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Abstract: Surface-enhanced Raman scattering has developed into a mature analytical technique
useful in various applications; however, the reproducible fabrication of a portable SERS substrate with
high sensitivity and good uniformity is still an ongoing pursuit. Reported herein is a rapid fabrication
method of an inexpensive SERS substrate that enables sub-nanomolar detection of molecular analytes.
The SERS substrate is obtained by application of silver nanoparticles (Ag NPs)-based ink in precisely
design patterns with the aid of an in-house assembled printer equipped with a user-fillable pen. Finite-
difference time-domain (FDTD) simulations show a 155-times Ag NP electric field enhancement
for Ag nanoparticle pairs with particle spacing of 2 nm. By comparing the SERS performance of
SERS substrate made with different support matrices and fabrication methods, the PET-printed
substrate shows optimal performance, with an estimated sensitivity enhancement factor of 107. The
quantitative analysis of rhodamine 6G absorbed on optimized SERS substrate exhibits a good linear
relationship, with a correlation coefficient (R2) of 0.9998, between the SERS intensity at 610 em~ ! and
the concentration in the range of 0.1 nM—-1uM. The practical low limit detection of R6G is 10 pM. The
optimized SERS substrates show good stability (at least one month) and have been effectively tested
in the detection of cancer drugs, including doxorubicin and metvan.

Keywords: SERS; Ag NP; paper-based SERS substrate; PET-print-based-SERS substrate; R6G; SERS
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1. Introduction

Surface-enhanced Raman scattering (SERS) has been extensively studied since discov-
ering the ability of the nanostructured plasmonic metal surfaces to enhance the Raman
scattering of molecules in contact or proximity to such metal surfaces. SERS effect was
discovered by Fleischmann et al. in 1974 when an enhanced Raman signal was observed for
the pyridine absorbed on the surface of a rough silver electrode [1]. In 1977, Jeanmaire et al.
and Albrecht and Creighton verified Fleishman’s findings and proposed the hypothesis
that the enhanced Raman intensity related to the strong electric field enhancement effect [2]
or the formation of a molecule-metal complex [3]. Subsequently, Moskovits proposed that
the enhanced Raman scattering of molecules adsorbed on the rough metal surface resulted
from the localized surface plasmons in the nanostructured metallic surface [4]. Its unpar-
alleled ability to probe trace analytes, combined with characteristics of non-destructive
detection, minimum sample preparation process, high sensitivity, simultaneous analysis of
different molecules, and quick readout, has brought about an explosion of SERS research
in the following decades. The new types of enhancing materials were explored, and the
development and implementation of SERS-related instrumentation was paralleled by deep
investigations into the fundamental theory of SERS.

Enhancing materials have diversified from metallic nanostructures such as Au, Ag,
and Cu to the hybrids of noble metals and semiconductors, such as silicon nanohybrid-
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based SERS substrate [5], Au NPs-graphene oxide hybrid film [6], ZnO and Au/Ag hy-
brids [7], and Ag-MoS; hybrids [8]. Additionally, the support matrix has evolved from
rigid substrates such as glass [9], silicon [10], and aluminum [11] to flexible substrates
such as paper-based and plastic-based SERS substrates that are lightweight, portable,
recyclable [12-16]. Furthermore, a variety of fabrication approaches have been explored in-
cluding nanolithography [17-19], vapor deposition [12,13], self-assembly [20,21], template-
based [11], and inkjet printing [12,22-25]. SERS, as a technique, overcame the inherent
sensitivity limitation of normal Raman spectroscopy and enabled single-molecule detec-
tion [26-29], emerging as a critical spectroscopic technique in analytical chemistry, materials
science, and environmental science [30-37].

The exact mechanism for the SERS effect is still a matter of debate; however, two
primary mechanisms are generally accepted in most studies—one involving electric field
enhancement (EM) and the other, chemical, or charge-transfer enhancement (CHEM).
Typically, the EM mechanism is related to the enhanced electric field arising from the
surface plasmon resonance (SPR) when the plasmonic substrate is irradiated with an
incident laser. In metallic nanostructures, SPR can be localized to specific positions such
as the nanoscale edge, tip, or crevices, called localized surface plasmon resonance (LSPR),
inducing a large local field effect, thereby amplifying the electromagnetic field intensity in
this region [33,37-41]. Moreover, the strong mutual excitation between the induced dipole
of molecules and the dipole of the metallic nanoparticles resulted in Raman polarizability,
in turn enhancing the electromagnetic field [40,41]. The SERS enhancement factor (EF)
based on EM can reach 10°-108.

In contrast, the chemical or charge-transfer enhancement (CHEM) originates from the
modification of the analyte molecule polarizability when this molecule interacts with the
nanostructured metal of the plasmonic substrate. This mechanism highly relies on the type
of the analyte molecule [42-45].

Although SERS has developed into a mature sensing technique, the reproducible and
scalable fabrication of effective SERS substrates with high sensitivity and good uniformity
is still a desired target. In this work, a homogeneous, conductive, and printable Ag
ink was prepared using synthesized Ag nanoparticles and utilized for SERS substrate
preparation via printing with a piece of homemade printing equipment. Comparing the
SERS performance of the SERS substrate fabricated using different support matrices by
hand drawing and printing method resulted in the selection of the optimal SERS substrate
(PET-print-based substrate). FDTD simulations were conducted to assess the effect of
particles spacing on the electric field enhancement for pairs of Ag NPs with different
spacings. The stability, reproducibility, and quantitative analysis of R6G adsorbed on the
PET-print-based SERS substrates proved the stable, reproducible, sensitive properties of the
established SERS approach. The qualitative analysis of commercially available doxorubicin
and in-house prepared bis(4,7-dimethyl-1,10-phenanthroline) sulfatooxovanadium(IV) via
the established SERS approach highly match the literature, validating the PET-printed Ag
NP-based SERS substrates.

2. Materials and Methods
2.1. Materials

Poly(acrylic acid) with MW of 50,000 (25 wt% in water) and MW of 5000 (50 wt% in
water) were purchased from Polysciences, Inc. Silver Nitrate (AgNOs, 99.9%), certified
grade ethylene glycol, and methanol (CH3OH, 99.8%) were bought from Fisher Chemical.
Diethanolamine (C4H11NO,, >99.0%), hydroxyethylcellulose (200-300 mPa-s, 2% in water)
was purchased from Tokyo Chemical Industry Co., Ltd. (TCI) America, Portland, OR,
USA. Rhodamine 6G (R6G, 99%) and doxorubicin hydrochloride salt (DOX, >99%) were
purchased from ACROS Organics and LC Laboratories, respectively. Pure ethanol and
ACS-grade nanopure water were bought from Decon lab and the Ricca chemical company.
PET-based printed substrate (Novele™ 1J-220) was purchased from NovaCentrix. All
reagents used in this work were used as received without further purification.
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2.2. Preparation of Ag Nanoparticles (NPs)

Ag NPs were prepared through a modified published procedure by Ahn et al. [46].
In a typical experiment, 0.09 mL of poly(acrylic acid) (25 wt% in water, MW = 50,000)
and 0.18 mL of poly(acrylic acid) (50 wt% in water, MW = 5000) were loaded to a 100 mL
Erlenmeyer flask containing 4 mL of diethanolamine and 5 mL of nanopure water, followed
by stirring at room temperature for 2 h. Then, 2 mL of AgNO3 aqueous solution (1 g/mL)
was added to the above solution, and the mixture was stirred at room temperature for
another 22 h. The resulting dark brown solution was sonicated at 65 °C for 2 h for further
particle growth and then cooled to room temperature naturally. Afterward, as a poor
solvent for poly(acrylic acid) capped Ag NPs, ethanol (30 mL) was slowly added at a rate
of 3 mL/min to precipitate the Ag NPs. The obtained product was purified three times
with nanopure water (5 mL) to obtain a brown silver precipitate.

2.3. Preparation of Ag NPs Inks

A total of 0.82 mL of nanopure water, 0.52 g ethylene glycol, and 1.5 g obtained silver
precipitate were mixed in a 50 mL beaker and then stirred overnight to form a uniform
silver suspension. Afterward, an HEC solution was added to the silver suspension to
make a brown mixture with a weight ratio of 3:100 [47]. The mixture was subsequently
homogenized at 2000 rpm for 15 min to prepare a homogeneous printable silver ink. Herein,
the HEC solution was prepared by dissolving 0.8 g hydroxyethyl cellulose in the mixture
of 20 mL methanol and 20 mL nanopure water at 70 °C. The resulting transparent solution
was filtered by a 3.1 pum filter.

2.4. FDTD Simulation

The FDTD simulation, using the Ansys Lumerical Photonics Simulations software,
was utilized to investigate the electric field distribution of Ag NPs. The simulation region
of a single Ag NP, 2-3 Ag NPs, and 4 Ag NPs was set to 200 nm x 200 nm x 200 nm,
400 nm x 400 nm x 400 nm, 500 nm x 500 nm x 500 nm, respectively, and the grid accu-
racy set to 1 nm x 1 nm x 1 nm. The source type herein adopted a total-field scattered-field
(TSFT) source with a wavelength range of 200-700 nm, and the sphere structure was se-
lected as the simulation structure of the silver nanoparticle. Furthermore, the source of the
plane wave, the monitors of the frequency-domain profile, and power were input of this
simulation to determine the electric field of Ag NPs.

2.5. Fabrication of Silver Nanoparticles Active Substrate

Two approaches were developed here to fabricate the SERS substrates, including
direct printing and hand-drawn methods. Printing was accomplished using an in-house
assembled printing machine equipped with a user fillable pen (Figure 1). For this procedure,
2 x 5 mm line patterns were designed through the equipment software and then Ag inks
were patterned with a drawing speed of 800 mm/min on the selected flexible substrate. To
investigate the influence of the uniformity of SERS substrate on the enhancement effect,
silver inks were deposited on the flexible substrate by hand drawing (HD) to form SERS
substrate with a SERS spot diameter of 5 mm.

2.6. SERS Measurement

To evaluate the influence of the support matrix on the SERS performance, 1 tM R6G
aqueous solution (5 uL) were dropped on notebook-based paper, regular printer paper
(office paper), and sticky-note-based paper, and PET-based SERS substrates fabricated by
printing and hand-drawn methods and then dried at 65 °C in a drying oven for 5 min.
Meanwhile, 5 puL of 0.1 M R6G aqueous solution was deposited on a clean glass slide
and used as the reference substrate. The Raman spectra of each specimen were collected
using a Raman spectrometer (WITec alpha 300) equipped with a 532 nm laser and a 600-
groove mm~! grating, wherein the Raman map (50 um x 50 um) consists of 900 pixels
(30 points per line and 30 lines per image). To obtain an optimal Raman scattering signal
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without damaging the analyte molecules, the laser power was set as 0.1 mW, and the laser
exposure time was 1 s for the SERS measurement. The enhancement factor (EF) of the
fabricated SERS substrates were determined according to the following equation [14,48]:

EF — ISERS X NRaman
IRaman X NSERS

Figure 1. Printing pen system.

Herein, R6G was employed as the probe molecule. Isgrs and Iraman are the peak
intensities at Raman mode at 610 cm ™! for R6G absorbed on SERS substrate and on the
normal glass substrate, respectively. Nsgrs and Nraman represent the estimated number of
R6G molecules illuminated by the laser on the surface of the SERS substrate and the normal
glass substrate. The analyte molecules dropped on the substrate surface are generally
assumed to form a monolayer that fully covers the surface of SERS substrate [14,49-51];
thus, the EF could be expressed in the following form:

MRaman

SRaman
Mggrs
SsErs

F ISERS X Aluser X

IRamam X Aluser X

where the Mggrs and MRraman are the numbers of R6G molecules deposited onto the SERS
substrate and a normal glass and are related to the concentration of R6G solution. The Sggrg
and Sgaman are the surface areas of the R6G solution casting on the SERS substrate and
normal glass, respectively. Aj,qe is the area of a laser spot. It is worth noting that the Raman
signal of 0.1 M R6G solution was obtained by using 0.4 mW laser power and 1 s integration
time. Based on the report by Viets and Hill, the SERS band intensity of characteristic Raman
scattering is proportional to the laser power at low powers up to ~2.5 mW; therefore, the
Isgrs /IRaman in this study could be approximated as 4 times (0.4 mW /0.1 mW) of the
calculated intensity ratio at 610 cm ! [52].

After obtaining the optimal SERS substrate, 5 uL of R6G solutions with different
concentrations were deposited on the optimal substrate to qualify R6G and investigate its
limit of detection. Furthermore, the optimal SERS substrates were employed to investigate
the commercially acquired doxorubicin and in-house-made metvan.

2.7. Characterization

X-ray diffraction (XRD) measurement was conducted on a Rigaku MiniFlex600 equipped
with Cu K« radiation (A = 1.5405 A) to investigate the crystal structure of Ag nanoparticles.
WITec alpha 300 Raman spectroscopy equipped with Ar laser source (A = 532 nm) was
used to examine the SERS performance. A field emission scanning electron microscope
with energy-dispersive X ray spectroscopy (SEM-EDS) (JEOL 6330F) was used to determine
the morphology and size of the synthesized Ag nanoparticles. UV-Vis-NIR spectra of Ag
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nanoparticles were collected using a UV-3600 plus spectrophotometer (SHIMADZU). Finite-
difference time-domain (FDTD) software (Ansys/Lumerical Inc.) was employed to simulate
the electric field distribution for Ag NPs.

3. Results and Discussion
3.1. Characterization of Ag Nanoparticles

In the synthesis of Ag NPs, diethanolamine was employed as the reducing agent;
the mechanism involves the conversion of the hydroxyl group of diethanolamine into an
aldehyde group to reduce Ag* cation to Ag’ [46,47,53]. The poly(acrylic acid) was used as
a surface-capping agent that binds on the surface of Ag nanostructures to prevent their
uncontrolled aggregation. It is worth noting that the polymeric modifiers also acted as a
steric barrier, hindering access of the analyte to the SERS-active substrate, thus negatively
impacting the sensitivity of the SERS measurement [54-56]. Additionally, the polymeric
modifiers on the surface of metal nanostructures generate obvious background signals
in the Raman spectrum. The background depends dramatically on carbon chain length,
influencing the specificity of SERS measurement [55,57,58]. Thus, the selectivity and
amount of capping agents have important roles in the SERS analysis.

XRD analysis in Figure 2a confirms the synthesized Ag NPs possess face-centered cu-
bic crystal structure (FCC) with a space group of Fm-3m and a lattice constant of a = 4.09 A.
UV-Vis spectrum and SEM (Figure 2b—d) were used to determine the optical properties and
size distribution of Ag NPs. According to the literature, the UV-Vis absorption spectrum of
Ag NPs is highly sensitive to the particle size [59-62], the shape of the NPs [60,63,64], and
the dielectric properties of the surrounding media [61,65]. For instance, Paramelle et al.
reported that the absorption maxima of Ag NPs redshifted from 395 nm to 491 nm when
the diameter of Ag particle increased from 10 nm to 100 nm [62], and Cai et al. reported
that the synthesized Ag nanospheres with non-uniform sizes presented two absorption
bands at 425 nm and 635 nm [60]. In our study, the two broad absorption bands at 408
nm and 525 nm in Figure 2b could be ascribed to the non-uniform nanoparticle size and
irregular morphology of Ag NPs. This is consistent with the SEM image and the size
distribution histogram extracted from the SEM image, in Figure 2c and d, respectively,
showing the investigated Ag NPs with different sizes, in a range of 30-260 nm, and irregular
spherical morphology.
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Figure 2. (a) XRD pattern; (b) UV-Vis spectrum; (c) SEM image of the synthesized Ag NPs; (d) particle
size distribution histogram determined from the SEM image.
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As the dominant diameter of Ag NPs is ~90 nm (Figure 2d), we set the radius of the
Ag NPs as 45 nm to simulate the electric field distribution of Ag NPs. It has been reported
that the electric field enhancement of double plasmonic nanoparticles was stronger than
single nanoparticles, and the distance between nanoparticles affects the coupling electric
field enhancement [35,66]. To determine the optimal nanoparticles spacing, double Ag NPs
with an equal radius of 45 nm were subjected to the FDTD simulation to determine the
distribution of the electric field of Ag NPs pair with different nanoparticle spacings. The
injected light was polarized along the x-axis, and the refractive index was set as 1.0 for air.
As shown in Figure 3, the particle coupling electric field enhancement at the wavelength of
532.6 nm increased from 25 to 155 times when reducing the nanoparticles spacing from
10 nm to 2 nm, matching previous reports [66—71]; therefore, the optimal nanoparticles
spacing was 2 nm. It is widely accepted that the SERS enhancement could be approximated
as |EI*/1Eq14; thus, the maximum SERS enhancement on the double Ag NPs herein
could be calculated as 5.77*108 [39,72]. When the analyte molecule is located in these gaps,
the intensity of its Raman signal will largely be enhanced due to the high electric field of
this area. The absorption spectra of the Ag NPs with different NPs spacing (Figure S1)
exhibits a blue shift with increasing nanoparticles spacing, in accordance with literature
reports [66,68,73,74]. Estimating the space between two adjacent Ag NPs from the SEM
image of PET-print-based SERS substrate in Figure S2a, we set up FDTD simulations at
the wavelength of 532.6 nm for Ag NP structures containing single, 2, 3, and 4 NPs to
investigate the location of hot spots, wherein the nanoparticle radius and spacing was set
as 45 nm and 10 nm, respectively, as shown in Figure S2b—e, in which the hotspots are
located in the bright red and blue area.
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Figure 3. (a) FDTD simulated electric field at the excitation wavelength of 532.6 nm for single Ag

NP with a radius of 45 nm and (b—f) double Ag NPs with different gap distances of 2, 4, 6, 8, and
10 nm, respectively.

3.2. Substrate Selection

It is a fact that the substrate condition plays an important role in the SERS perfor-
mances since the roughness and the absorption factor of the support matrix affect the
number of analyte molecules retaining on the plasmonic nanoparticles; for instance, the
traditional support matrix such as glass and silicon could not effectively retain the analyte
solution onto the nanoparticles [75,76]. The most common and readily accessible support
matrix of SERS substrate is paper, which possesses cellulose fibers inside, facilitating the
flow of analyte solution through microfluidics [77,78]. PET is another type of promising
substrate in SERS application due to its unique flexibility and transparency [15,16].
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In addition to the influence of the support matrix, the fabrication technique also affects
the uniformity of the SERS substrate surface and the reproducibility of the Raman signal,
which, in turn, influences the SERS performance. Therefore, in this work, different types
of support matrices such as office paper, notebook paper, sticky notes, and PET electric
substrate coated with Ag inks using hand-drawn and inkjet printing were deposited with
1 uM R6G solution (5 uL) to investigate the SERS amplification induced by the substrate.
The obtained SERS spectra of 1uM R6G on different SERS substrates and the Raman
spectrum of 0.1 M R6G on bare glass are presented in Figure S3, where the characteristic
Raman band is in good agreement with the literature [14-16,26].

In Figure 4, a comparison of the SERS intensities at 610 cm~!, 1360 cm~!, and
1647 cm~! of 1 uM R6G adsorbed on SERS substrate fabricated with different support ma-
trix and different coating methods shows that PET-based SERS substrate made via printing
method (PET-print-based SERS substrate) possesses the largest amplification effect, indi-
cating the optimal SERS sensitivity of the PET-print-based SERS substrate. The calculated
enhancement factor of PET-print-based SERS substrate could reach ~ 107, an improve-
ment in the order of magnitude when compared to reported values of ~10°, summarized
in Table S1. Typically, SERS enhancement involves two multiplicative contributions—a
major contribution of electromagnetic field enhancement and a smaller contribution of
chemical enhancement, where the electromagnetic enhancement arises from localized
surface plasmons being independent of the type of analyte molecule, whereas the chemical
enhancement originates from the intermolecular and intramolecular electronic transition
and highly rely on the kind of analyte molecule. The R6G molecule was employed as the
probe molecule for substrate optimization study; thus, the electromagnetic field effect is
the only one considered.

sx10*{ I 610 cm™
B 1360 cm™
B 1647 cm™

4x10°*4

)

3x10*-

Intensity (a.u

2x10°*4

1x10*1

Figure 4. SERS Performance of SERS Substrates prepared using different support matrices and
fabrication methods. (Raman signals intensities of R6G at 610 cm~!, 1360 em ™!, and 1647 cm ™!

versus different support matrix and fabrication methods. HD presents hand drawn).

Earlier work has proved that the electric field enhancement distribution on the surface
of SERS substrate is uneven, mainly concentrated in small spatial regions—namely, “hot
spots,” which are ascribed to the nanogaps between plasmonic nanoparticles or between



Appl. Nano 2021, 2

249

the nanoparticle and the surface. Therefore, the SERS enhancement varies dramatically
as a function of the position, and ideally, the probe molecules should be placed inside
the hot spots. Furthermore, Le Ru et al. reported that the SERS enhancement highly
relies on the nanogap size where the SERS enhancement factor increased from ~5 x 10°
to ~3 x 10° when reducing the gap size from 10 to 2 nm [69]. Therefore, in theory, a
larger amount of Ag NPs on the surface of the matrix will generate smaller nanogap,
resulting in a larger number of hot spots and ultimately enhancing the SERS performance.
Consequently, the SERS sensitivity of the PET-based SERS substrate is effectively enhanced,
compared to the paper-based SERS substrate, because most of the Ag NPs spread on the
PET-based substrate remained on the PET surface, but the Ag NPs deposited on the paper
matrix penetrated the cellulose fiber inside the paper resulting in a less amount of Ag NPs
retained on the irregular surface of the paper matrix. This Ag distribution for the two
substrates is shown in the SEM-EDS images in Figure 5, alongside the other elements in
the composition of the substrates. Based on the investigation of SERS activity for paper-
based SERS substrates, for the same amount of added plasmonic metal nanoparticles, the
number of nanoparticles retaining on the substrate varies, depending on the diffusion
and adsorption of the nanoparticles in different support matrices, which is essentially
related to the unique 3D fiber network of the substrate [14]; thus, the notebook-based, office
paper-based, and sticky note-based SERS substrates show different amplification effects.

Figure 5. SEM-EDS for cross section of (a) paper-print-based SERS substrate; (b) PET-print-based
SERS substrate; (¢) PET-HD-based SERS substrate.

The different enhancement effects between the SERS substrates fabricated by hand
drawing and the SERS substrates made by printing method could be explained by the
uniformity variations of Ag NPs deposition on the surface of the support matrix. The
SERS substrate fabricated by printing provides a highly uniform and fully covered Ag NPs
layer and resulted in a high SERS signal, as shown in the SEM-EDS images in Figure 5.
As displayed in Figure 6, the Raman map for the characteristic Raman band at 610 cm ™!
collected from PET-based SERS substrate is more homogeneous than that of paper-based
SERS substrates. Furthermore, the deposition uniformity of the hand-drawn PET-based
SERS substrate, as determined by SERS mapping, is substantially inferior to the uniformity
of PET-print-based SERS substrate. In conjunction with the SERS performance of different
substrates in Figure 4, the PET-print-based substrate provides the highest sensitivity and
great uniformity and therefore proves to be an optimal SERS substrate, as demonstrated in
this work.
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Figure 6. Raman map for the characteristic Raman band at 610 cm~! of R6G absorbed on different
SERS substrates.

3.3. SERS Detection of R6G

For this part of the study, 5 uL of R6G solutions with different concentrations were
dropped on the PET-print-based SERS substrates to qualify the substrate for R6G detection.
Under the optimized experimental conditions, Raman maps (50 um x 50 pm) of R6G with
various concentrations adsorbed on the PET-print-based SERS substrates were collected,
and the Raman scattering at 610 cm™~! was used as the characteristic band to construct the
calibration plot of R6G solutions. As shown in Figure 7a, the concentration-dependent
SERS spectra of R6G presents that the SERS intensity rises as the concentration of R6G
increases in the range of 10 Pm-1 pM. For R6G with concentrations higher than 1 uM, the
increase in SERS intensity decreases because of the amount of R6G molecules oversaturated
for the number of hot spots, wherein the excess R6G molecules could not efficiently be
excited to contribute to the SERS signal [24,79]. Additionally, the PET-print-based SERS
substrate has the capability to detect analytes concentrations as low as 10 pM, which we
regard as the practical low limit of detection (LOD). The obtained SERS intensity is in
good correlation with the corresponding concentration of R6G in the range of 0.1 nM-1
uM, which is well interpolated with a linear function Y = 33438X — 82.849 (R? = 0.9998),
as displayed in Figure 7b. The error bars represent the standard deviation obtained at six
independent sites on the PET-print-based SERS substrate. The inset of Figure 7b displays
the detailed linear relationship between SERS intensity and R6G concentrations in the
range of 0.1 nM-0.1 uM.
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Figure 7. (a) Concentration-dependent SERS spectra for R6G with different concentrations

(10 pM-50 uM); (b) the corresponding linear relationship of SERS intensities at 610 cem~! versus
corresponding R6G concentrations.

It is well known that the stability and reproducibility of the SERS substrate have
important roles in evaluating its potential for scalable production. The stability of PET-
print-based SERS substrate was systematically determined by using R6G (1 uM) as the
probe molecule. The prepared SERS substrate with R6G was investigated over a period
of one month, as shown in Figure 8a,b. The SERS spectra of R6G during one month are
similar, and there is no obvious shift for the featured Raman band and significant intensity
change; the SERS intensity values at 610, 1360, and 1647 cm~1 after one month were close
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to that obtained in freshly prepared SERS substrate. The relative stand deviation (RSD)
was less than 5% for the Raman band at 610 cm ™!, indicating the exceptional stability of
the PET-print-based SERS substrate. It is worth noting that no special precautions were
taken for the storage of the SERS substrate; they were stored at room temperature under
ambient atmosphere.
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Figure 8. (a) SERS spectra of R6G (1 pM) absorbed on PET-print-based SERS substrate with different
storage times; (b) stability of PET-print-based SERS substrate. (Raman signals intensities of R6G at
610 cm~1, 1360 cm ™1, and 1647 cm™~! versus stored time; (c) SERS spectra of R6G (1 uM) absorbed
on PET-print-based SERS substrate fabricated using different batches of Ag inks; (d) reproducibility
of PET-print-based SERS substrate. (Raman signals intensities of R6G at 610 em™1, 1360 em !, and
1647 cm ™! versus batch number).

The reproducibility of PET-print-based substrate was systematically studied by investi-
gating the SERS performance of three different batches of Ag NPs inks. Figure 8d illustrates
the SERS intensity at 610, 1360, and 1647 cm~! of R6G adsorbed on three independent
PET-print-based SERS substrates made from three different batches of Ag inks, showing
similar behavior among the three batches; the calculated RSD was less than 5% for the
Raman band at 610 cm~!. The corresponding Raman spectra are shown in Figure 8c.

Therefore, the fabricated PET-print-based SERS substrate possesses high detection
sensitivity, long-term stability, and reliable reproducibility, being an ideal choice for
SERS detection.

3.4. Application of the PET-Print-Based SERS Substrates for Detection of Cancer Drugs
Doxorubicin and Metvan

SERS has been extensively studied in the biomedical field, due to aforementioned
advantages such as its ultrahigh surface sensitivity down to single-molecule level [27-30],
fingerprint recognition capabilities [40,80], long-term stability due to the resistance to
photobleaching and photodegradation [37], flexibility in fabrication, etc. For instance, SERS
measurement was conducted on a blood plasma-doxorubicin-silver colloid system to
detect doxorubicin (DOX) wherein a 488 nm laser was used as the excitation source [81].
Herein, we report the use of our optimized PET-print-based SERS substrate to detect the
doxorubicin and metvan. The applied 532 nm laser power and integration time were
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0.16 mW and 10 s, respectively. As shown in Figure 9a, the SERS spectrum of 10 uM
DOX presents the characteristic bands at 454, 1270, 1410, and 1571 cm ! corresponding to
the in-plane bending of C = O, the stretching C-O vibration of the aromatic ring, and the
ring-stretching vibration, respectively, in good agreement with previous reports [80,82].

(a) (b)
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Figure 9. (a) SERS spectra of DOX (10 uM); (b) SERS spectra of metvan (10 uM).

Figure 9b displays the SERS spectrum of 10 uM metvan complex that was prepared
in-house through a slightly modified procedure in the literature [83]. The featured Raman
band at 639 and 826 cm ! are attributed to the antisymmetric deformation mode of SO4%~
and stretching of the o-phenanthroline skeleton; the Raman scattering at 1203, 1263, 1566,
1624 cm ™! correspond to the stretching of the o-phenanthroline skeleton, whereas the
peaks at 2922 and 3077 cm ™! could be assigned to the -CHj stretching and aromatic =C-H
stretching, respectively.

4. Conclusions

In summary, face-centered cubic (FCC) Ag NPs synthesized through a solution-phase
method were used to prepare a printable Ag ink, which was subsequently loaded in a user-
fillable pen and employed either by hand or by an in-house assembled printing machine
to fabricate SERS substrates. By using an inexpensive PET substrate printed with the Ag
NPs ink through a scalable method, we developed a highly sensitive, reproducible, and
cost-effective method to detect any Raman active analyte on substrates with long-term
stability. The FDTD simulations indicated that a 155-times maximum Ag NP electric field
enhancement was achieved for Ag NPs pairs with a spacing of 2 nm. By comparing the
SERS performance of the active SERS substrate made by different support matrices and
fabrication methods, the PET-print-based substrate was identified as the optimal SERS
support, possessing an estimated enhancement factor of ~107. With the highly uniform and
reliable reproducibility of PET-print-based SERS substrate, a quantitative analysis of the
R6G aqueous solution was performed via SERS measurements. A good linear relationship
with a correlation coefficient (R?) of 0.9998 between the SERS intensity at 610 cm~! and
the R6G concentration in the range of 0.1 nM-1 uM was obtained. The practical low limit
detection of R6G was identified in the picomolar range (10 pM). In addition, qualitative
analysis of commercial DOX and laboratory-made metvan were investigated through the
SERS approach established above, where the obtained Raman scattering spectra fully match
the literature. Thus, the PET-print-based SERS substrate reported herein should pave the
way for affordable and scalable SERS.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/applnano2030017/s1, Figure S1: FDTD-simulated absorption cross sections of single Ag NP
with a radius of 45 nm and double Ag NPs with NP-NP spacing of 2, 4, 6, 8, and 10 nm, Figure S2:
(a) SEM image of Ag nanoparticles on PET-print-based substrate; (b—e) FDTD-simulated electric field
with the excitation wavelength of 532.6 nm for single Ag NP, 2 NPs, 3 NPs, and 4NPs, Figure S3:
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(a) SERS spectra of 1uM R6G on different SERS substrates; (b) Raman spectrum of 0.1 M R6G on bare
glass, Table S1: Detection of R6G employing SERS-based approach.
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