to activate the surface carboxyl groups. Second, MA-BSA
conjugate (1 mg/mL) in 10 mmol/L acetic acid-sodium acetate buffer
was flowed through the activated chip. Third, the unused carboxylic
terminals were blocked by injecting 100 pL of 1 mol/L ethanolamine

(pH 8.5). These procedures were done at a flow rate of 20 puL/min.

2.4 | SPR measurement

An indirect competitive immunoassay format was used for the de-
tection of MA. The MA-BSA conjugate was immobilized and used
as the sensing bioactive surface. In measurement, 40 pL samples
containing a fixed antibody concentration were incubated with
solutions of varying MA concentrations at a ratio of 1:1 (v/v), and
this mixture was flowed over the antigen-coated chip at a flow
rate of 20 pL/min at room temperature, which took about 3 min-
utes. Since antibody binding to the immobilized conjugate was
inhibited by the presence of the analyte, lower analyte concentra-
tions resulted in high SPR signals and vice versa. Finally, 10 pL of
50 mmol/L NaOH solution was injected to regenerate the sens-
ing surface, and the regeneration process took approximately
2.5 minutes.

2.5 | Calibration curve

The stock solution of MA (1 mg/mL) was diluted with PBS, and then
mixed with an equal volume of 25 pg/mL MA-Ab, to obtain final con-
centrations of 0.06, 0.12, 0.24, 0.49, 0.98, 1.95, 3.91, 7.81, 15.63,
31.25, 62.5, and 125 ng/mL, respectively. Then, 40 pL of the solu-
tion was passed over the sensor chip at a flow rate of 20 uL/min. A
standard calibration curve was obtained by plotting SPR signal ver-

sus MA concentration.

2.6 | Oral fluid collection

The specificity of the sensor was evaluated by testing frozen oral
fluid samples collected from 20 suspected drug abusers in forensic

cases. All samples were collected in accordance with the ethical
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guidelines and permission of the institutional review board (IRB).
For analysis, the frozen oral fluid was stable at room temperature
for ten minutes. Then it was added to an Amicon ultra-0.5 cen-
trifugal filter and centrifuged at 12 000 rpm for 10 minutes. The
supernatant was mixed with Ab solution and injected into the SPR
system for analysis.

3 | RESULTS AND DISCUSSION

3.1 | SPRimmunoassay format

The molecular weight of the analyte is a key factor when selecting the
immunoassay format. MA (MW: 149.237 g/mol) itself has no immuno-
genicity, thus an inhibitive assay to indirectly measure the concentration
of MA was adopted. Alternatively, in an indirect format, the immobiliza-
tion of target molecules with a conjugated protein onto the sensing chip
provides a higher degree of robustness and reusability even under acid
and basic conditions?®. In this approach, the conjugate antigen (MA-
BSA) was firstly immobilized on a sensor chip and was then exposed to
PBS solutions containing MA and antibody to allow the immunoreac-
tion to take place. As shown in Figure 1, MA functions as an inhibitor to
the immunoreaction between the antibody and MA-BSA, and a strong
decrease in response occurred with the addition of MA, suggesting the
presence of binding affinity between MA-BSA and MA-Ab.

3.2 | Optimization of immobilization of MA-
BSA conjugate

MA-BSA was covalently immobilized to the carboxymethyl dex-
tran matrix on the sensor chip through EDC/NHS esters under
acidic condition (acetic acid-sodium acetate buffer). To achieve

the best sensor performance, MA-BSA conjugate (1 mg/mL) was
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immobilized at different pH levels: 4.0, 4.5, 5.0, and 5.5. The cor-
relation between resonance signals and the pH value is shown in
Figure 2A. It can be seen that the decreased pH value led to a
gradually rising resonant signal until approaching saturation at pH
4.0-4.5. A pH of 5.0 is suitable for better assay sensitivity and dis-
cernible signals for a wider range of analyte concentrations. Thus,
in order to favor competition, we immobilized MA-BSA conjugate
at pH 5.0 and tested several MA-Ab concentrations in the follow-

ing experiments.

3.3 | Optimization of MA-Ab concentration

The MA-BSA immobilized chip was exposed to the flow of several
MA-Ab concentrations including 6.25, 12.5, 25, 50, and 100 pg/
mL, respectively (Figure 2B). The resonance signals increased
with increasing concentrations of the antibody, and there was
no indication of surface saturation within the tested concen-
tration range. However, at lower concentration levels of 6.25
and 12.5 pg/mL, the responding resonance signals were rela-
tively low, which might lead to a relatively narrow linear range.
Conversely, using higher antibody concentrations of 50 and
100 pg/mL would cause an increase in the cost. Therefore, an
MA-Ab concentration of 25 ug/mL was deemed appropriate for
the MA sensing assay.

3.4 | Reusability of the sensor chip

In order to assess the reusability and robustness of the sensing chip
and the reproducibility of the measurements, we tested the chip re-
action process using 50 mmol/L NaOH as a regeneration reagent.
As seen in Figure 3A, the injection of a mixture of MA and MA-Ab

caused an initial increase in the SPR signal (indicated as position a)

(A) _Ya t f f £
oral fluid
CMS5 sensor chip @b MA-BSA bdbdd ° )\
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FIGURE 1 Scheme of the SPR
immunoassay for MA
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inject oral fluid
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FIGURE 2 Optimization of immobilization of BA-BSA conjugate on sensor chip at varying pH (A), and dependence of SPR signal against

MA-antibody concentration (B)

and its subsequent stabilization (position b). The regeneration was
then applied (position c), after which the basal line was finally recov-
ered. Correspondingly, the resonance signal of the initial baseline
was 1748 RU, and it returned to 1951 RU upon injection of 10 uL of
50 mmol/L NaOH, with a minute variation of 0.17%, indicating the
complete removal of bound antibody from the sensor surface.

The recycling experiments in Figure 3B showed that the same chip
could be reused at least 50 times in this way without a significant de-
crease in response and with a coefficient of variation (CV) of 2.15%.
These results confirmed the reliability and robustness of the immobi-
lized chips.

3.5 | Sensitivity and limit of detection of MA by the
SPR biosensor

The SPR response signal of each solution containing a fixed con-
centration of MA-Ab (25 pg/mL) and varying concentrations of MA
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(0-125 ng/mL) are plotted in Figure 4. Clearly, SPR signals were sen-
sitive to the change in MA concentrations from 0.06-15.63 ng/mL.
With an increase up to 15.63 ng/mL, SPR signals decreased fairly
steeply due to the inhibition effect of MA. The data points fit well
with the four-parameter logistic model,*® with a correlation coeffi-
cient (r?) of 0.9991. Above 15.63 ng/mL, the signals were insensitive
to the MA concentrations, because the whole antibody was inacti-
vated by the excessive amount of MA. It was notable that the pre-
sent sensor could detect MA at concentrations less than 15.63 ng/
mL. The limit of detection (LOD), determined as 3 x noise inhibition

of the maximum SPR signal,?” was estimated to be 0.44 ng/mL.

3.6 | Comparison with other reported methods

A comparison among different detection techniques for MA in bio-
logical samples is shown in Table 1. Conventional chromatographic
techniques, including GC-MS, HPLC, and LC-MS, require extraction
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FIGURE 3 Chip regeneration process with 50 mmol/L NaOH (A). (a) Start of sample injection, (b) stabilized signal, and (c) start of
regeneration. Reusability of the MA sensor chip during 50 successive binding-regeneration cycles (B)
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600 TABLE 2 Analytical results of oral liquid samples from forensic
- cases by SPR biosensor and colloidal gold methods
5 500 -
%, SPR biosensor
2 400 MA diagnostic kit
s Oral liquid (colloidal gold) Detected (ng/mL) RSD (%)
§ 300 4 1 + >15.63 7.32
2, 2 + »15.63 6.81
O 200 4
ﬂé 3 + >15.63 8.46
E‘:’n 100 - 4 + >15.63 9.82
g — o o ° 5 + >15.63 3.98
= 0 - bt bt
©]
6 + >15.63 1.36
P00 b—— 7 -° 10.41 6.91
0 20 40 60 80 100 120
§ 8 = 7.51 3.65
MA-AB concentration (ng/mL)
9 - 10.54 7.53
FIGURE 4 Dependence of SPR signals on the MA concentration 10 - 4.37 7.37
11 - 8.31 6.53
TABLE 1 i f | h for th i
E1 Co.mparlsor.'n of several methods used for the detection 12 B 544 8.10
of MA in biological specimens
13 - 12.45 5.46
it 14 - 6.24 7.20
Method detection Ref.
15 - 3.52 4.80
Magnetic solid-phase extraction 0.044 ng/mL 3 B
coupled with GC-MS L S 2l
Liquid-liquid extraction coupled 5 ng/mL 4 7 N 036 385
with GC-MS 18 - nd® 3.54
Liquid-phased microextraction 0.01 pg/mL 6 19 - nd 8.95
coupled with HPLC 20 - nd 417
Sur.Jramolecular solvents coupled 5 ng/mL 9 MA-positive.
with LC-MS/MS bMA—negative
Supported liquid extraction cou- 5ng/mL 11 ‘not detected.
pled with LC/MS
SPR biosensor 0.44 ng/mL this work 18500 — PBS
blank oral fluid
. 341 oy X X 3 spiked oral fluid with 5 ng/mL MA
procedures prior to analysis. This SPR immunoassay is suitable 5 no/mL MA in PBS
. ) ) . . 18000 - g
for the direct analysis of oral fluid samples without any pretreatment 5
steps. It requires only sub-microliter levels of sample and avoids the %
use of organic solvents. In general, this SPR method has the advan- g 17500
tages of simplicity, allowing the fast and real-time determination of 9
MA, while achieving comparable or ever lower detection limits than §
17000
pre-existing methods. §
. . . . 16500 —
3.7 | Determination of MA in oral fluid samples
According to the obtained assay features, this SPR-based approach 0 T s "0 150 200 250
can be useful for the determination of MA in oral fluid samples time (s)

from 20 suspected drug abusers in forensic cases. The results are
listed in Table 2. MA could be found in 17 MA abusers' oral fluid
samples, thus confirming investigators' suspicions of drug exposure.
Recoveries of spiked oral fluid sample at spiked level (5 ng/mL) were
conducted to study the matrix effects. The average recovery was
found to be 113.2%, with RSD of 3.1%. Besides, the real-time SPR
curves of blank oral fluid and spiked oral fluid are shown in Figure 5.

The results demonstrated a good anti-interference capability and

FIGURE 5 The SPR curves of standard samples and oral fluid
samples

application feasibility of the SPR biosensor in quick confirmation and
quantification of MA abuse.

In forensic toxicology, MA diagnostic kits are a rapid visual
gold colloidal method that is often used for the determination
of the presence of an abused drug in biological specimens, at an



WANG ET AL.

7 | wiLEY

LOD value of approximately 1000 ng/mL. Six saliva samples were
founded to be positive. Taken together, the SPR biosensor pro-
vides a relatively accurate method for the MA detection in biolog-

ical specimens.

4 | CONCLUSION

This work highlights a sensitive and reusable SPR immunosensor for
the simple and rapid forensic monitoring of MA in oral fluid sam-
ples. It is worth mentioning that this sensor allows direct injection
of oral fluid after centrifugation and greatly reduced the analysis
time to 3 minutes, while showing a comparable or lower LOD value
(0.44 ng/mL) to the current methods that are sensitive enough for
confirmation of MA abuse. Further validation and implementation
was evaluated using human oral fluid samples in forensic cases. This
is the first time to realize such a sensitive detection of MA in foren-
sic samples using an SPR-based sensor. This method is simple, rapid,
sensitive, and reproducible, and more importantly, it paves the way
for the potential application of SPR biosensors in the forensic labora-

tory analysis of illicit drugs.

ACKNOWLEDGMENTS

This work was supported by the National Key Research and
Development Program of China (No. 2016YFC0800906) and the
Technology Research Program of the Ministry of Public Security
(No. 2016JSYJA32).

ORCID
Jiye Wang https://orcid.org/0000-0002-5158-980X
REFERENCES

1. Prakash MD, Tangalakis K, Antonipillai J, Stojanovska L, Nurgali K,
Apostolopoulos V. Methamphetamine: effects on the brain, gut and
immune system. Pharmacol Res. 2017;120:60-67.

2. Huestis MA, Cone EJ. Methamphetamine disposition in oral fluid,
plasma, and urine. Ann N Y Acad Sci. 2007;1098:104-121.

3. ZhangS, CuiY, Sun J, XiY, Zhang C, Tang J. Sensitive magnetic solid-
phase microextraction based on oxide multi-walled carbon-nano-
tubes for the determination of methylamphetamine and ketamine
in human urine and blood. Anal Methods. 2015;7:4209-4215.

4. Guo L, Lin Z, Huang Z, et al. Simple and rapid analysis of four am-
phetamines in human whole blood and urine using liquid-liquid
extraction without evaporation/derivatization and gas chromatog-
raphy-mass spectrometry. Forensic Toxicol. 2015;33:104-111.

5. Wise J, Danielson T, Mozayani A, Li R. Analysis of amphetamine, meth-
amphetamine, methylenedioxyamphetamine and methylenedioxy-
methamphetamine in whole blood using in-matrix ethylchloroformate
derivatization and automated headspace solid-phase microextraction
followed by GC-MS. Forensic Toxicol. 2008;26:66-70.

6. Chen X. Analysis of methamphetamine in human urine using ionic
liquid dispersive liquid-phase microextraction combined with
HPLC. Chromatographia. 2015;78:515-520.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Krotulski AJ, Mohr ALA, Friscia M, Logan BK. Field detection of
drugs of abuse in oral fluid using the Alere” DDS®2 Mobile test
system with confirmation by liquid chromatography tandem mass
spectrometry (LC-MS/MS). J Anal Toxicol. 2018;42:170-176.

Liu HC, Lee HT, Hsu YC, et al. Direct Injection LC-MS-MS analy-
sis of opiates, methamphetamine, buprenorphine, methadone and
their metabolites in oral fluid from substitution therapy patients. J
Anal Toxicol. 2015;39:472-480.

Yang CA, Liu HC, Lin DL, Ray HL, Hsien YZ, Wu SP. Simultaneous
quantitation of methamphetamine, ketamine, opiates and their
metabolites in urine by SPE and LC-MS-MS. J Anal Toxicol.
2017;41:679-687.

Accioni F, Garciagémez D, Girela E, Rubio S. SUPRAS extraction
approach for matrix-independent determination of amphetamine-
type stimulants by LC-MS/MS. Talanta. 2018;182:574-582.
Rositano J, Harpas P, Kostakis C, Scott T. Supported liquid ex-
traction (SLE) for the analysis of methylamphetamine, methylene-
dioxymethylamphetamine and delta-9-tetrahydrocannabinol in oral
fluid and blood of drivers. Forensic Sci Int. 2016;265:125-130.
Nieddu M, Burrai L, Baralla E, et al. ELISA detection of 30 new am-
phetamine designer drugs in whole blood, urine and oral fluid using
Neogen® “mphetamine” and “ethamphetamine/MDMA” Kits. J Anal
Toxicol. 2016;40:492-497.

Gao L, Zhao R, Wang Y, et al. Surface plasmon resonance bio-
sensor for the accurate and sensitive quantification of O-GIcNAc
based on cleavage by b-D-Nacetylglucosaminidase. Anal Chim Acta.
2018;1040:90-98.

Hashemi F, Rastegarzadeh S, Pourreza N. A combination of disper-
sive liquid-liquid microextraction and surface plasmon resonance
sensing of gold nanoparticles for the determination of ziram pesti-
cide. J Sep Sci. 2017;41:1156-1163.

Wu Q, SunY, Zhang D, et al. Ultrasensitive magnetic field-assisted
surface plasmon resonance immunoassay for human cardiac tropo-
nin |. Biosens Bioelectron. 2017;96:288-293.

Wang XP, Zhan SY, Huang ZH, Hong XY. Review: advances and ap-
plications of surface plasmon resonance biosensing instrumenta-
tion. Instrum Sci tech. 2013;41:574-607.

He Q, Chen Y, Shen D, et al. Development of a surface plasmon
resonance immunosensor and ELISA for 3-nitrotyrosine in human
urine. Talanta. 2019;195:655-661.

Losoya-leal A, Estevez MC, Martinez-Chapa SO, Lechuga LM.
Design of a surface plasmon resonance immunoassay for therapeu-
tic drug monitoring of amikacin. Talanta. 2015;141:253-258.

Wu L, Tang H, Hu S, et al. Sensitive and simultaneous surface plas-
mon resonance detection of free and p53-bound MDM2 proteins
from human sarcomas. Analyst. 2018;143:2029-2034.

Pang K, Dong W, Zhang B, Zhan SY, Wang XP. A performance-en-
hanced bimetallic chip for the detection of cadmium ions with sur-
face Plasmon resonance. Plasmonics. 2016;11:1119-1128.

Luo Q, Yu N, Shi C, Wang X, Wu J. Surface plasmon resonance sen-
sor for antibiotics detection based on photo-initiated polymeriza-
tion molecularly imprinted array. Talanta. 2016;161:797-803.

Cao Y, McDermott MT. A surface plasmon resonance based inhi-
bition immunoassay for measurement of steroid hormones. Anal
Biochem. 2018;557:7-12.

Luo Z, Zhang J, Wang Y, Chen J, Lia Y, Duan Y. An aptamer based
method for small molecules detection through monitoring salt-in-
duced AuNPs aggregation and surface plasmonresonance (SPR)
detection. Sensor Actuat B-Chem. 2016;236:474-479.

Breveglieri G, D'Aversa E, Gallo TE, et al. A novel and efficient
protocol for Surface Plasmon Resonance based detection of four
B-thalassemia point mutations in blood samples and salivary swabs.
Sensor Actuat B-Chem. 2018;260:710-718.

Stravers CS, Gool E, van Leeuwen TG, Aalders M, van Dam A.
Multiplex body fluid identification using surface plasmon resonance


https://orcid.org/0000-0002-5158-980X
https://orcid.org/0000-0002-5158-980X

WANG ET AL. 7 of 7
Wi LEYJ—

imaging with principal component analysis. Sensor Actuat B-Chem. 29. Bakke E, Hgiseth G, Arnestad M, Gjerde H. Detection of drugs in
2019;283:355-362. simultaneously collected samples of oral fluid and blood. J Anal
26. Sakaia G, Nakata S, Uda T, Miura N, Yamazoe N. Highly selective Toxicol. 2018;43:1-5.

and sensitive SPR immunosensor for detection of methamphet-
amine. Electrochim Acta. 1999;44:3849-3854.

27. CaoF, XuJ, Yan S, et al. A surface plasmon resonance-based inhibi-
tion immunoassay for forensic determination of methamphetamine
in human serum. Forensic Chem. 2018;8:21-27.

28. Hustis MA, Cone EJ. Methamphetamine disposition in oral fluid, rapid analysis of methamphetamine in forensic oral fluid. J Clin

plasma, and urine. Ann N'Y Acad Sci. 2007;1098:104-121. Lab Anal. 2019;33:22993. https://doi.org/10.1002/jcla.22993

How to cite this article: Wang J, Yao W, Meng F, Wang P, Wu
Y, Wang B. A surface plasmon resonance immunoassay for the



https://doi.org/10.1002/jcla.22993

