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Detecting target analytes with high specificity and sensitivity in
any fluid is of fundamental importance to analytical science and
technology. Surface-enhanced Raman scattering (SERS) has proven
to be capable of detecting single molecules with high specificity, but
achieving single-molecule sensitivity in any highly diluted solutions
remains a challenge. Here we demonstrate a universal platform that
allows for the enrichment and delivery of analytes into the SERS-
sensitive sites in both aqueous and nonaqueous fluids, and its
subsequent quantitative detection of Rhodamine 6G (R6G) down to
∼75 fM level (10−15 mol·L−1). Our platform, termed slippery liquid-
infused porous surface-enhanced Raman scattering (SLIPSERS), is
based on a slippery, omniphobic substrate that enables the com-
plete concentration of analytes and SERS substrates (e.g., Au nano-
particles) within an evaporating liquid droplet. Combining our
SLIPSERS platform with a SERS mapping technique, we have sys-
tematically quantified the probability, p(c), of detecting R6G mole-
cules at concentrations c ranging from 750 fM (p > 90%) down to
75 aM (10−18 mol·L−1) levels (p ≤ 1.4%). The ability to detect analy-
tes down to attomolar level is the lowest limit of detection for any
SERS-based detection reported thus far. We have shown that ana-
lytes present in liquid, solid, or air phases can be extracted using a
suitable liquid solvent and subsequently detected through SLIPSERS.
Based on this platform, we have further demonstrated ultrasensi-
tive detection of chemical and biological molecules as well as envi-
ronmental contaminants within a broad range of common fluids for
potential applications related to analytical chemistry, molecular di-
agnostics, environmental monitoring, and national security.
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Ultrasensitive detection of chemicals and biological species is
important in a broad range of scientific and technological

fields ranging from analytical chemistry, materials, and bio-
molecular diagnostics (1–5) to the inspection of pollutants, explo-
sives, and pharmaceutical drugs (6–8). Among various analytical
techniques, surface-enhanced Raman scattering (SERS) is among
the most promising methods in detecting trace amounts of mole-
cules owing to its high molecular specificity (i.e., differentiation
between different types of molecules) and high sensitivity (i.e., the
lowest analyte concentration from which SERS signals are distin-
guishable from the noise signal of a control sample) (9–17). Ex-
tensive studies have focused on the structural optimization of the
SERS substrate to improve SERS sensitivity (18–22), but there are
two important roadblocks that limit its practical applications. First,
SERS detection in liquid media relies on highly statistical binding of
analytes to the SERS-sensitive regions (or “hot spots”), a conse-
quence of the diffusive nature of the analytes (23–27). Therefore, it
is extremely challenging to achieve single-molecule detection of any
SERS-active analytes in highly diluted solutions (i.e., below femto-
molar concentrations). Second, many real-life analytes such as en-
vironmental contaminants and explosives may be dispersed in
liquid or gas phases or may be bound to solid substrates (e.g.,
soil), which may require the use of nonaqueous solvents for ex-
traction. Various approaches have been explored to improve
SERS sensitivity in aqueous solvents (16, 28, 29). Among them,
using superhydrophobic surfaces to overcome the “diffusion
limit” of analytes in highly diluted aqueous solutions is the most

successful technique (16). However, there are still no effective
ways to achieve high SERS sensitivity at femtomolar concentrations
or below in nonaqueous solvents. The ability to detect analytes in
both aqueous and nonaqueous fluids at subfemtomolar levels using
SERS would lead to many important real-world applications.
Here, we report a SERS platform based on pitcher plant-

inspired slippery liquid-infused porous surfaces (SLIPS) (30),
which provides a nearly pinning-free substrate for enriching and
delivering analytes into a specific SERS detection area in both
aqueous and, most importantly, nonaqueous liquids (Fig. 1A). A
liquid droplet is nearly pinning-free when its contact line at the
solid–liquid–air interface experiences small resistance to move-
ment on a substrate. SLIPS consists of a film of lubricating fluid
locked in place by a micro/nanoporous substrate, creating a
smooth and stable interface that nearly eliminates pinning of the
liquid contact line. Specifically, a recent study has shown that
liquid pinning force on SLIPS for a low-surface-tension fluid
(e.g., pentane) is an order of magnitude lower than state-of-the-art
superhydrophobic surfaces (30). Based on this slippery surface,
we can incorporate any SERS substrates in the form of metallic
nanoparticles into either aqueous or nonaqueous fluids or their
mixtures for subsequent analyte detection. This sensing platform,
termed “slippery liquid-infused porous surface-enhanced Raman
scattering” (SLIPSERS), is capable of ultrasensitive detection in
most commonly used aqueous and nonaqueous solvents at con-
centrations as low as the attomolar level. Based on this platform,
we have demonstrated multiphase and multiplex ultrasensitive
detection of biological molecules and environmental contami-
nants, as well as the detection of airborne chemical molecules
and soil contaminants extracted by various solvents.
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Many analytes in real-life samples, such as body fluids, soil
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phases. However, it remains a challenge to create a platform to
detect these analytes in all of these phases with high sensitivity
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termed slippery liquid-infused porous surface-enhanced Raman
scattering (SLIPSERS) that enables the enrichment and delivery of
analytes originating from various phases into surface-enhanced
Raman scattering (SERS)-sensitive sites and their subsequent de-
tection down to the subfemtomolar level (<10−15 mol·L−1). Based
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and national security.
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Results and Discussion
Design and Characterizations of SLIPSERS. To create SLIPSERS, we
first prepared the slippery substrate by infiltrating a nano-tex-
tured surface (e.g., Teflon membranes with pore size of 200 nm)
with a perfluorinated liquid (e.g., DuPont Krytox GPL 100). The
perfluorinated liquid is used because it is immiscible to both the
aqueous and nonaqueous phases (SI Appendix). To demonstrate

that the surface is nearly free of pinning (30), we put a drop of
ethanol loaded with fluorescent polystyrene (PS) beads and ob-
served the subsequent evaporation profiles using a contact angle
goniometer (SI Appendix, Fig. S1). We observed that the droplet
evaporated in a constant contact angle mode without noticeable
pinning at the contact line (31), until the particles clustered to-
gether to form a 3D aggregate (Fig. 1B). This mode of evapora-
tion is consistent for various aqueous and nonaqueous colloidal
solutions. The SLIPSERS platform has proven to be able to enrich
particles with sizes ranging from subnanometer (e.g., small mol-
ecules and ions) to nanometer (e.g., colloids) to micrometer (e.g.,
PS beads) dispersed in most commonly used solvents (SI Appen-
dix, Figs. S2–S5).
We have determined the analyte collection efficiency, defined as

the percentage of total analyte in the solution that concentrates to
form an aggregate, to be 97.3 ± 2.4% using copper sulfate solution
(SI Appendix, Fig. S2). Owing to the high solute collection effi-
ciency, Rhodamine 6G (R6G) molecules enriched from their eth-
anol solution even at subnanomolar concentrations can be observed
with an unaided eye (SI Appendix, Fig. S3). To our knowledge,
SLIPSERS is the only platform that can achieve nearly 100%
analyte collection efficiency in most commonly used solvents. This
can facilitate subsequent SERS sensing detection and significantly
improve the limit of detection (LOD), which is defined as the de-
tectable signals from the lowest analyte concentration with a signal-
to-noise ratio greater than 3 in this work.

Analyte Detection in Nonaqueous Solutions by SLIPSERS. Although
superhydrophobic surfaces have demonstrated ultrasensitive SERS
detection in aqueous solutions (16, 32, 33), these substrates are not
as effective at enriching analytes in nonaqueous solvents and bi-
ological fluids because these fluids can irreversibly pin to the micro-
and nanoscale textures (30, 34–36). To demonstrate the detection
capability of SLIPSERS in nonaqueous fluids, we investigate the
LOD of SLIPSERS using R6G, a dye commonly used in detection
tests, as a test analyte in ethanol (Fig. 2A). We chose ethanol as a
representative nonaqueous liquid because of its low surface tension

Fig. 1. Concept of SLIPSERS. (A) Schematic illustration showing the concept
of SLIPSERS. Any analyte can be enriched to form a small aggregate, re-
gardless of its interactions with the Au nanoparticles, facilitating subsequent
SERS detections. (B) Visualization of the analyte enrichment process on SLIPS
using luminescent PS spheres dispersed in ethanol. (Inset) Optical image of
the enriched PS sphere aggregate.

Fig. 2. Sensitive SERS detection of R6G molecules in aqueous and organic liquids. (A) Molecular structure of R6G molecule. (B) SEM images of the R6G/Au
nanoparticle aggregate extracted from the mixture of the R6G ethanol and Au colloid solutions. (C) SERS intensity at 1,362 cm−1 as a function of R6G
concentrations. Error bars indicate standard deviations from at least 20 spectra. (D) Probability of obtaining observable SERS signals at different concen-
trations. (E) SERS spectra of R6G molecules obtained from ethanol solutions at different concentrations. (F) Improvement of the signal intensity of 1 aM R6G
in ethanol through the use of Ag octahedrons. (G) SERS spectra of R6G molecules obtained from aqueous solutions at different concentrations. (H) Im-
provement of the signal intensity of 1 aM R6G in aqueous solutions through the use of Ag octahedrons.
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(∼22.3 mN/m at 20 °C)—which would cause significant pinning on
superhydrophobic surfaces—and its common use as a standard
solvent. In our investigation, we introduced 10 μL of ∼5 pM col-
loidal solution comprised of spherical Au nanoparticles (∼45 nm)
(SI Appendix, Figs. S6 and S7) into 50 μL of R6G ethanol solutions
of various concentrations. After the ethanol completely evapo-
rated, a close-packed R6G/Au aggregate of ∼150 μm in diameter
was formed (Fig. 2B). We estimated from our high-resolution
electron micrographs that there are ∼2,000 Au nanoparticles per
square micrometer (Fig. 2B). The closely packed Au nanoparticles
form a large number of densely distributed hot spots for SERS
detection, as supported by our finite-difference time-domain simu-
lations (SI Appendix, Fig. S8) and SERS measurements performed
on the R6G/Au aggregate.
SERS measurements were performed over an area of 20 ×

20 μm on the Au aggregate by performing a raster laser scan with
the detection spot size of ∼1 μm in diameter. At least 400 different
spectra were collected in the mapping area for quantitative and
statistical SERS analysis (SI Appendix, Fig. S9). Quantitative
SERS detection can be achieved when the change of the SERS
signal corresponds to the change of the analyte concentration in a
predictable manner. To evaluate the quantitative detection range
of the SLIPSERS system, we measured R6G molecules inside
ethanol solutions at concentrations ranging from 750 nM to
75 aM. Our systematic measurements showed that SLIPSERS can
achieve quantitative detection in R6G concentrations ranging
from ∼75 pM down to ∼75 fM (Fig. 2C). Within this concentra-
tion range, the SERS intensity at 1,362 cm−1 (C–C stretching
mode of R6G) can be expressed quantitatively by an empirical
equation, logC= 1.85logI − 17.01, where C is the R6G concen-
tration expressed in molar concentration and I is the SERS in-
tensity level (counts per second) (37, 38). The ability to achieve
quantitative detection down to ∼75 fM is at least three orders of
magnitude lower than conventional SERS substrates that do not
use the analyte enrichment technique (39). When the concentra-
tion is higher than 75 pM, all of the SERS hot spots in the Au
nanoparticle aggregates will be occupied by the analyte molecules.
Therefore, analyte concentrations higher than 75 pM will have
similar SERS signal intensity (i.e., the SERS signal intensity is
saturated). However, when the concentration is lower than 75 fM,
only few molecules exist within the laser spot area. The detection
of molecular binding events would therefore require a mapping
technique to extract the individual SERS signals (Fig. 2D).
Using the SERS mapping technique, notable SERS signals

were observed at R6G concentration of 100 fM or below (Fig.
2E). As the concentration of R6G molecules further decreased
down to 1 aM (10−18 mol·L−1), SERS signals could be detected
only at random sites over a detection area of 20 × 20 μm. To
investigate the probability of acquiring SERS signals of R6G at
various concentrations, we performed systematic mapping mea-
surements in the concentration range from 750 nM to 75 aM with
a 10-time dilution (SI Appendix, Figs. S10–S17). When the R6G
concentration is >750 fM, our measurements showed that the
probability to obtain observable SERS signals is >90% (Fig. 2D).
When the concentration reduces to 75 fM, the probability reduces
to ∼25%. At this concentration, we also found that it is more
likely to obtain SERS signals at the edge of the Au nanoparticle
aggregate compared with the center region, possibly due to the
coffee ring effect (40, 41). In the concentration range of sub-
femtomolar to ∼10 fM, the probability of observing SERS signals
is <10% at the edge of the Au nanoparticle aggregate. This
probability further reduced to 1.4% at a concentration of 75 aM
(Fig. 2D). As a result, when the concentration of R6G molecules
is <75 fM, we will need to rely on SERS mapping measurements
to locate where the single-molecule binding events occur.
The LOD of SLIPSERS using organic liquids can also be

further improved by simply increasing the starting solution
volume (SI Appendix, Fig. S18) or by using SERS particles of
different geometries. For example, detection of R6G mole-
cules in ethanol solution using Ag octahedron particles (SI
Appendix, Fig. S19) was achieved at 1 aM using SERS mapping

measurement (Fig. 2F), which is at least five orders of magnitude
lower than the reported LOD of conventional SERS techniques
(15) (SI Appendix, Table S1). We further verified the repeatability
of SLIPSERS in other commonly used organic solvents such as
methanol, acetone, toluene, and dichloromethane, where an LOD
of 1 fM could be achieved (SI Appendix, Fig. S20). Such a low LOD
is enabled by the closely packed SERS hot spots within the Au
nanoparticle aggregate, as well as the high collection efficiency of
the R6G molecules on the SLIPSERS platform.

Analyte Detection in Aqueous Solutions by SLIPSERS. In addition to
the SERS detection in nonaqueous fluids, we studied detection of
R6G in aqueous solutions using the SLIPSERS platform. We in-
troduced 10 μL of ∼5 pM colloidal solution consisting of spherical
Au nanoparticles (∼45 nm) into 50 μL of R6G aqueous solutions of
various concentrations. Similar to the detection in nonaqueous
phases, SERS mapping measurements were performed over an area
of 20 × 20 μm across the R6G/Au nanoparticle aggregate. Notable
SERS signals of R6G molecules could be observed even for ag-
gregates formed using 1 aM R6G solutions (Fig. 2G), which is at
least one order of magnitude improvement compared with the
demonstrated detection limit based on superhydrophobic surfaces
(16). This LOD can be further improved to 0.1 aM by simply in-
creasing the volume of the starting solution (SI Appendix, Fig. S18)
or by using SERS substrates of different geometries, such as Ag
octahedrons (Fig. 2H and SI Appendix, Fig. S19).
In any of these analyte enrichment processes, we can further

accelerate the solvent evaporation (e.g., <5 min for 50 μL of solu-
tion) by thermal treatment to achieve rapid analysis without influ-
encing the LOD (SI Appendix, Figs. S21 and S22). In contrast,
evaporation of 50-μL aqueous solutions on superhydrophobic sur-
faces will take several hours and the heat treatment will negatively
affect the analyte enrichment efficiency (SI Appendix, Figs. S24–S26
and section S3). Our experimental characterizations demonstrated
that SLIPSERS can reach subfemtomolar detection limits of ana-
lytes dispersed in nonaqueous and aqueous fluids, showing that the
SLIPSERS platform outperforms other state-of-the-art SERS de-
tection methods (21, 22, 42, 43) (SI Appendix, Table S1).

SLIPSERS in Liquid-Phase Detection. To demonstrate the potential of
SLIPSERS as a practical sensing platform, it is important to in-
vestigate its ability to detect technologically significant molecules in
realistic conditions. For real-life samples, many of the analytes can
be suspended in a liquid phase (e.g., biological fluids), dispersed in
gas medium (e.g., explosives), or bound to solid substrates (e.g.,
soil). We have conducted experiments to investigate each of these
three cases.
First, we demonstrated the ultrasensitive detection of biological

species and environmental pollutants using various liquid media
(Fig. 3A). Sensitive detection of biological species (i.e., biomarkers,
antigens, etc.) is crucial in life sciences and medical diagnostics (1–5,
44, 45). Over the years, SERS has already proven to be a powerful
platform to detect and analyze various biological entities such
as proteins (46, 47), viruses (48), and cells (49) as well as DNA
(e.g., discriminate mutations) (50, 51) and RNA (11). As proof-of-
concept examples, we have shown that DNA bases of thymine and
adenine as well as proteins such as bovine serum albumin (BSA)
can be detected in water at subfemtomolar concentrations without
additional labeling processes using SLIPSERS (Fig. 3 B–D). In
addition to biological molecular detection, we have demonstrated
the detection of environmental contaminants, such as bis(2-ethyl-
hexyl) phthalate (DEHP). DEHP is an organic plasticizer com-
monly absorbed into food and water due to its low vapor pressure,
and is only soluble in nonaqueous solvents. Using ethanol as the
dispersion medium, we have shown that SLIPSERS is capable of
detecting DEHP at subfemtomolar concentrations (Fig. 3E). Fur-
thermore, multiplex molecular sensing of R6G (75 fM in ethanol)
and adenine (37 fM in water) in multiple liquid phases can be
achieved using the SLIPSERS platform (SI Appendix, Fig. S27). All
of these demonstrations have shown that SLIPSERS is capable of
detecting these molecules at ultralow concentrations with high
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specificity in either aqueous or nonaqueous solutions or
their mixtures.

SLIPSERS in Gas-Phase Extraction and Detection. Next, we demon-
strated that SLIPSERS is capable of detecting analytes in the gas
phase using a suitable liquid solvent of high analyte solubility.
Despite the significance of detecting explosives, poisonous airborne
compounds, chemical warfare agents, and environmental pollut-
ants dispersed in air, gas-phase SERS detection remains extremely
challenging. Detection of these species generally needs specially
designed molecule collection systems [e.g., electrodynamic pre-
cipitation (17)] and is limited to specific airborne species (52). We
used our SLIPSERS for sensitive detection of airborne species
without any periphery molecule collection equipment (Fig. 4).
To demonstrate the ability of SLIPSERS to detect airborne

analytes, 100 μL of 1-mM solution of 4-aminothiophenol (4-ATP)
in ethanol was heated at 60 °C inside a Petri dish (14 cm in di-
ameter and 1.4 cm in height, with a total volume of 215 cm3) to
create 4-ATP molecules in the gas phase (Fig. 4A). Near the so-
lution, we placed a 10-μL droplet of Au colloid solution diluted
with 50 μL of ethanol to capture the 4-ATP molecules in the gas
phase for about 10 min. After that, the ethanol droplet was
allowed to dry up completely, and the Au–4-ATP aggregate was
collected for further SERS analysis. If we assume that all of the
analyte molecules (∼6 × 1016 molecules) are evenly distributed
inside the enclosed container, the number of molecules attached
onto the surface of the Au nanoparticle aggregate can be esti-
mated to be ∼6 × 105 (i.e., a number density of ∼35 molecules per

square micrometer). Note that this is an extreme case because
there must be substantial 4-ATP residue in the solid state. How-
ever, the estimation provides us with the maximum number of
molecules that would be available for surface adsorption from the
vapor phase.
To compare with this estimated value, we have performed ad-

ditional experiments to quantify the amount of 4-ATP molecules
that were captured by the ethanol solutions. To achieve this, we
compared the intensities of the Raman peaks of 4-ATP molecules
from the aggregate sample (Fig. 4B) and a control sample obtained
by drying 50 μL of 4-ATP ethanol solutions at various concentra-
tions. We found that the intensity of the Raman peaks of the 4-ATP
molecules of the aggregate sample (about 45 counts per second at
1,589 cm−1) is very close to that of the control sample at >180 fM
(SI Appendix, Fig. S28). Thus, the number density of 4-ATP mol-
ecules on the Au nanoparticle aggregate is estimated to be >240 per
square micrometer, which is much higher than the upper-limit es-
timation of ∼35 molecules per square micrometer. This indicates
that using a suitable solvent can allow for efficient capturing of
target analytes in air.
This proof-of-concept experiment demonstrates that it is possible

to use SLIPSERS to detect gas-phase molecules given a suitable
solvent. Because a broad range of liquids can be used in the
SLIPSERS system, one could achieve gas-phase detection of dif-
ferent SERS-active airborne species by using appropriate solvents.
This capability may open up a new opportunity toward practical
applications of SLIPSERS in gas-phase detection, because field
tests typically involve several airborne species that may need to be
monitored at the same time.

SLIPSERS in Solid-Phase Extraction and Detection. Finally, we dem-
onstrated that SLIPSERS is capable of detecting analytes that
are initially bound to solid substrates. We illustrated this concept

Fig. 3. Liquid-phase detection of biological species and environmental
pollutants using SLIPSERS. (A) Schematic illustration of the liquid phase de-
tection using SLIPSERS. (B) Thymine in water. (C) Adenine in water. (D) BSA
in water. (E) DEHP in ethanol. An initial volume of 50 μL of analyte solution
was used here.

Fig. 4. Gas-phase detection using SLIPSERS. (A) Schematic showing the exper-
imental procedures for airborne species detection. (B) SERS spectra of 4-ATP
captured on the Au nanoparticle aggregate exposed to the 4-ATP environment
at different amounts of time. After exposing for 10 min, most of the Raman
peaks of 4-ATP molecules are distinguishable.
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by detecting soil contaminants. Real soil samples typically con-
tain a complex mixture of contaminants, many of which need to
be identified simultaneously. Among the soil contaminants,
polychlorinated biphenyls (PCBs) can cause a variety of adverse
health effects even at trace levels (53). Soil contamination by
PCBs can be found all over the world and has become a serious
worldwide problem (6). The maximum allowable contamination
level in drinking water is 0.5 part per billion (ppb) set by the
Environmental Protection Agency in the United States (54).
It is well known that the solubility of a chemical depends on the

liquid in which it is dissolved. Therefore, proper solvents have to be
used to release contaminants from the contaminated soil. As a
proof-of-concept demonstration, we first contaminated soil with
PCB 7 and PCB 209, each at a concentration of 1 ppb (SI Appen-
dix). Then, the PCB-contaminated soil was dispersed into different
liquids to release the PCB molecules (Fig. 5 A and B). After the soil
precipitated, the supernatant was loaded onto our SLIPSERS
platform to be analyzed (Fig. 1A). After obtaining a SERS spectrum
from a sample, we can analyze the possible compositions of the
analytes, as well as determine the quantity of each analyte in the
sample. Through the use of commercially available software, we can
calculate the location of Raman vibration modes of different mol-
ecules, facilitating the analysis of the samples with unknown or
unspecified analytes.
It was found that when acetone was chosen as the dispersion

liquid, strong SERS peaks of PCB 7 and PCB 209 could be ob-
served even at such a low contamination level (i.e., 1 ppb) (SI
Appendix, Fig. S29). We have further demonstrated multiplex de-
tection of PCB 7, PCB 77, and PCB 209 released from the con-
taminated soil, each at a concentration of 1 ppb (Fig. 5C and SI
Appendix, Fig. S30). As a control, no SERS peaks could be observed
when water was used as the dispersion medium (Fig. 5C). To our
knowledge, this is the first experimental demonstration of multiplex
detection of PCBs from soil samples at a concentration on the order
of 1 ppb despite their similar molecular structures (Fig. 5D).
The LOD of the SLIPSERS system is currently limited by the

smallest size of the Au nanoparticle aggregate that can be formed
on the platform. By further reducing the size of the Au nanoparticle
aggregate, the analyte packing density will increase and the analyte
distribution will become more uniform on the nanoparticle aggre-
gate (i.e., more analytes can be packed within smaller surface area).
This will in turn increase the probability of detecting analytes at very
low concentrations and hence increase the accuracy of determining
the analyte concentration. One method to reduce the overall size
of the aggregate is to reduce the amount of Au nanoparticles used
in the solution. However, using low concentrations of Au nano-
particles with our current particle enrichment method would lead to
the formation of a very thin Au nanoparticle aggregate. This ag-
gregate could be damaged by the laser beam used during the SERS
measurements (SI Appendix, Fig. S7). Future studies should focus
on the use of SLIPSERS in conjunction with supraparticles, which
are preassembled, highly stable forms of Au nanoparticle aggre-
gates (55). By using supraparticles of micrometer size or smaller,

one may be able to further enhance the LOD, as well as the ac-
curacy for determining the analyte concentration for extremely di-
luted solutions (i.e., <1 fM concentrations). In addition, although
we demonstrated multiplex detection of three different molecules of
similar chemical structures, the maximum number of molecules one
could distinguish using our platform remains uncertain. Therefore,
multiplex detection of various molecules in highly complex chemical
and biological environments using SLIPSERS should be a subject of
systematic investigation in the future.

Conclusion
In summary, SLIPSERS overcomes the long-standing limitations
of SERS regarding collection and precise delivery of analytes to
SERS hot spots in both aqueous and, most importantly, non-
aqueous fluids. We have demonstrated that SLIPSERS is capable
of detecting chemicals and biological species that are either dis-
persed in liquid or gas phases or bound to solid substrates. Fur-
thermore, we have demonstrated that SLIPSERS is capable of
quantitative detection down to ∼75 fM level. When combined with
our SERS mapping technique, we have shown that it is possible to
reach attomolar detection limits, which is the lowest LOD for any
SERS-based detection reported in the literature. The detection
limit could be lowered further by simply increasing the starting
sample volume, by using engineered nanoparticles such as core-
shell (14), core-gap-shell (20), or dumbbell structures (56), or by
further reducing the size of Au nanoparticle aggregate (55).
SLIPSERS could be integrated with other analytical techniques
such as infrared spectroscopy, fluorescence, absorption spectros-
copy, and photonic crystals (57) to further expand its capabilities
for chemical, biological, and materials analysis. With all of the
capabilities of SLIPSERS, we anticipate that it could be developed
to meet the emerging needs in ultrasensitive biological sensing,
environmental pollution monitoring, food safety evaluation, and
defense applications.

Materials and Methods
SLIPS Preparation. Teflon membranes (200-nm pore size and ∼70 μm in
thickness) were attached on a flat glass slide or a concave glass bowl. Per-
fluorinated fluids (Dupont Krytox GPL 100) serving as lubricating liquids
were then sprayed onto the Teflon membranes or the silanized silica bowl
arrays to form an overcoat. The lubricated sample was then spun at 1,000
rpm for 1 min to remove the excess lubricant.

SERS Measurement. SERS measurement was performed on a WITec confocal
Raman instrument equipped with a 633-nm wavelength laser. We have
performed SERS mapping measurements over an area of 20 × 20 μm on the
Au aggregate by performing a raster laser scan with a detection spot size of
∼1 μm in diameter (SI Appendix, Figs. S9–S16). SERS spectra were extracted
from sample locations with high SERS intensity (i.e., bright spots on the
mapping results). The reproducibility of the SERS measurements was eval-
uated based on more than 20 independent SERS spectra at different analyte
concentrations (SI Appendix, Fig. S9).

Fig. 5. Solid-phase detection of PCBs in contami-
nated soil using SLIPSERS. (A) Using acetone as dis-
persion liquid. PCB molecules can be released from
the soil particulates. (B) Using water as dispersion
liquid. No detectable PCB molecules are released to
the liquid medium. (C) Multiplex SERS detection of
PCB 7, 77, and 209 released from contaminated soil.
(D) Molecular structures of PCB 7, 77, and 209.
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Analyte Detection on SLIPSERS. Organic or aqueous solutions (50 μL, unless
otherwise specified) containing analyte molecules at different concentra-
tions were loaded onto the SLIPSERS platform with a pipette. Ten microliters
of 5 pM Au colloidal solution was injected into a droplet of the analyte
solution and mixed thoroughly.

After all of the solvent evaporated, the analyte and Au particles formed an
aggregate that appeared as a small black dot visible to an unaided eye. SERS
measurements were conducted on this aggregate, which consisted of closely
packed Au nanoparticles and analyte molecules.

Detailed information about fabrication of SLIPS, Au nanoparticles, Ag
octahedrons, and black Si as well as parameters used for SERS measurements
and analyte detection on SLIPSERS can be found in SI Appendix.
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