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Abstract: This work reports on the development of an analyte sampling strategy on a plasmonic
substrate to amplify the detection capability of a dual analytical system, paper spray ionization–mass
spectrometry (PSI-MS) and surface-enhanced Raman spectroscopy (SERS). While simply applying
only an analyte solution to the plasmonic paper results in a limited degree of SERS enhancement, the
introduction of plasmonic gold nanoparticles (AuNPs) greatly improves the SERS signals without
sacrificing PSI-MS sensitivity. It is initially revealed that the concentration of AuNPs and the type of
analytes highly influence the SERS signals and their variations due to the “coffee ring effect” flow
mechanism induced during sampling and the degree of the interfacial interactions (e.g., van der
Waals, electrostatic, covalent) between the plasmonic substrate and analyte. Subsequent PSI treatment
at high voltage conditions further impacts the overall SERS responses, where the signal sensitivity and
homogeneity significantly increase throughout the entire substrate, suggesting the ready migration
of adsorbed analytes regardless of their interfacial attractive forces. The PSI-induced notable SERS
enhancements are presumably associated with creating unique conditions for local aggregation of
the AuNPs to induce effective plasmonic couplings and hot spots (i.e., electromagnetic effect) and
for repositioning analytes in close proximity to a plasmonic surface to increase polarizability (i.e.,
chemical effect). The optimized sampling and PSI conditions are also applicable to multi-analyte
analysis by SERS and MS, with greatly enhanced detection capability and signal uniformity.

Keywords: surface enhanced Raman spectroscopy; paper spray ionization (PSI); mass spectrometry;
plasmonic nanoparticle; illicit drug analysis; forensics

1. Introduction

Developing a method to reliably identify molecular species is highly desirable in
forensic science and analytical chemistry [1–4]. Particularly, facilitating an ideal measure-
ment condition, where trace levels of target molecules can be localized and/or properly
positioned to generate strong analytical signals, can greatly improve the overall detection
sensitivity while minimizing false positives and ambiguous results. In addition, opera-
tor safety can be enhanced by significantly reducing the amount of sample necessary for
analysis if testing methods require the handling of hazardous chemicals and toxic illicit
drugs. Building upon traditional analytical methods (e.g., vibrational spectroscopy-IR and
Raman, mass spectrometry-MS, and chromatography-GC and LC) [5–8], the identification
of analytes using combined analytical systems can result in a more accurate determination
and broader applicability than testing that employs a singular detection technique [1,9].
Although these analytical systems can be designed to demonstrate meaningful test results,
the capability of concentrating and isolating pertinent target molecules on the sampling
substrate itself can greatly improve the overall sensitivity and selectivity at trace levels. In
this sense, a strategy to fabricate a practical single substrate and establish effective sampling
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conditions for dual analytical instruments plays a major role in developing reliable and
sensitive detection systems.

A mass spectrometer (MS) with ambient ionization capability is of particular in-
terest here, due to the simplicity of sample preparation and the possibility of isolat-
ing/concentrating analytes for practical forensic applications [9–11]. Among the many am-
bient ionization techniques that have been reported [10,12–14], paper spray ionization (PSI)
has been demonstrated in the coupling of MS analysis with other instrumental methods
at ambient conditions for near real-time analysis. For example, nondestructive molecular
vibrational spectroscopy, especially Raman spectroscopy, could provide molecular-specific
spectra to serve as a confirmation/complementary technique [15,16]. The PSI treatment
often involves the utilization of 2D or 3D untreated paper substrates, which can enable
the coupling of MS and Raman for various detection applications, including the medical,
forensic, and environmental science fields [9,14,17,18]. Upon replacing bare paper sampling
substrates with plasmonic papers, surface-enhanced Raman scattering (SERS) spectroscopy
can be coupled with PSI-MS for a more sensitive and selective identification of various
molecular species.

As many plasmonic materials have been developed to maximize two enhancement
factors, where electromagnetic enhancement (EM) dominates over chemical enhancement
(CE), for SERS applications [19–21], paper-based plasmonic substrates could be at the fore-
front due to their simplicity, affordability, and high-throughput capability. Thus, utilizing a
unique plasmonic paper substrate with a high uptake capability of target analytes can improve
the entire performance of this combined instrumental method and overcome some limitations
associated with typical Raman-based analysis and other single-method approaches. Although
combined analyses on shared instrumental platforms have shown promising outcomes for
sensitive and selective detection [17,18], there is still room for improvement in the sensing
capability by fabricating proper sample treatment methods on plasmonic substrates, allowing
for the development of rapid and precise analytical processes.

Here, we utilized a highly practical plasmonic paper, prepared by depositing conven-
tional gold nanoparticles (AuNPs) on a filter paper, and attempted to induce an effective
plasmonic coupling environment (i.e., the EM effect) for improved SERS measurements
without sacrificing MS sensitivity. Creating an effective plasmonic coupling with typi-
cal AuNPs can result in the enhanced detection of various analytes even at trace levels
(i.e., properly positioning analytes for greater SERS signals) [22]. Specifically, a mixture of
plasmonic NPs and analytes was initially loaded onto the AuNP plasmonic paper to induce
plasmonic coupling (via vertically sandwiching analytes). Subsequently, the PSI treatment
(i.e., inducing the PSI-MS ionization mechanism) is carried out to change their arrange-
ments across the plasmonic paper to induce additional coupling (via laterally sandwiching
analytes). The degree of analyte migration and plasmonic coupling can be monitored by
MS and SERS spectra, as the PSI process readily transports adsorbed analytes toward the tip
of the triangularly shaped substrate under an applied high voltage. The PSI-induced move-
ment of analytes could readily change the orientation and proximity of the pertinent bonds
relative to the surface of plasmonic materials for SERS enhancements (via the EM and CE
effects). Thus, SERS analysis can then experimentally show the isolated and concentrated
analytes from complex mixtures across the plasmonic sampling substrate. As analytes that
possess different interfacial interactions with the plasmonic paper could impact the overall
SERS sensitivity, understanding the way the sample treatment impacts the degree of signal
enhancement can help modernize the front end of the analytical detection process. As
such, paper-based plasmonic substrates with the capability to effectively induce plasmonic
coupling can potentially meet the demands for highly practical and precise SERS-based
sensing. It is important to remember that combining two independent analytical techniques
can readily allow for the sequential acquisition of MS and SERS spectra (referred to as
PSI-MS-SERS) in a rapid and reproducible manner to avoid the most common bottleneck in
the analytical process—lower throughput due to arduous sample handling and solution ap-
plication [17]. Considering overall simplicity, higher throughput, and method ruggedness,
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a strategy that requires minimal sample preparative steps can be a bonus in developing
the entire analytical system. Such a combined analytical approach can undoubtedly assist
the advancement of essential techniques for the accurate and rapid detection of various
molecular species of interest.

2. Materials and Methods

Gold (III) chloride trihydrate (HAuCl4.3H2O, 99.99% metals basis), trisodium citrate
dihydrate (99%), methanol (99.8%), ethanol (95%), and formic acid (99.5%) were acquired
from Fisher Scientific (Fair Lawn, NJ, USA). Whatman Grade 1 filter paper (55 mm circle)
was used for all plasmonic paper substrates. Cocaine, 2C-B, fentanyl, and hydrocodone
standard solutions were purchased from Cerilliant Corp. (Round Rock, TX, USA) as 1 mg
dissolved in 1 mL of methanol. JWH-018 (5 mg) was purchased from Cayman Chemical
Company (Ann Arbor, MI, USA). All drug samples were Drug Enforcement Agency (DEA)-
exempt. 1,2-Di (4-pyridyl)ethylene (DPE, 97%) and 4-nitrobenzenethiol (NBT, 80%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Pure water was obtained from a
Nanopure water system equipped with a 0.2 µm membrane filter (Barnstead/Thermolyne).

2.1. Preparation of Plasmonic Paper Substrates

Gold nanoparticles (AuNPs) were prepared by a modified thermal reduction using
gold salt (2.0 mL, 1.0 wt% of HAuCl4·3H2O) with trisodium citrate dihydrate (1.5 mL of
1 wt%). The extinction spectrum, corresponding to surface plasmon resonance (SPR), of the
resulting AuNP solution (~0.25 mg/mL) was examined by a UV–Vis spectrophotometer
(Agilent 8453, Agilent Technologies, Santa Clara, CA, USA). The colloidal AuNPs (~60 nm
in diameter) exhibiting �max = ~548 nm with an extinction of ~2.4 were pipetted (10 mL)
over Whatman Grade 1 filter papers (55 mm circle) in plastic Petri dishes (~60 mm circle).
The papers were fully submerged for 24 h at ambient conditions, while the lids of the Petri
dishes were loosely covered to prevent dust contamination. The colored papers were then
removed, briefly rinsed with EtOH, and placed in an oven (~50 �C) to dry. The amount of
loaded AuNPs onto the papers was roughly estimated by measuring the changes in the
SPR peak of colloidal AuNPs (i.e., simply comparing the extinction peak intensity of the
AuNP solution before and after the paper treatment) using the standard solution of AuNPs
via the Beer–Lambert law [21,23].

2.2. Sampling of Various Analytes onto Plasmonic Paper Substrates

The prepared AuNP-plasmonic papers were cut into the shape of a house-like isosceles
triangle to fit into a 3D-printed PSI analysis cartridge, allowing for PSI-MS-SERS analysis
on a single paper substrate; this cartridge has been described in previous work [10]. An
aliquot of standard solution (1.0 µL) containing an exact concentration of target illicit
drug(s) (i.e., fentanyl, 2C-B, hydrocodone, cocaine, and JWH-018) was pipetted on the
plasmonic paper and allowed to briefly dry at room temperature. To generate a greater
number of hot spots across the plasmonic paper substrate for SERS signal enhancements,
several approaches were initially tested, such as using a mixture of illicit drugs with
varying concentrations of AuNPs (e.g., extinction of 2.4, 4.8, 7.2, 9.6 and 12) and applying
an additional layer of AuNPs (i.e., extinction of 4.8) on the plasmonic surface being treated
with a mixture of illicit drugs and AuNPs. Although the initial SERS signals were slightly
higher upon utilizing the latter approach, this treatment step required at least 15 min per
sample. Considering high throughput and rapid analysis, the former approach, unless
noted, was mainly employed in this study. For example, the AuNP solution with the
extinction of 2.4 was equally mixed with illicit drugs (i.e., 1:1 v/v ratio of AuNP to a drug)
to prepare an AuNP-drug mixture exhibiting the extinction of 1.2. An aliquot of this
mixture (1.0 µL) was pipetted onto the plasmonic paper for SERS measurements. The
same process was taken to prepare a series of mixed solutions containing the analyte
and the concentrated AuNPs with the extinction of 4.8, 7.2, 9.6, and 12. In comparison,
anisotropic AuNPs with the extinction of 2.4 were mixed with the illicit drugs in a (1:1 v/v
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ratio) mixture for SERS measurements. Similarly, other analytes, such as DPE and NBT,
were also pipetted onto the plasmonic papers for PSI-SERS and individual PSI-MS analyses.
To estimate the degree of SERS signal improvement compared to normal Raman under
given measurement conditions, the following equation was employed to calculate the
analytical SERS enhancement factors (EFs), EF = (ISERS ⇥ CRaman)/(IRaman ⇥ CSERS) [24,25].
The intensity of Raman (IRaman) was obtained using an aliquot of concentrated analyte
solution on a bare filter paper, and the intensity of SERS (ISERS) was acquired using an
aliquot of a mixed solution containing analyte and AuNPs on a plasmonic paper. Example
calculations are available in the Supplementary Materials section.

2.3. Sampling of Various Analytes on the Plasmonic Paper Substrates

UV–Vis spectrophotometry was used to examine the extinction of all plasmonic
nanoparticles before and after loading onto the filter paper under the following condi-
tions: average scans with a data interval of 1.0 nm, an integration time of 0.5 s, and a
wavelength range of 190–1100 nm. Pure water was used to blank the instrument before
sample analysis. The general size distribution, morphology, and composition of AuNPs on
the filter paper were examined by a field emission scanning electron microscope (FESEM,
Zeiss Sigma 300 VP equipped with a GEMINI column). All images were collected using a
low-voltage source below 2.0 kV. SERS and MS analyses before and after PSI are carried out
as follows: Raman spectroscopy was performed with a TSI ProRaman-L system, equipped
with a 785 nm laser and a CCD detector cooled to �60 �C. An objective lens (NA = 0.5)
focused the laser onto the plasmonic substrate (d = ~100 µm) and the laser power was
adjusted to ~10 mW. After applying a mixture of analyte and AuNP solution (1.0 µL) to the
plasmonic paper, a minimum of three SERS measurements were initially obtained from
several locations (i.e., P1, P2, and P3, as seen in Figure 1). Subsequently, the papers were
positioned in a 3D-printed cartridge, which was then inserted in a 3D-printed positioning
rig built in-house for PSI-MS analysis. Here, electrical conductivity is produced between
a lead electrode and a copper-infused polymeric top plate in contact with the triangular
paper substrate, and a high voltage of 5 kV potential relative to the MS inlet capillary was
applied to induce ionization. An aliquot of spray solvent (6 µL) was then pipetted onto
the paper (i.e., a 1:1 ratio of MeOH and H2O with 0.1 v/v% formic acid). Once a stable PSI
spray mechanism was achieved and analysis was completed, SERS spectra were collected
from the three different locations on each plasmonic substrate. During PSI-MS, spectra of
detected analytes were collected using a Thermo Scientific LCQ fleet quadrupole ion trap
mass spectrometer with unit resolution. The mass range of the instrument was typically
set between 50 and 500 m/z given the relatively small molecular weight of analytes. An
averaged MS base scan (n = 3) was collected, followed by tandem MS scans as needed for
analyte identification. Similar investigations have also been demonstrated on field-portable
MS systems [26].
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3. Results and Discussion

3.1. Design and Characterization of PSI-SERS Using Plasmonic Paper Substrates with Mixed

Solution of AuNPs and Analytes

Figure 2 shows the overall preparation process of plasmonic paper substrates and
the subsequent sampling process for PSI-MS and SERS measurements. Initially, gold
nanoparticles (AuNPs) were uniformly loaded onto a piece of filter paper, which was
cut and mounted on the substrate holder before being placed in the PSI-MS and SERS
sample stage. A mixture of drug analytes and AuNPs was then pipetted onto plasmonic
paper to induce local aggregation by sandwiching target analytes between plasmonic
AuNPs. The paper-based plasmonic substrate can effectively uptake a wide range of
analytes to serve as a single sampling substrate for these two instruments, resulting in more
sensitive and selective detection. Although plasmonic paper prepared with structurally
and compositionally diverse plasmonic NPs (e.g., rods, cubes, etc.) could offer better
SERS sensitivity [27–30], these plasmonic NPs are mostly synthesized and stabilized with
long-chain capping agents (e.g., CTAB-cetyltrimethylammonium bromide and CTAC-
cetyltrimethylammonium chloride), which are observed at high intensity in collected mass
spectra (Figure S1). In addition, the preparation of these NPs typically requires multiple
steps and is somewhat complicated, which readily limits their practical use. Thus, we
focused on utilizing spherical AuNPs prepared by the traditional thermal reduction method
in this study and attempted to change their arrangements to amplify SERS sensitivity by
strategically utilizing PSI while maintaining overall MS performance. It is also noted that
using the spherical AuNPs did not produce any additional background noise under PSI
conditions, allowing for yielding simple mass spectra.
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SERS measurements.

3.2. Optimization of AuNP Concentration to Induce Optimal SERS Enhancement without

Sacrificing MS Performance

Based on previous work [23,31,32], the plasmonic papers prepared with AuNPs pos-
sessing an extinction of 2.4 were determined to be ideal for inducing effective plasmonic
coupling to maximize SERS enhancement. Thus, the prepared AuNP-loaded plasmonic
paper was tested as a single sampling substrate for SERS and PSI-MS, to serve as the initial
reference point. To further promote the SERS effect, all analytes were mixed with additional
AuNPs before depositing them on the plasmonic paper. As we speculated that the degree of
local aggregation and close proximity of analytes to plasmonic materials could be strongly
dependent on the concentration of plasmonic NPs, a series of AuNP solutions possessing
the extinction of 2.4, 4.8, 7.2, 9.6, and 12, obtained by centrifugation, were mixed with
the illicit drug analytes (1:1 v/v ratio). It is noted that the extinction band (i.e., SPR) of
the concentrated solutions after an equal dilution was mostly comparable, except for the
AuNPs with an extinction of 12 (Figure 3A). This slightly lower intensity suggested the
inevitable loss of AuNPs or the presence of partial aggregation during the centrifugation
and concentration of the solution.
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It is expected that the introduction of plasmonic AuNPs into the analyte solution
enables the initiation of their interfacial interactions [33–35]. In addition, the subsequent
application of this mixture onto the plasmonic paper can create an increased probability of
producing better SERS environments, considering the well-known two enhancement factors:
the EM effect (i.e., increasing plasmonic couplings and hot spots) and the CE effect (i.e.,
increasing polarizability by positioning analytes close to plasmonic surfaces) [1,19,20,36].
Initially, several analyte solutions without AuNPs were applied to the plasmonic paper
(Figure 3B) to serve as baseline SERS signals. These analytes were physically and/or
chemically adsorbed onto the preloaded AuNPs (i.e., immobilized) across the substrate,
which could prevent the plasmonic NPs from inducing effective local aggregations for
ideal EM and/or CE environments. Thus, this type of sampling process could limit the
overall degree of SERS enhancements (i.e., difficult to maximize the EM effect). The
new sampling conditions involve the co-delivery of additional AuNPs with the analyte
solution to allow for the formation of sandwich-type layers with pre-loaded AuNPs in the
plasmonic paper. The resulting arrangements can easily induce both lateral and vertical
plasmonic couplings and create locally aggregated hot spots to fully benefit the EM and
CE effects [19,21,32,37]. The SERS response was then examined using a series of mixed
analyte and AuNP solutions containing various concentrations of AuNPs. The signal
improvement ratio (benchmarked to the SERS signals obtained by only applying analytes to
the plasmonic paper) demonstrates that the co-addition of AuNPs with the analyte solution
greatly enhanced the overall SERS performance (e.g., a minimum of 2.7 times) regardless
of the type of analyte. As the concentration of co-added plasmonic AuNPs gradually
increased, the signal improvement ratios also increased for all analytes. The noticeable
improvement clearly indicated the introduction of additional plasmonic couplings and hot
spots. The slightly different improvement pattern might be associated with the degree of
interactions between analyte and AuNPs (i.e., fentanyl possesses weaker attractive forces,
whereas DPE and NBT have stronger electrostatic and covalent interactions, respectively).
Interestingly, the use of AuNPs with an extinction of 9.6 resulted in the highest SERS
enhancement for all analytes tested. However, further increasing the concentration of
AuNPs (i.e., the use of AuNPs with an extinction of 12) in the analyte solutions resulted in
an overall reduction in the SERS signals. This observation could possibly be associated with
surpassing the optimum point, where the severe aggregations of plasmonic NPs readily
decrease the overall areas of the SPR couplings and hot spots, which has also been explained
by other research groups [37–39]. In a separate, comparative study, a bare filter paper was
also employed to examine the sensitivity of the analyte and a mixture of analyte and AuNP
solution (Figure S2). It was evident that the absence of immobilized AuNPs on the filter
paper resulted in the negligible detection of the analytes, whereas the AuNP-containing
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mixture solutions, particularly for DPE and NBT, possessing stronger interactive forces
with AuNPs, clearly displayed measurable SERS signals. The large variations in SERS
signals are attributed to the random distribution of locally aggregated analyte-AuNPs on
the bare filter paper (i.e., coffee ring effect) [40,41].

3.3. The Influence of PSI-MS Pretreatment on SERS Spectra of Illicit Drugs across the

Plasmonic Substrates

After finding the optimum concentration of AuNPs, paper spray ionization (PSI) was
carried out to induce the migration of analytes and AuNPs across the plasmonic substrate.
The PSI treatment promptly facilitated the movement of the analytes for reliable MS signals,
which also significantly influenced the overall SERS responses; MS signal responses are
a proxy of analyte movement, as an ionized analyte is only observed in MS spectra after
successfully migrating to the tip of the paper substrate and undergoing an electrospray-like
mechanism [26]. Based on typical analyte sampling without AuNPs on the plasmonic paper,
PSI-induced migration still resulted in notable SERS enhancements, presumably caused
by the repositioning of the analytes on the preloaded AuNPs to experience plasmonic
coupling environments. Similarly, the distinctive SERS signals were further increased
for the co-mixture of analyte molecules and AuNPs after PSI pretreatment. The effective
migration of the analytes was confirmed by the homogeneity of SERS spectra across the
plasmonic paper substrate, regardless of the sampling methods; more details regarding
this phenomenon will be discussed later. It was interesting to observe the influence of
the spray solvent on the SERS signals. Specifically, applying pure spray solvent to the
plasmonic paper detectably amplified the SERS intensities if the analytes were loaded
before or after the solvent treatment. We speculated that this coincidence could be due to
the minor contraction of the plasmonic paper upon applying the organic spray solvent,
while pure water treatment did not cause any detectable changes in SERS signals. Including
this solvent-induced phenomenon, the overall SERS signals distinctively increased at least
~2–3 times, even though some of the analytes were desorbed from the substrate during
the PSI pretreatment. To confirm the migration and desorption of the analyte molecules
from the substrate, the MS intensities were monitored as a function of time. As the mass
spectra display a relative abundance of ionized analytes (e.g., [M+H]+), the intensity of the
analyte peak under investigation remained almost unchanged for the PSI duration, from a
minimum of 1.9 min to a maximum of 5.2 min depending on the analyte (Table S1). This
PSI-induced desorption test indicated that a detectable amount of the drug analytes still
remained across the plasmonic paper substrate. Thus, the SERS measurements of the drug
analytes were performed after 1 min of PSI treatment in this study.

The SERS intensity of the analytes upon PSI pretreatment could be governed by
the distinctively different interfacial interactions between the analytes and the surface
of the plasmonic paper. Thus, the PSI-induced migration under ambient conditions was
monitored by examining differing locations on the plasmonic paper substrate to understand
the way the diverse analytes (and/or plasmonic NPs) migrated across the substrate. Upon
applying a droplet of analyte or a mixture of analyte and AuNPs, SERS intensities were
initially compared at the sample loading location (P1). It was evident that the utilization
of AuNPs effectively enhanced the SERS response (i.e., a higher probability of vertical
coupling). It appears that other locations (P2 and P3) still showed detectable SERS signals,
probably due to the diffusion of the analytes on the substrate. The subsequent PSI treatment
resulted in much more uniform and intense SERS signals across the entirety of plasmonic
paper, regardless of the usage of AuNPs, suggesting the migration and repositioning
of the analytes to experience the enhanced SERS effect. For example, SERS spectra of
50 ng of pure fentanyl were collected before and after PSI (Figure 4). As is evident, a
small peak at 1000 cm�1 corresponded to the characteristic fentanyl molecules, which was
significantly increased (~3 times) after the PSI treatment. As the PSI process induced the
considerable migration of analytes toward the tip of the sample substrate, the P2 and P3
locations showed a notably higher SERS signal. Interestingly, the P1 spot still displayed
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increased SERS intensity, but the increase in signal was much lower than the P3 spot
under the experimental spray conditions. SERS spectra of a sample mixture containing
fentanyl (50 ng) and AuNPs (9.6 extinction) obtained at the P1 location were at least five
times greater than those of pure fentanyl, presumably due to the additional formation
of local aggregations for plasmonic couplings and hot spots (i.e., the EM effect). After
PSI treatment, the entire substrate surface exhibited improved SERS intensities, where P2
and P3 were slightly higher than P1. Even after the migration of fentanyl from P1 to P3,
the SERS intensity at P1 was still higher than that prior to PSI-MS. Generally, the SERS
signal enhancements for the fentanyl solution containing AuNPs were clearly evident for
all locations. It is noted that the intensity of SERS signals uniformly increased across the
substrate, even with some loss of the overall amount of analyte by the PSI treatment. Upon
testing other illicit drugs (Figure S3), similar SERS results were consistently observed before
(significant variations from P1 to P3) and after PSI-MS (high intensity and homogeneity
of the signals across the substrate). During the entire PSI period, the corresponding MS
signals remained almost unchanged (Figure S4). Separately, several other sample treatment
methods associated with applying an additional layer of concentrated AuNPs and utilizing
structurally different AuNPs were tested to examine the SERS sensitivity (Figure S5).
In some methods, inducing additional plasmonic coupling of AuNPs slightly improved
the SERS signals, but seemed to result in loss of effective surface areas due to further
aggregations. Other methods required sample processing times that were a bit longer or
caused problematic issues for MS analysis (e.g., the appearance of additional MS peaks
from shape-guiding surfactant/capping agents, shown in Figure S1). Considering the
simplicity and practicability, applying a mixture of analyte and AuNPs appeared to be
ideal for the remaining experiments.
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3.4. The Influence of PSI-MS Pretreatment on SERS Spectra of Other Organic Molecules with

Strong Interface Interactions across the Plasmonic Substrates

As the above illicit drug molecules possess relatively weak interactions (e.g., van
der Waals and hydrogen bonding) with the plasmonic substrate, analytes with stronger
interactive forces could impact their overall diffusion and migration before and after PSI.
This speculation led us to investigate additional target analytes possessing electrostatic
and covalent interactions with plasmonic substrates and NPs. For example, the SERS
spectra of 1,2-di(4-pyridyl)ethylene (DPE) that induces electrostatic interactions with the
plasmonic paper were examined before and after PSI (Table 1 and Figure S6). Without
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mixing additional AuNPs with the sample solution, several peaks of DPE (50 ng) appeared
at 1020 cm�1, 1200 cm�1, 1340 cm�1, 1610 cm�1, and 1636 cm�1. For simple comparison,
the intensity of the main peak at 1610 cm�1 was carefully monitored as a function of the
PSI pretreatment. The SERS peak appeared to be very intense at the P1 spot where the DPE
solution was applied, significantly weakened at P2, and marginally detectable at P3. After
PSI, the notable increase in intensities and uniformity of SERS spectra at all three locations
directly indicated the effective migration of DPE across the plasmonic paper. Upon co-
mixing additional AuNPs with the sample solution, the intensity of DPE increased at least
3 times at the initial spot (P1), suggesting the presence of effective plasmonic couplings
(i.e., sandwiching DPE with AuNPs laterally and vertically). The SERS intensity at the
P2 spot notably decreased but was still much greater than that of DPE without AuNPs.
However, the peak intensity at P3 was much weaker than that of DPE without AuNPs,
which could be due to the limited diffusion of DPE-bound AuNPs. After PSI, the DPE
peaks were uniformly increased across the entire sample substrate regardless of the sample
spots, where the relative increase in SERS signal gradually increased (i.e., P1 < P2 < P3).
In contrast to the illegal drugs above, the tip of the plasmonic paper (P3) displayed the
lowest, and the original sample spot (P1) maintained the highest SERS signals, which
probably implies the somewhat restricted migration of DPE-bound AuNPs. Although one
can speculate that DPE could be accumulated near the tip area after PSI to display higher
SERS signals, slightly lower SERS intensity could suggest the slightly inefficient migration
of the analyte due to the strong electrostatic interactive forces with the plasmonic substrate.

Table 1. SERS intensity of neat DPE and a mixture of DPE and AuNPs before and after PSI at three
different spots on the plasmonic substrate (analytical EFs in parenthesis).

50 ng DPE 50 ng DPE + AuNPs

Position Before PSI After PSI Before PSI After PSI

P1 (sampling
position)

2497 ± 25
(~1.35 ⇥ 105)

4427 ± 40
(~2.39 ⇥ 105)

9418 ± 37
(~5.09 ⇥ 105)

15,635 ± 41
(~8.45 ⇥ 105)

P2 (middle) 598 ± 30 4249 ± 57 2215 ± 32 12,320 ± 36

P3 (tip) 164 ± 54 4004 ± 60 85 ± 34 11,718 ± 33

% RSD ~114 ~5 ~125 ~16

To examine the influence of stronger interfacial interactions (i.e., a covalent bond)
between the analyte and plasmonic substrate, 4-nitrobenzenethiol (NBT) was treated under
the same conditions (Figure 5 and Table S2). When an aliquot of pure NBT solution was
dropped on the plasmonic paper, detectable SERS signals were only observed at the P1
and P2 spots. The near absence of detectable peaks at P3 (S/N < 3) was presumably due to
the completely inhibited diffusion of NBT molecules across the plasmonic paper (i.e., the
formation of a S-Au covalent bond). This experimental observation suggested that the way
the analytes interact with the plasmonic substrate certainly influences the degree of their
diffusion. Specifically, the illicit drug molecules possessing weak interfacial interactions
with the plasmonic paper diffused far more than DPE and NBT with strong electrostatic
and covalent interactions. After the PSI treatment for 1 min, SERS signals were consistently
intensified for all three locations, still implying the migration of the NBT analyte. Upon
applying the mixed solution of NBT and AuNPs, the initial SERS intensities at P1 and P2
were at least 10-fold and 25-fold higher than those of pure NBT, presumably due to the SERS
effect (CE-formation of the covalent bond and EM-formation of a sandwiched geometry).
An aliquot of the mixed solution of NBT and AuNPs already contains covalently bound
NBT on AuNPs, which can be loaded onto the AuNP plasmonic paper (e.g., effectively
undergo the gravity-driven sandwiching process between the NBT-AuNPs in solution and
AuNPs on the paper substrate). This sandwiched structure readily enhances plasmonic
coupling and hot spots to boost SERS signals that could provide the highly sensitive
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detection of Raman active molecules. Again, there were no detectable signals at P3 due to
the insufficient diffusion of NBT-AuNPs. After the PSI treatment, SERS signals increased
across the entire substrate, where the P2 and P3 spots displayed much greater SERS signals
(>25,000 cts). These noticeable changes suggested the migration of loosely adsorbed NBT-
AuNPs toward the tip of the substrate, where a droplet of mixture applied to the plasmonic
substrate might not instantaneously allow for the firm immobilization of NBT-AuNPs.
Similar to DPE, the intensity of the NBT peak at the tip of the substrate (P3) was slightly
lower than the original spot (P1) and the middle spot (P2). The highest peak intensity at
P1 could also be explained by the slower movement of the NBT analyte due to the strong
bond formation with AuNPs. If the PSI treatment solely induced the migration of the NBT
molecules (i.e., decreasing the probability of sandwiching NBT between AuNPs), one can
speculate that the SERS intensities could be comparable to those of the pure NBT after PSI
(~5000 cts).
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Figure 5. Representative SERS spectra of NBT (top) and a mixture of NBT and AuNPs (bottom)
before and after PSI at three different spots on the plasmonic sample substrate (P1 for the original
sample spot and P2 for in between P1 and P3, and P3 for the tip of the substrate).

Unlike the preparation of plasmonic paper involving the firm immobilization of
AuNPs on the filter paper, the introduction of a fresh droplet containing the analyte mixed
with AuNPs could allow for the loose deposition of AuNPs onto the plasmonic paper.
After rapidly drying in room air, the subsequent PSI treatment could induce the possible
migration of these lightly bound AuNPs on the plasmonic substrate. To confirm the possible
migration of AuNPs under PSI conditions, a droplet of the mixed solution was applied to
bare filter paper (Figure S7). After the quick drying, the color of the droplets on the paper
was examined before and after PSI. The color at the P1 spot appeared to gradually fade
away after PSI, implying the probable movement of the AuNPs. SEM images after PSI
showed that most AuNPs remained at the initial P1 spot, but a few AuNPs were randomly
detectable near the tip of the paper (P3), which confirmed the migration of the applied
AuNPs. In contrast, examining the movement of preloaded AuNPs on the plasmonic paper
was very challenging given the densely packed AuNPs on the rough paper substrate. It
appears that the color of the plasmonic substrate was negligibly changed after applying a
droplet of the mixed solution. In addition, the color of the substrate remained the same
even after the PSI treatment, presumably because most preloaded AuNPs were strongly
immobilized on the paper while only a few AuNPs were migrated. SEM images of the
plasmonic paper were not able to resolve any morphological changes after applying the
droplet and the PSI treatment. However, the degree of SERS enhancements toward the tip of
the plasmonic substrate suggested the possibility of inducing the movement of post-loaded
AuNPs with analytes during PSI. Considering the migration degree of the post-loaded
AuNPs, the SERS enhancements appeared to be far greater than expected. Thus, a more
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in-depth study is needed to better understand the relationships between the PSI-induced
migration of AuNPs and the level of SERS enhancements. Regardless of these concerns,
it was evident that the introduction of plasmonic AuNPs into the analyte solution greatly
improved the SERS-based sensing capability, and the PSI treatment provides homogenous
and consistent signals across the sample substrate.

3.5. The Influence of PSI-MS Pretreatment on SERS Spectra for Mixed Analytes

Furthermore, the illicit drugs cocaine and JWH-018 (a synthetic cannabinoid) were
mixed with AuNPs to demonstrate the possibility of discriminating between two different
analytes before and after the PSI pretreatment (Figures 6 and S8). Several peaks for JWH-018
at 1364 cm�1 (⌫C=C) and 768 cm�1 (ring breathing) were detectably higher than those of
the cocaine peak at 1010 cm�1 (⌫C-C in the aromatic ring) [42,43]. As these drug molecules
possess weak interfacial interactions with the surface of AuNPs, the diffusion process
promptly allowed for their physical adsorption across the plasmonic paper, which was
confirmed by the SERS intensity variations (e.g., P1 to P3) before PSI. The subsequent PSI
treatment readily increased the SERS signals for both compounds (at least ~3–4 times at
P1 and P2, and ~8 times at P3). The degree of peak enhancements for the mixture was far
greater than that for individual drugs, which could be caused by matrix effects and/or
the presence of common molecular backbones (i.e., the overlap of vibrational energy
levels) [1,44–46]. As observed above, the homogeneity of the signals improved again
throughout the substrate after the PSI treatment. Specifically, the initial intensity variations
between P1 and P3 were ~3 and ~4 times for cocaine and JWH-018, respectively. After
the PSI treatment, the variations in SERS intensity were significantly reduced for cocaine
(~1.5 times) and JWH-018 (~1.6 times). Separately, the relative abundance of mass spectra
for JWH-018 was higher than cocaine, possibly associated with the ionization efficiency
under our PSI-MS conditions. This mixed analyte analysis also suggested the possibility of
improving the identification capability of our system by utilizing plasmonic AuNPs and
PSI treatment. Along with fabricating a multi-purpose plasmonic paper, developing an
effective sample handling method can still improve the overall sensitivity and selectivity of
both PSI-MS and SERS analyses.
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Figure 6. SERS spectra of illicit drug mixtures with and without AuNPs at three different spots before
and after PSI (P1 for the initial sample location) and representative PSI-MS.



Chemosensors 2024, 12, 175 12 of 15

4. Conclusions

A simple sampling protocol is established using conventional plasmonic AuNPs and
filter paper for a dual PSI-MS and SERS system. Applying a mixed solution of AuNPs
and target analytes to the plasmonic paper greatly improves the detection capability of
SERS without losing PSI-MS sensitivity. The analytes exhibiting relatively weak interfacial
interactions are widely spread on the plasmonic substrate, whereas the analytes possessing
relatively stronger interfacial interactions display limited diffusion. Upon carrying out the
PSI treatment, all SERS signals become highly uniform and notably intense throughout the
entire plasmonic paper substrate, regardless of the type of analytes, presumably indicating
the effective repositioning of the analytes to experience the SERS effect. As expected, the
PSI treatment induced a slightly limited migration of the analytes possessing relatively
strong interfacial interactions with the plasmonic paper. The proper utilization of PSI and
plasmonic NPs can lead to the reliable identification and confirmation of various analytes,
including illicit drug mixtures, by the combined analytical techniques. Developing an
inexpensive paper-based sampling substrate and establishing amenable analyte treatment
conditions for PSI-MS and SERS can allow for high throughput fabrication to fulfill the
demands for modernized sensing systems. Of particular utility is the observation of signal
uniformity during SERS analysis, which in turn provides great flexibility in the SERS
analysis spot (i.e., the focal point location of the SERS laser source for detection). A further
boon to such a method is fieldability, and several reports of the use of portable/handheld
devices for coupling both PSI-MS and SERS can be found in the literature [18,47,48]. These
advancements, integrated with fewer sample preparative steps, could allow for simplistic
use by non-scientist operators, who would be tasked with operating such devices in areas
such as forensics, homeland security, and environmental protection [49].
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mass spectrometer); Table S2. SERS intensity of bare NBT and a mixture of NBT and AuNPs before
and after PSI at three different spots on the sample substrate (analytical EFs in parenthesis).
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