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Abstract: Raman Spectroscopy is a well-known method for identifying molecules by their spectro-
scopic “fingerprint”. In Surface Enhanced Raman Scattering (SERS), the presence of nanometallic
surfaces in contact with the molecules enormously enhances the spectroscopic signal. Raman en-
hancing surfaces are often fabricated lithographically or chemically, but the throughput is low and
the equipment is expensive. In this work a SERS layer was formed by the self-assembly of silver
nanospheres from a hexane suspension onto an imprinted thermoplastic sheet (PET). In addition,
the SERS layer was transferred and securely bonded to other surfaces. This is an important attribute
for probes into solid specimen. Raman spectra were obtained with Rhodamine 6G (R6G) solution
concentrations ranging from 1 mm to 1 nm. The methods described here produced robust and
sensitive SERS surfaces with inexpensive equipment, readily available materials, and with no chem-
ical or lithographic steps. These may be critical concerns to laboratories faced with diminishing
funding resources.
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1. Introduction

The Raman spectroscopy of light inelastically scattered by molecules is an important
tool for identifying those molecules [1-3]. Raman spectroscopy has been extensively
explored for various applications, including in vivo molecular diagnosis. Eberhardt et al.
suggested that Raman spectroscopy has a major advantage for in vivo diagnosis of plagues
due to its ability to provide information about the biochemical composition of the plague [1].
They further stated that diagnosing the biochemistry of the plague is important for a more
personalized medication. Raman spectroscopy for in vivo diagnosis is usually performed
with probes. A probe is needed to bring the instrumentation to the specimen. Zhao et al.
demonstrated the in vivo detection of skin cancer using an optical fiber-based Raman
probe in conjunction with an automated internal algorithm analysis of the spectrum [4].
Taketani et al. used a Raman endoscope for the in situ diagnosis of the response of colorectal
tumors to anti-cancer drugs [5].

The signal strength in Raman spectroscopy is weak, but in Surface Enhanced Raman
Scattering (SERS) it is strengthened up to millions of times by close contact between the
molecules and nanoscale metallic structures [3,6-12]. SERS also improves the specificity of
Raman spectroscopy [1]. This implies that SERS could be used for the early diagnosis of
diseases and physiological disorders. SERS is an important non-invasive diagnostic tool
for molecular diagnosis.

The instrumentation for SERS may be configured in two ways:

In vitro samples may be brought to a stationary instrument equipped with the SERS
layer (Figure 1a). The layer may consist of a substrate on which pairs of conductors are
separated by gaps as small as 2 to 4 nanometers. The conductors act as antennae for the
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incident light. They concentrate the electric field in the gaps and produce “hot spots” which
enhance the Raman Effect [13-15]. Typically, the incident light is a laser beam which is
focused by a microscope objective on a small area on the plate. The microscope objective
performs several important functions:

(a) If the sample is inhomogeneous, adjacent areas may be compared with high spa-
tial resolution.

(b) The large solid angle sustained by the microscope objective collects a substantial
fraction of the emitted isotropic Raman light.

(c) Because the Raman light originates from a small area it is readily focused and trans-
mitted through the spectrometer slit.

(2)
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Figure 1. (a) In vitro sample configuration. The specimen is brought to the laser/spectrometer
combination; (b) in vivo sample configuration. The SERS nanoparticles are injected as a cloud into
the specimen; (c) GRIN lens probe. The SERS layer on the GRIN lens is brought to the surface or the
interior of the specimen.

This is the most common approach for SERS [13,16,17].

For in vivo samples, e.g., partially transparent tissue in animals or humans, the in-
cident radiation must be brought to the sample (Figure 1b,c). The most flexible way
of achieving this is through an optical fiber probe. However, studies have shown that
background signals generated within the fiber mask the returning Raman signals [5]. To
exclude contamination by the Raman light generated within the fiber, light from the sample
is returned to the spectrometer through a separate fiber or fibers [18] (Figure 1b). The
nanometallic structures are distributed as a ‘cloud” within the sample [19-21]. These struc-
tures may be spherical since spheres of the right diameter also concentrate the electric field
of the incident radiation. However, the extended geometry of the cloud and the lack of
the advantages provided by a lens seriously degrade the performance. In addition, each
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site studied requires a separate cloud, and nanoparticles left in the tissue may lead to
cancer metastasis [22].

Previous work retained the advantages of the microscope objective by placing a
Graded Index (GRIN) lens at the end of a remote probe [23]. The SERS layer was located in
the back focal plane at the rear of the GRIN lens (Figure 1c). This is an ideal configuration
for a SERS biological probe since the GRIN lens is narrow enough to be inserted into the
specimen. In the arrangement in Figure 1c the incident laser light is reflected into the
GRIN lens by a “long pass” interference filter. The longer wavelength Raman light is then
transmitted through the filter to the spectrometer.

The SERS layer in Figure 1a,c may be achieved by lithographically patterning a flat
metallic layer, or by chemically treating a suitable substrate so that metallic nanoparticles
(NPs) self-assemble on its surface [24,25]. The exact dimensions are critical for optimal SERS
performance [26-29]. The frictional forces inserting a SERS probe in biological applications
require strong adhesion of the metallic nanoparticles so as not to dislodge the nanoparticles
from the probe. This work describes an inexpensive method for the self-assembly and
collection of nano-spheres to produce a SERS layer on a flat substrate. It also shows how
their growth is controlled to the optimum diameter for Raman enhancement. Most impor-
tant, it shows how they may be transferred and securely bonded to secondary surfaces,
e.g., the rear surfaces of GRIN lenses. This is accomplished at low cost with inexpensive
equipment, readily available materials, and with no chemical or lithographic steps. These
may be critical concerns to laboratories faced with diminishing funding resources.

The choice of the SERS substrate, type, material and fabrication method depend on
the specific application [25]. Although this work shows the suitability of the fabricated
SERS substrates for both in vitro and bio-probe applications, the substrates are targeted
towards remote sampling or SERS bio-probe applications. In comparison to existing SERS
bio-probe applications, this work presents:

(a) ERS substrates suitable for bio-probes or remote sampling without the disadvantages
associated with injected clouds substrates and multiple fiber collection systems.

(b) A low-cost alternative for SERS self-assembly fabrication method with no lithography
or chemical synthesis.

2. Materials and Methods
2.1. Nanoparticles

Silver nanoparticles were obtained from an ink sold for ink-jet printers [30]. The
specification for the ink states that the nanoparticles are 10 nm spheres in a 10% by weight
suspension of hexane. In normal printer operation the droplets overlap each other but
evaporate so quickly that there is minimal mixing of the nanoparticles. The nanoparticles
then fuse to a planar structure of nearly constant thickness. In this work, additional hexane
was added to dilute the suspension 1000 %, resulting in an average separation between the
nanoparticles in the hexane of 42 nm.

2.2. Imprinting

Substrates were prepared from 15 mm squares of 0.5 mm thick PETE-1 thermoplas-
tic [31]. An imprinting step was used to form microscopic pits in the surface of the PETE-1.
Costly lithographic processing was avoided by using fine grit sandpapers as a template. The
imprint fixture had two blocks joined by two 1/4-20 screws, and a rubber pad to distribute
the pressure (Figure 2). The screws were tightened by a torque wrench to 50 inch-pounds.
This produced a force of 12,500 pounds, or a pressure of 250 MPa on the 15 mm substrates.
The assembly was placed in a 35 °C oven [32] for 12 min. The low oven temperature was
used to minimize the depth of the imprint.
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Figure 2. Schematic flowchart of the imprint process. Portions enlarged for clarity.

2.3. Self Assembly

Drops of the diluted nanoparticle suspension were cast from a pipette onto the PETE-1
substrates (Figure 2, Step 4). Surface tension drove the hexane suspension into circles.
On smooth PETE-1 surfaces, the nanoparticles followed the hexane as it evaporated, with
the majority congregated in a narrow ring along the circumference (Figure 3a). However,
more uniform nanoparticle distributions were obtained with the imprinted substrates. As
the hexane suspension spread towards the circumference of a circle, most of it became
trapped in pits in the surface along the way. The volume of these pits depended on the
oven temperature and the roughness, or grit, of the sandpaper. Figure 3b,c show that 1 pm
grit sandpaper isolated smaller volumes of the suspension, and therefore smaller numbers
of nanoparticles than the 6 um grit sandpaper.

Figure 4a is an SEM image of the 1 um grit sandpaper. Figure 4b is an SEM of the
imprinted PETE-1 containing drop-cast silver nano-spheres. As the hexane evaporated,
the nano-spheres were formed by nearby nanoparticles adhering to each other and self-
assembling into larger spheres. The size of the spheres depended on the number of
nanoparticles available. Casting multiple drops provided fresh nanoparticles and increased
the size of the spheres. Three consecutive drops of the diluted suspension of Ag in hexane
on PETE imprinted with 1 um grit sandpaper grew spheres of about 80 nm diameter and
produced optimum SERS result.

In contrast no structure can be seen in an SEM of non-imprinted PETE-1 (Figure 4c),
and few if any nanoparticles can be found after the nanoparticle suspension is cast on
non-imprinted PETE-1 (Figure 4d). The comparison between Figure 4b,d shows the critical
role of the pits in the imprinted PETE-1 to trap small volumes of the suspension.
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cluster in pits

Figure 3. Optical micrographs of deposited nanoparticle suspension. (a) Ag nanoparticles on non-
imprinted PETE congregate along the rim of a circle; (b) isolated islands of Ag nanoparticles form
on 6 um grit imprinted PETE; (c) much smaller islands of Ag nanoparticles form on 1 um grit
imprinted PETE.

a

Figure 4. Scanning electron micrographs of: (a) 1 um grit sandpaper template; (b) silver nanoparticles
assembled in the pits of PETE-1 thermoplastic imprinted with 1 um sandpaper; (c) non-imprinted
and featureless PETE-1; (d) non-imprinted PETE-1 with few if any nanoparticles after drop-casting of
the nanoparticle suspension.
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2.4. Transfer to Different Substrates

The SERS layers described here often need to be transferred to a new substrate; for
example, as part of a complex instrument. This is particularly true in a biological probe for
the following reasons:

(@) The nanospheres must be securely attached so they do not fall off and remain in
the tissue.

(b) Transmission to the spectrometer is poor without a lens to collect and collimate the
Raman light to focus it on the spectrometer slit.

The transfer process used a widely available jell [33] as a sacrificial layer. The jell
protruded slightly from a syringe which was gently tapped against the thermoplastic
(Figure 5). Next, a thin layer of quick setting epoxy [34], was spread on a cover slip, pressed
against a flat sheet of “non-stick” silicone rubber, and allowed to partially harden. This
procedure was necessary to prevent the epoxy from flowing around and encapsulating
the nanoparticles. Then the syringe was pressed against the surface of the epoxy and
the jell was forced out against it. The fixture was left for 24 h to fully cure. The syringe
was removed, taking along the Jell and leaving the nanospheres securely epoxied to the
cover slip. Multiple taps of the jell to the PETE transferred more nanoparticles, which then
self-assembled into larger spheres. Two taps collected spheres of about 80 nm diameter
(Figure 6a) which were optimum for SERS applications as shown in the results section.
Ten taps produced spheres as large as 175 nm diameter (Figure 6b) that weren’t suitable for
SERS applications.
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Figure 5. Schematic flowchart of the transfer process. Portions enlarged for clarity.
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Figure 6. Scanning electron micrographs of silver nanospheres transferred to epoxy on a glass cover
slip. The nanoparticles are held in the pits formed by the sandpaper. (a) Two taps; (b) ten taps.

2.5. Measurements and Characterization

Figure 3b,c was taken with a 100 x objective on an Olympus U-SPT Optical Microscope
Model BX60F5 coupled to an iPhone camera [35]. The Scanning Electron Microscope images
were obtained with a JSM-6610 LV Scanning Electron Microscope.

SERS measurements were obtained with a HORIBA confocal Labram Raman spec-
trometer equipped with 50, 0.55 NA microscope objective and a 30 mW, 633 nm HeNe
excitation laser. The exposure time, scan time and resolution are 60 s, 60 s and 20 cm L

respectively. Rhodamine 6G solution was prepared from powdered Rhodamine dye [36].

3. Results

This study describes the self-assembly and collection of nanospheres on an imprinted
plane and the control of their growth to the optimum 80 nm diameter for Raman en-
hancement. The growth was controlled at several stages by selecting the volume and
concentration of seed 10 nm silver spheres in isolated hexane compartments.

Solutions of Rhodamine 6G (R6G) were used to test the enhancement of the SERS
layers. R6G was used; it is one of the dyes that has well-established Raman vibrational
bands. Raman spectra were obtained with SERS layers both on the imprinted PETE-1
substrate (Figure 1a) suitable for in vitro samples, and after bonding to epoxy on a cover
slip as needed for SERS bio-probe (Figure 1c). Rhodamine 6G Raman spectral peaks
were observed at their well-known Raman bands of 614 ecm™!, 772 em™?, 1186 cm 1,
1134 cm~!, 1364 cm ™!, 1514 cm ™! and 1652 cm ™! [36-39]. The 614 cm~! band accounts for
the C-C-C in-plane bending; the 772 cm~! band accounts for the C-H out-plane bending;
the 1186 cm~! band accounts for the C-H in-plane bending; the 1134 cm~! band accounts
for the C=C stretching; the 1364 cm !, 1514 em ! and the 1652 cm ™! bands account for the
C-C stretching vibrational modes [40]. With neither SERS layer present, a Horiba Raman
spectrometer detected no Raman spectra from a 1 mm solution of R6G.

3.1. PETE-1 Substrate

A solution of R6G was placed on a SERS substrate made by nano-sphere deposition
on an imprinted PETE-1 substrate. A strong Raman signal was obtained from a 1 mm
solution of R6G (Figure 7, top trace) using the arrangement in Figure 1a. The background
spectrum from the PETE-1 SERS substrate was also obtained with no R6G present (Figure 7,
bottom trace). The small background is readily separated from the R6G spectrum. We
believe the surface-enhanced Raman hot spots are caused by plasmonic focusing of the
incident radiation along the surface of the silver nano-spheres, with a resonance between
the incident wavelength and the optimal spherical diameter, but without any chemical
bonding of the R6G.
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Figure 7. Top trace, Raman spectrum of 1 mm R6G after drop casting silver nano-sphere suspension
on imprinted PETE-1. Bottom trace, Background spectra obtained after drop casting silver nano-
sphere suspension on an imprinted PETE-1 SERS with no R6G present.

Spectra were also taken in which the PETE-1 substrate was not imprinted (Figure 8).
In this case only a background signal, largely from the PETE-1, was obtained. This demon-
strates the important role imprinting plays in generating the R6G Raman signal.

60,000

614

50,000

1364
1514

40,000

30,000

Intensity count

600 800 1000 1200 1400 1600 1800

Raman shift (cm)

Figure 8. Top trace, 1 mm R6G spectra after drop casting nano-sphere suspension on imprinted
PETE-1. Bottom trace, 1 mmol R6G spectra after drop casting nano-sphere suspension on PETE-1
that was not imprinted.

Spectra of R6G solutions on PETE-1 substrates with concentrations ranging from 1 nm
to 1 mm are shown in Figure 9. The background spectra without R6G are also shown.
Although the background is more significant at the lower concentrations, individual R6G
peaks can be identified down to the lowest concentration of 1 nmol. Figure 9 also shows that
the intensity of the background signal peaks, such as the one around 1600 cm~?, reduces as
the intensity of R6G Raman peaks increase with increasing concentrations.
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Figure 9. Top traces, Raman spectrum of 1 nm to 1 mm concentrations of R6G obtained after drop-
casting silver nano-sphere suspension on imprinted PETE-1. Bottom trace, no R6G. For clarity the
spectra have been offset vertically.

The relative strength of the enhanced spectra as measured at the 1364 cm ™! Raman
peak is given as a function of the concentration of the solution is shown in Figure 10. The
average enhancement factor of the SERS substrates was estimated to be 1.6 x 10* using the
following equation:

Csers , Isers
A= 1
where Cgprs and Cp are highest and lowest concentrations of the R6G solution respectively;
and Iggrs and I are their intensities measured at the same Raman band.

3.2. Epoxy Substrate

For biological probes the nano-spheres must be securely bonded to a substrate, for
example to a GRIN lens. Therefore, Raman spectra were obtained with solutions of R6G on
SERS layers epoxied to clear substrates. A small background from the epoxy was observed
with no R6G present but it was readily separated from the R6G spectrum (Figure 11). Spec-
tra were obtained R6G concentrations from 1 nm to 1 mm (Figure 12). As with the PETE-1
substrates, individual R6G peaks can be identified down to the lowest concentration of
1 nM. Figure 12 shows that the intensity of the background signal peaks, such as the one
around 1600 cm ™!, reduces as the intensity of R6G Raman peaks increase with increasing
concentrations. The relative strength of the enhanced spectra as a function of the concentra-
tion of the solution is shown in Figure 13, again as expected for SERS enhancement.
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Figure 10. 1364 cm~! Raman signal strength vs. Rhodamine 6G concentration on PETE-1 SERS.
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Figure 11. Top trace, Raman spectrum of 1 mm R6G obtained after transferring nanospheres to epoxy
on glass. Bottom trace, Background spectra from the transferred nanospheres to epoxy on glass with
no R6G present.
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Figure 13. 1364 cm ! Raman signal strength vs. Rhodamine 6G concentration on epoxy SERS.

4. Discussion

The developed SERS substrate based on silver nanoparticle assembled over imprinted
plastic can be used for portable or in vitro analysis schemes. The transferable nature of the
SERS substrate also makes it a candidate for remote sampling or in vivo SERS applications.
A comparative review of similar SERS substrates that were developed for bio-probe or re
applications is summarized in Table 1.
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Table 1. Summary of different SERS substrates reported for bio-probe applications.

SERS Substrate

Fabrication Reference

Nanosphere lithography: Drop-coating nanospheres on

Silver (Ag) film on nanosphere surfaces copper substrates and depositing 200-nm thick Ag film on [41]
the nanospheres, used in vitro
Gold nanostars Chemical sy‘nt.hesw: Seesi m'edlated r9ute using buffer, [42]
injected in vivo into the tissue
Nanosphere lithography: Silica microsphere are
Gold film over nanospheres self-assembled on silicon wafer, followed by evaporation of [43]
gold layer (200 nm thick), used in vitro
Gold nanowire made by vapor transport method on
Gold nanowires with nanogaps sapphire substrate, followed by sputtering of gold; [44]
combined with the specimen in vitro
Gold nano-biopyramids Chemical synthesis: seed-I.nedla.ted method, injected into [45]
the specimen in vivo
Gold nanoparticles Self-assembled from 20 nm thick sputtered gold film on 23]

aluminum foil, used in vitro

Silver nanoparticles on polymer
microneedle array

Chemical synthesis to grow silver nanoparticles on
micro-molded polymethyl methacrylate needles, used [46]
in vivo without a remote probe

Dispersion and self-assembly of silver nanoparticles on

Silver nanoparticles on imprinted PET imprinted plastic surface, to be transferred to a rugged This work

probe for in vivo sampling of large specimen

The use of nanoparticles of gold or silver is the more common approach. Planar
SERS substrates based on silver or gold layer over nanospheres [41,43], and silver coated
microneedles have also been employed in implantation-based bio-probe schemes [46]. In
the case of nanoparticle-based approaches, the nanoparticles are either combined with the
analyte in vitro [44] or injected into analyte tissue in vivo [42,45]. The limitations inherent
to using such free nanoparticle clouds have been discussed earlier in Section 1 of this paper.
When designing nanoparticle-based SERS sensors for potential in vivo applications, it is
critical that the whole sensor stay intact in vivo to produce the desired signal, after which
the nanoparticles should be expelled from the body [47]. Nanoparticle clouds injected into
tissue are well separated from the collecting optics and consequently only a small fraction
of the Raman light is collected. The advantage of a defined nanoparticle location is that
the incident light from a laser can be focused to a small spot, and a large fraction of the
Raman light generated can be collected by the same or a confocal lens. It is well known that
the strength of the Raman signal is proportional to the square of the numerical aperture
(NA) of the collecting lens. In this context, the SERS substrate transferred to a GRIN lens as
described here can potentially address these limitations related to the randomly dispersed
nanoparticle clouds.

The SERS substrates developed in this work are inexpensive. This cost was approxi-
mated based on the cost of the materials used in the fabrication. The cost of a 1.5 cm? PETE
is much less than USD 0.01. 0.15 mL (3 drops) of the diluted Ag ink and hexane used on
each 1 cm? substrate cost less than USD 0.01. The cost of the sandpaper was hard to estimate
as a single 1 cm? piece was used repeatedly without apparent degradation. Additionally,
there is no use of expensive equipment or processes during fabrication. Consequently, the
developed SERS substrate are very low cost, much less than USD 0.01 per 1.5 cm? active
area. Table 2 shows compares the R6G SERS Enhancement factor (EF), detection limit, and
cost per active area of the substates in this work with other literatures.



Solids 2022, 3

200

Table 2. Comparison of various low-cost substrates used to detect R6G.

SERS Substrate EF Detection Limit Cost Reference
Paper-based Ag NPs ~107 107°M <$0.08 per cm? [48]
Ag-Pt NPs on Ge wafer 9.1 x 100 - - [49]
Screen-printed Ag NPs on PET - 1071°M - [40]
Drop casted Ag NPs on imprinted PET 1.6 x 10* 107°M <$0.01 per cm? This work

References

The approach described here shows that strong Raman signals may be obtained with
minimal equipment and with no chemical or lithographic steps. These may be critical
concerns to laboratories faced with diminishing funding resources. While developed for
Raman spectroscopy, the wide area low-cost imprint technique may have other applications
as well, for example as anti-reflection coatings for solar cell arrays. However, our future
work will transfer the SERS layers to the back focal planes of GRIN lenses, forming a
rugged probe which focuses the incident light and effectively collects the Raman light from
biological probes as shown in Figure 1c.

5. Conclusions

This paper describes a facile method of producing a SERS layer on an imprinted
thermoplastic. Surfaces of thermoplastic were imprinted using sandpapers of known grit
size. SERS layers were made by self-assembly of silver nanoparticles on the imprinted
thermoplastic. Using this SERS substrate, Raman spectra from R6G dye were detected at
concentrations as low as 1 nM. This SERS substrate has potential usage in a wide range
of portable Raman sensing applications. For potential bio-probe or remote applications, a
transferable SERS substrate was also demonstrated by transferring the assembled silver
nanoparticles from the imprinted plastic onto an epoxy support layer. The transferable
SERS substrate was used to detect R6G dye spectra at concentrations as low as 1 nmol. The
fabrication of these SERS substrates does not require expensive equipment or processes.
Consequently, the developed SERS substrates are useful for applications needing low-cost
SERS substrates.
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