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ABSTRACT: Surface-enhanced Raman scattering (SERS) spectroscopy affords a rapid,
highly sensitive, and nondestructive approach for label-free and fingerprint diagnosis of a
wide range of chemicals. It is of great significance to develop large-area, uniform, and
environmentally friendly SERS substrates for in situ identification of analytes on complex
topological surfaces. In this work, we demonstrate a biodegradable flexible SERS film via
irreversibly and longitudinally stretching metal deposited biocompatible poly(ε-caprolac-
tone) film. This composite film after stretching shows surprising phenomena: three-
dimensional and periodic wave-shaped microribbons array embedded with a high density of
nanogaps functioning as hot-spots at an average gap size of 20 nm and nanogrooves array
along the stretching direction. The stretched polymer surface plasmon resonance film gives
rise to more than 10 times signal enhancement in comparison with that of the unstretched
composite film. Furthermore, the SERS signals with high uniformity exhibit good temperature stability. The polymer SPR film
with excellent flexibility and transparency can be conformally attached onto arbitrary nonplanar surfaces for in situ detection of
various chemicals. Our results pave a new way for next-generation flexible SERS detection means, as well as enabling its huge
potentials toward green wearable devices for point-of-care diagnostics.

KEYWORDS: surface-enhanced Raman scattering, biodegradable flexible film, irreversibly stretching, wave-shaped microribbons,
nanogrooves array

■ INTRODUCTION
Flexible wearable sensors have been envisioned as promising
diagnostic tools owing to their considerable applications in
healthcare,1,2 protective equipment inspection,3 environmental
monitoring,4 and homeland security.5 In particular, to develop
biocompatible and environmentally friendly biosensors is of
paramount importance for their potential applications in
wearable and point-of-care (POC) diagnostics to eliminate
waste streams.6−8 Such biosensors built with biodegradable and
biocompatible materials as backbone features can be integrated
into living tissues as well as portable spectrometers for
therapeutic and diagnostical purposes.8,9 Among a variety of
biosensors, surface-enhanced Raman scattering (SERS), an
accurate label-free and fingerprint detection means, is emerging
as one of the most cutting-edge techniques for noninvasively
tracing extremely low-concentration molecules.10 Primarily
based on localized surface plasmon resonances (LSPRs),
SERS is capable of enhancing excitated photons as well as
vibrational scattering of analytic molecules via the amplification
of electromagnetic (EM) fields, which relies on localizing light
into the nanoscale volumes.11,12 Although tremendous
advances have been made in demonstrating a plenty of SERS

substrates with sub-10 nm gap structures to allow the
identification of fingerprint information on probe molecules
adsorbed on plasmonic nanostructures, most traditional
approaches either based on chemical syntheses or complex
lithographic routes, such as focused ion beam and electron
beam lithography, suffer from nonuniformity or low-throughput
issues.13,14

Furthermore, conventional SERS substrates employ rigid
materials without biodegradability, such as glass and silicon as
building blocks, which require to extract objective analytes and
then be adsorbed onto the hard plasmonic templates for
detection.15 In order to satisfy the requirement of increasingly
demanded POC diagnostics for nonlaboratory settings’
monitoring, the in situ detection approach is more preferred
for practical applications, where the SERS substrates are
directly attached onto the sample surfaces of interest.16

However, due to the lack of flexibility, the rigid SERS substrates
have poor conformal contact with objects, especially those with
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complex topological shapes. On the other hand, because of the
demand to excitate incident photons and then collect Raman
signals from the back side of the SERS substrates for in situ
detection, high transparency of flexible substrates needs to be
achieved.17

To overcome these challenges, we develop a new
biocompatible and biodegradable SERS substrate via irrever-
sibly and uniaxially stretching metal deposited flexible poly(ε-
caprolactone) (PCL) surface plasmon resonance (SPR) film as
wearable sensors for in situ detection of analytes. This approach
has several advantages in practical SERS applications for the
following reasons.
First, the PCL film, as an excellent flexible, biodegradable and

biocompatible material with good transparency (∼90%) and
temperature stability (9.62%), is for the first time employed as a
building block for flexible SERS substrates. Until now,
numerous materials, such as adhesive tape,18,19 filter
paper,17,20 and polymers,21−27 have been applied as frameworks
of the flexible SERS substrates. The “paste and peel off”
concept based on commercial tape represents a simple and
viable approach for efficient extraction of analytes on arbitrary
surfaces, but the uniformity of the plasmonic structures is not
well considered and most importantly, the adhesive tape is a
nonbiodegradable material, which violates the goal for environ-
mental protection and sustainability.18,19 Although the paper-
based SERS substrates with biodegradability are economical
and storable, their opaqueness property prevents the collection
of SERS signals from the opposite surface.17,20 Recently, flexible
and tunable SERS substrates have attracted intense research
attention, which are based on stretchable materials, such as
polydimethylsiloxane (PDMS).21−24,28,29 Relying on their
elastic deformation property, it is possible to actively control
the nanogap distance between metallic nanoparticles on their
elastic and stretchable polymer films, which enables the
effective detection of large biomolecules and reversible
plasmonic spectral shifts.21,22,24 However, it faces formidable
challenges to exactly control the optical properties of plasmonic
film and uniformity of hot-spots under an external strain to

reversibly deform the substrate in practical applications.
Depending on the irreversible transformation of ductile
polymer film, the stretching of the composite film is
studied.30,31 However, how to realize the polymer-based
homogeneous nanostructures that can be massively reproduced
still remains an enormous challenge.
Second, the uniaxial stretching of Ag/PCL composite film

results in the formation of large-area periodical microribbons
with a high density of plasmonic nanogaps and V-shaped
nanogrooves, which can be tuned via flexibly varying the
thickness of metallic film. These plasmonic nanogaps and
nanogrooves confine incident light in the form of near-field
evanescent waves, serving as hot-spots to enhance SERS signals.
Compared to conventional methodologies to achieve nanogaps
that rely on several complex and precise fabrication procedures,
our approach makes use of plastic strain to induce increased
distances between adjacent lamellae within PCL crystals to
create a plenty of plasmonic nanogaps. Furthermore, different
from traditional methods, which apply FIB milling, photo-
lithography coupled with anisotropic etching or elastomeric
materials to achieve V-shaped groove profiles,32−35 this
approach affords a new route to produce periodical V-shaped
nanogrooves array along the elongation direction via laterally
shrinking PCL crystals.
Third, the ultrathin (∼10 μm) polymer SPR film can be

intimately attached onto arbitrary topological surfaces for in
situ detection of analytes for POC diagnostics because of their
high transparency and flexibility. The features of low-cost,
biodegradability, and batch-fabrication of the polymer SPR film
open great opportunities to integrate the novel flexible SERS
substrates with portable Raman spectrometers in the
applications of resource-limited settings. Furthermore, the
stretching induced plasmonic nanostructures presents good
temperature stability (9.62%) and uniformity (6.48%) of the
detected SERS signals. This new stretched polymer SPR film
provides great potentials to construct next-generation wearable
sensors.

Figure 1. Schematic diagram of stretching polymer SPR film under an external mechanic force. (a) Flexible PCL polymer film. (b) Ag film is
deposited on PCL polymer film by an electron-beam evaporator. (c) The polymer SPR film is fixed onto a mechanical machine. (d) The uniaxial
stretching of polymer SPR film at a constant stretching speed. Two primary characteristics are observed: neck formation and shoulder propagation.
The inset highlights the nanostructures’ formation in the neck region.
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■ RESULTS AND DISCUSSION

To develop a high-performance flexible SERS biosensor, it is
crucial to produce high density of hot-spots on the substrate.
First, a flexible PCL film at a length of 9 cm, width 4 cm and
thickness around 20 μm is deposited with silver (Ag) film by an
electron-beam evaporator as illustrated in Figure 1a,b. After
fixing the polymer SPR film onto a mechanical machine for
stretching, the efficient dimension of polymer SPR film is set as
4 cm (Figure 1c). The Ag decorated PCL polymer film is then
subjected to uniaxial stretching from 4 to 10 cm under a
constant velocity. Upon the stretching, the ductile polymer SPR
film first goes through a few percent (∼10%) of homogeneous
uniaxial extension, followed by the formation of localized
“neck” due to the mechanical instability of the polymer film.
The neck region gradually expands and propagates via the
spread of “shoulder” from the deformed region (neck region)
to undeformed region until the polymer SPR film is entirely
stretched (Figure 1d). This procedure involves plastic
deformation, longitudinal elongation, transverse dimension’s
reduction as well as the thinning of the polymer SPR film.
During the stretching, the deformation of the polymer SPR film
gives rise to the formation of massive tiny cracks inside the
brittle Ag film. These cracks are expected to serve as hot-spots
to boost SERS signals. After the stretching, the thickness of the
polymer SPR film evolves from ∼20 to ∼10 μm.
To untangle the surface morphology of the stretched

polymer SPR film, first, the uniaxial stretched PCL polymer
film is characterized by a scanning electron microscope (SEM).
As can be seen in Figure 2a, the uniaxially stretched PCL films
are comprised of many highly oriented nanoridges and

nanogrooves along the stretching direction, which are not
observed on the unstretched PCL films (Figure S1a and c). It is
worthwhile to note that compared with the unstretched
polymer film, the stretched PCL polymer film exhibits a higher
transmittance (∼90%), which promotes strong Raman
excitation via laser interacting with the detected molecules to
enhance Raman signals’ intensity (Figure S2a). After depositing
a layer of Ag film at a thickness of 25 nm, the polymer SPR film
after the same stretching allows the formation of periodically
plasmonic microribbons perpendicularly to the elongation
direction (region 1), while the area of inter-ribbons is only
composed of PCL polymer film (region 2) (Figure 2b). This
observation is also verified by chemical elemental mapping with
energy-dispersive X-ray (EDX) spectroscopy (Figure S3a−c).
In the SPR effective region with metallic hot-spots, we observed
very unique phenomena as shown in Figure 2c. To be specific, a
new type of large-area microribbons array parallel to the
stretching orientation at a period of ∼1 μm is formed. On the
ribbons, plenty of transgranular nanogaps are created at a
dimension of tens of nanometers. Among neighboring ribbons,
there are many nanogrooves at a width of ∼100 nm along the
stretching axis. The EDX analyses indicate the distribution of
Ag nanostructures on the polymer SPR film after the stretching
(Figure S3d). In order to further reveal the surface morphology
of the stretched polymer SPR film, an atomic force microscope
(AFM) is applied to further characterize the sample surface. It
can be seen from Figure 2d that microribbons array
demonstrates well-defined three-dimensional (3D) wave-
shaped geometry at an average height of ∼110 nm. Among
these nanoribbons, there are various nanoislands being created,
also indicating that the stretching of polymer SPR film

Figure 2. Surface morphology of stretched polymer SPR film without (a) and with (b−c) 25 nm Ag film. The arrows denote the direction of
externally applied stress. The polymer SPR film at a width of 4 cm is drawn from 4 cm (initial length) to 10 cm (stretched length). The inset in panel
c shows the dimension of the nanogroove. The dashed boxes in panel c indicate the nanogroove (1) and nanogaps (2), respectively. (d)
Morphologies of four complete periods of polymer SPR film demonstrate 3D wave-shaped structures. The inset in panel d illustrates line scanning
obtained across the dashed line.
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contributes to the formation of many Ag nanogaps (Figure
S1d). Meanwhile, we also carry out similar experiments to
demonstrate the structures’ formation of other three metal
materials, including Ni, Al, and Au at a thickness of 25 nm,
deposited on PCL polymer films after the stretching, the
morphology of which are probably associated with brittleness
and ductility of metals (Figure S4). In particular, Au, as one of
the most frequently used materials for excellent plasmonic
performance, can form similar nanostructures like Ag. However,
the nanogaps’ size of Au (average 10 nm) is a bit smaller than
that of Ag (average 20 nm) at the same thickness, which is
attributed to the higher ductility of gold beings able to
withstand a larger elongation.
It is of great interest to gain insight into the mechanisms of

nanostructures’ formation on semicrystalline PCL polymer
films, which are composed of crystallitic and amorphous phases
(Figure 3a). Upon applying a uniaxial stress, the crystallite and
amorphous regions present an excellent tendency to orient
along the stretching direction (Figure 3b). After the yield
strength, the dual-layered polymer SPR film after the stretching
forms plentiful tiny cracks on the superficial Ag nanoparticle
layer, while the beneath PCL layer remains intact integrity,
because of a significant difference in the ductilities of the metal
thin film and polymer substrate. However, a continuous
stretching leads to plastic deformation of the PCL layer,

accounting for the observed formation of two distinct regions:
PCL monolayer and Ag/PCL dual layers (Figure S5a). The
further increase of the plastic strain on the PCL monolayer
results in a force propagating to the Ag/PCL dual layers and
reorientation of the PCL crystals in these regions along the
elongation direction. The PCL crystals further occur a plastic
strain following to its Poisson’s ratio, which results in lateral
shrinkage and increased distance among adjacent lamellae
within a crystal (Figure 3c and d). Such deformation of PCL
crystals accounts for the observed formation of nanogrooves
along stretching direction and transgranular nanogaps in the
superficial Ag layer, respectively. After the polymer SPR film is
entirely deformed, the continued stretching of the polymer SPR
film gives rise to the splitting of Ag/PCL region because of the
strain of PCL monolayer region to be near the break point and
insufficient to support the sustained elongation of the polymer
SPR film (Figure S5b). Moreover, our further stretching of the
polymer SPR film initiates the Ag film to debond from the
beneath PCL polymer film because of the larger tractions on
the interface (Figure S5f).36 Our experiment also finds that Ag
film thicker than 25 nm is difficult to form nanogrooves and
nanogaps, which are ascribed to the larger bending resistance of
the thicker Ag film.
To further reveal the optical properties of the polymer SPR

film and identify the nature of the formation of hot-spots, finite-

Figure 3. (a−c) Proposed models of nanostructures’ formation via stretching polymer SPR film. The evolution of lamellae in panels a−c is
highlighted in panel d, respectively. The PCL polymer film is composed of crystallitic and amorphous phases. There are multilayered lamellae in the
crystallitic phases. Calculated electric field distributions of the microribbons (scale bar = 500 nm) (x−y plane) (e) and nanogrooves (scale bar = 50
nm) (x−z plane) (f).
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difference-time-domain (FDTD) simulation is applied to
investigate the distributions of near-field electromagnetic fields.
Figure 3e depicts two-dimensional (2D) electric field intensity
distribution (Log scale) of the stretched polymer SPR film at
the Ag film’s thickness of 25 nm in the region of microribbons
in Cartesian x−y plane at the excitation wavelength of 514 nm.
The incident light is polarized along the stretching axis. The
nanogaps resemble nanocavities to converge the incident
photons, resulting in higher electromagnetic enhancement.
The average simulated electric field intensity (E/E0) is found to
be ∼18. Meanwhile, V-shaped nanogrooves also act as
plasmonic nanocavities, which can strongly focus incident
electromagnetic wave into nanoscale gaps located at the groove
tips under normal illumination in x−z plane, where the
polarization of excitation light is perpendicular to the stretching
direction (Figure 3f).32,37 These stretching-induced nanogaps
and V-shaped-nanogrooves afford high-density hot-spots, which
play an important role in confining incident photons as well as
boosting Raman signals.
In order to evaluate the SERS capability of our polymer SPR

film, a self-assembled monolayer of 4-methylbenzenethiol (4-
MBT) is adsorbed on the polymer SPR film and then Raman
signals of the probing molecules are obtained with a 514 nm
laser as an excitation light source. Figure 4a compares the SERS
performance of the PCL polymer film decorated with different
thicknesses of Ag films before and after the stretching. It is
found that when the thickness of Ag films reaches 25 nm, the

SERS signal demonstrates the maximum enhancement after the
stretching of our polymer SPR film from 4 to 10 cm. As can be
seen, the SERS signals are very weak (only ∼62 counts) for
1077 cm−1 peak before the stretching, which are attributed to
the flat Ag film deposited on PCL polymer being able to offer a
few hot-spots to enhance Raman signals. However, after the
stretching, the SERS signals reach to ∼630 counts, which are
∼10 times larger. This phenomenon is because the stretched
polymer SPR film leads to a much higher density of nanogaps
among nanoparticles and nanogrooves, which function as
plenty of hot-spots. These hot-spots with more intense local
fields contribute to much better SERS performance. As the
thickness of Ag film is increased, the period of the nanoribbon
pattern becomes slightly larger from ∼1 to 1.5 μm and the
depth of nanogrooves turns to smaller, both of which result in
the weaker intensity of SERS signals (Figure S5c−e). For the
SERS performance of polymer SPR film without the stretching,
when the thickness of Ag film is only 15 nm, noncontinuous Ag
films are formed on the flexible substrate because of the
Volmer−Werber growth mode, resulting in higher intensity of
SERS signals than that of thicker Ag films.38 However, at the
thickness of 5 nm of Ag film, there are isolated Ag nanoparticles
formed on the PCL polymer film. After the stretching, the
distance between these adjacent nanoparticles become larger,
leading to the weaker intensity of localized field among the
nanogaps and then weaker SERS signals (Figure S8).

Figure 4. (a) SERS spectra of 4-MBT molecules adsorbed on polymer SPR film with different thicknesses of Ag films before and after the stretching.
(b) Temperature stability characterization of SPR polymer film. During the stretching, the environmental temperature is elevated from room
temperature (298 K) to 323 K. (c) SERS spectra of 4-MBT molecules from 45 random points on the polymer SPR film. The polymer SPR film at a
Ag thickness of 25 nm is stretched from 4 to 10 cm. All the SERS spectra are obtained at the laser excitation wavelength of 514 nm, power 0.15 mW,
acquisition time 10 s, and accumulation time 1.
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In SERS applications, it is greatly significant to develop a
universally reliable and stable system to generate reproducible
SERS substrates with high uniformity from batch to batch. In
such a system, the framework of SERS substrates’ stability is
highly crucial. Their property is required to endure the variance
of the temperature. To demonstrate the stability of our polymer
SPR film during the stretching (Figure 4b), extensive
experiments at different temperatures are performed from
room temperature (298 K) to 323 K. From the measured SERS
spectra, it is observed that the performance of Raman signals
has almost no degradation (9.62%), which shows the stable
characteristic of the flexible SERS substrates. Furthermore, the
signals’ uniformity of the polymer SPR film is evaluated based
on randomly extracting SERS signals over a large-area (4 cm ×
4 cm) substrate. The spot-to-spot average relative standard
deviation (RSD) of intensities at 1077 cm−1 is 6.48%, indicating
excellent homogeneity and reproducibility of the flexible SERS
film, which enables its potential applications in quantitative
analyses (Figure 4c). The uniformity of our stretched polymer
SPR film is superior to other flexible SERS substrates fabricated
by lithographic methodologies (Table S1).39−41 Meanwhile, via
increasing the stretching ratio of the polymer SPR film, the
intensity of SERS signals shows no obvious variation (6.47%)
(Figure S10). It is found that the stretching ratio of our
polymer SPR film can reach to ∼650% because of the excellent
ductility of PCL polymer film, which demonstrates its batch-
fabrication capability to satisfy the requirements of low-cost,
single-use, and easy-to-operate characteristics in lab-on-chip
systems for POC applications.

The superiority of our polymer SPR film with good flexibility
and transparency is able to serve as an effective tool for in situ,
rapid and label-free identification of a wide variety of molecules.
Different from the traditional rigid SERS substrates, the flexible
plasmonic SERS film can be attached onto nonplanar surfaces
and collect their Raman signals from the back side of the SPR
film. We demonstrated this capability with the stretched Ag
deposited polymer film as SERS substrates for in situ detection
of malachite green (MG) molecules on green mussel surfaces
(Figure 5b and c). Because of its functionality to control
protozoan infections and fungal attacks associated with
helminths on a variety of fish, MG has been widely applied
in aquaculture and industries. However, it has the risk to pose
potential problems on human health, such as organ damages
and carcinogenic possibilities.42 Before measuring the SERS
signals, it should be noted that ∼20 μL ethanol is dropped onto
the flexible polymer SPR film to improve its conformal contact
with the green mussel’s surface and the adsorption of the MG
molecules into the nanogaps as well as nanogrooves. As shown
in Figure 5d, there are no Raman peaks observed after
immersing the green mussel into 10 mM MG solution without
attaching a polymer SPR film. While, with a stretched Ag-
deposited polymer film seamlessly contacted with the non-
planar surface of the green mussel, all characteristic Raman
peaks of MG molecules are clearly distinguished, which are
ascribed to the plenty of hot-spots formed on the stretched
plasmonic polymer film, leading to huge enhancement of SERS
signals. In particular, a tremendous enhancement of Raman
shift at 1621 cm−1 is more evident associated with the vibration

Figure 5. Demonstration of flexible polymer SPR film for practical SERS applications. (a) A photograph image of stretched polymer SPR film (8 cm
× 4 cm). (b) A photograph image of polymer SPR film attached onto the green mussel surface contaminated by MG molecules. (c) Schematic
diagram of contacting polymer SPR film onto the green mussel and collecting the SERS signals from the back side surface. (d) In-situ detection of
MG molecules on the green mussel surface at various concentrations from 10 mM to 0.1 μM. The SERS spectra are obtained at the laser excitation
wavelength of 514 nm, power 1.5 mW, acquisition time 10 s, and accumulation time 1.
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mode of ring C−C stretching, the intensity of which decreases
gradually with lowering concentration of MG solutions. The
detection limit can be down to as low as 0.1 μM. Although the
detection limit of our result is not appreciable, this work aims
to provide a facile approach to achieve cost-effective, large-area
and homogeneous SERS film with the capability of mass
production, which can be applied in resource-limited environ-
ments for POC diagnostics. This demonstrates a new
noninvasive approach to realize in situ chemical identification
on nonplanar surfaces and the ultrathin polymer SPR film is
expected to access small corners of complex surface, such as
carambola, which is very easy to hide and stay with residual
pesticides.
Although stretching or cold-drawing of single polymer film

has long been studied, where the mechanical properties of
materials are reinforced with the tensile stress applying on the
ductile polymer, the evolution of multimaterial composites via
stretching still remains a virgin land.43 Unprecedentedly,
Shabahang et al. demonstrated highly sequential and control-
lable fragmentation of the cores to create uniform microrods by
stretching multimaterial fiber.30 However, it is still a long-
standing challenge to create homogeneous structures at the
nanoscale level through stretching the composite films. Our
work based on longitudinally stretching Ag/PCL composites
using the new biodegradable and biocompatible semicrystalline
polymer can provide a new route to create uniform hybrid
nanostructures. Such stretched flexible and productive polymer
SPR film with high-density of hot-spots affords a new route for
in situ detection of analytes residing on arbitrary topological
surfaces, showing the potentials in environmental and food
safety monitoring for POC diagnostics. Meanwhile, the
stretching induced V-shaped nanogrooves can offer a variety
of applications, such as efficient quantum emitter,44 adiabatic
nanofocusing,45 nanophotonic circuitry46 and nano-opto-
mechanics.47 Furthermore, our work based on stretching
semicrystalline polymer composite can be extended toward
other materials, such as gold (Au), alumina (Al), nickel (Ni),
copper (Cu), or titanium (Ti). These unknown and intriguing
morphological features are expected to be inspiring for other
nanophotonic applications.

■ CONCLUSIONS
In conclusion, we have successfully realized biodegradable and
flexible SERS substrates through a new environmentally
friendly PCL polymer film as the building block. Via irreversibly
and uniaxially stretching polymer SPR film, high-density of
nanogaps and nanogrooves array are simply created, resulting in
an order of magnitude (∼10 times) enhancement of SERS
signals than that of the unstretched polymer SPR film. Our
flexible polymer SPR film can be intimately attached onto
arbitrary shape surfaces of interest for in situ detection of
analytes. Furthermore, our polymer SPR film exhibits highly
stable and uniform SERS signals, making it feasible to generate
reproducible SERS substrates from batch to batch. Meanwhile,
the polymer SPR film can be extended further through
developing hybrid Au/Ag/PCL or metal/insulator/metal/
PCL systems to realize much higher performance of SERS
enhancement. Our polymer SPR films with the characteristics
of biodegradability and batch-fabrication have unprecedented
opportunities to be integrated into portable Raman spectrom-
eters for disposable applications as next-generation POC
diagnostics, which are conceivable to penetrate into global
markets and households in near future.

■ METHODS
Fabrication of Flexible SERS Substrates. The flexible PCL

polymer film is cut into rectangular pieces at a dimension of 1 × 9 cm.
To achieve different thicknesses of Ag film on the PCL polymer, a
BOC Edwards AUTO 306 electron-beam evaporator is employed. The
vacuum is pumped down to 4.0−5.0 × 10−6 Pa and the deposition rate
is stabilized at 0.06 nm·s−1. A quartz crystal oscillator is applied to
monitor the film thickness. The deposition time determines the final
thickness of Ag film. Then, Ag-coated PCL film is subjected to uniaxial
stretching to various lengths under a constant velocity. The fabrication
procedures of other metallic thin films, including Au, Ni, and Al, are
the same. To evaluate the stability of PCL film at a higher temperature,
a heating panel is used to elevate environmental temperature, which is
monitored by a temperature measurement sensor.

Surface Morphology Characterization. Field-emission scanning
electron microscope ((FESEM, JEOL FEG JSM 7001F) is used to
characterize the morphologies of Ag-coated PCL films before and after
the uniaxial stretching, operating at 5 kV at a working distance of 6−8
mm. The elements’ distribution is analyzed by an energy-dispersive X-
ray spectroscope (EDX, Oxford Instruments). In addition, a Tapping-
mode Bruker SPM D3100 V atomic force microscope (AFM) is
applied to reveal the 3D morphology of polymer SPR film after the
stretching.

Optical Property Characterization. A CRAIC UV−vis−NIR
microspectrometer QDI 2010 is applied to obtain the transmittance
spectra from 300 to 900 nm of polymer films. The Fourier transform
infrared (FT-IR) spectra of PCL polymer film are obtained by using a
Shimadzu IRPrestige-21FT-IR spectrophotometer. The spectra are
recorded using 50 scans at 4 cm−1 resolution from 400 to 2000 cm−1.
Furthermore, the plasmonic composite is investigated by X-ray
diffraction (XRD, X’Pert PRO MRD) with CuKα radiation at a
voltage of 40 kV and current of 40 mA. The scan range is from 10° to
30° at a step size of 0.02° and time per step of 10s. The optical
constants of PCL polymer film are determined by using a variable
angle spectroscopic ellipsometer at three different angles of incident
light ranging from 65° to 75° at a step of 5°.

SERS Performance and Applications. To evaluate the SERS
capability of the polymer SPR film before and after the stretching, the
composite film is functionalized with a monolayer of 4-methylbenze-
nethiol (4-MBT).48 The SERS film is then submerged inside a 4-MBT
solution (10 mM) mixed with ethanol for 10 h and then rinsed inside
an ethanol solution for 30 s, followed by nitrogen drying.49,50 To
demonstrate the SERS applications, green mussels purchased from a
supermarket and then washed with deionized water are immersed in
various concentrations of malachite green (MG) from 10 mM to 0.1
μM at a step of 10 for 8 h and dried at room temperature. Then, ∼20
μL of ethanol is dropped onto the flexible SERS film to improve its
conformal contact with the green mussel’s surface and the adsorption
of the MG molecules into the nanogaps, as well as nanogrooves. The
Raman signals are then directly collected from the opposite side of the
polymer SPR film. A Renishaw 2000 Raman imaging microscope
equipped with a 514 nm continuous wave (CW) laser is used in the
characterization. The Raman signals are collected through a 50× (NA
= 0.8) microscope lens and detected by a thermoelectrically CCD
array. The intensity of laser power is set as ∼0.15 mW (evaluation of
SERS performance) and 1.5 mW (demonstration of SERS
applications) at an acquisition time of 10 s and accumulation time
of 1.The spectra resolution is 1 cm−1.

FDTD Simulation. To calculate the electric field distribution of
uniaxially stretched polymer SPR film, numerical FDTD method from
Lumerical Solutions, Inc. is applied to study the optical characteristic.
A clear FESEM image of Ag coated polymer film after the stretching is
imported into the FDTD software to create structures, followed by the
scale definition. The polarized electromagnetic wave at the excitation
wavelength of 514 nm with polarization along the uniaxially stretching
direction is set to propagate normal to the structure surface. Perfectly
matched layers (PML) are applied along z direction as boundary
conditions to avoid the interference from the boundaries, while
periodical boundary conditions (PBC) are applied in x and y
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directions. The electric field distributions are recorded by placing a 2D
z-normal monitor in x−y plane on the top surface of the structure.
Similarly, to achieve the electric field distributions of the nanogroove, a
2D y-normal monitor in x−z plane is employed. To achieve high
resolution of electric field distribution, the mesh size region is set as
2.5 × 2.5 × 2.5 nm and the monitor is placed inside the reduced mesh
size region.
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(16) Polavarapu, L.; Liz-Marzań, L. M. Towards Low-cost Flexible
Substrates for Nanoplasmonic Sensing. Phys. Chem. Chem. Phys. 2013,
15, 5288−5300.
(17) Liu, Q.; Wang, J.; Wang, B.; Li, Z.; Huang, H.; Li, C.; Yu, X.;
Chu, P. K. Paper-based Plasmonic Platform for Sensitive, Noninvasive,
and Rapid Cancer Screening. Biosens. Bioelectron. 2014, 54, 128−134.
(18) Chen, J.; Huang, Y.; Kannan, P.; Zhang, L.; Lin, Z.; Zhang, J.;
Chen, T.; Guo, L. Flexible and Adhesive Surface Enhance Raman
Scattering Active Tape for Rapid Detection of Pesticide Residues in
Fruits and Vegetables. Anal. Chem. 2016, 88, 2149−2155.
(19) Liu, X.; Wang, J.; Tang, L.; Xie, L.; Ying, Y. Flexible Plasmonic
Metasurfaces with User-designed Patterns for Molecular Sensing and
Cryptography. Adv. Funct. Mater. 2016, 26, 5515−5523.
(20) Zheng, G.; Polavarapu, L.; Liz-Marzań, L. M.; Pastoriza-Santos,
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