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Abstract A highly sensitive surface enhanced Raman scat-
tering (SERS) substrate with particle-film sandwich geometry
has been developed for the label free detection of folic acid
(FA) and methotrexate (MTX). In this sandwich structure, the
bottom layer is composed of a copper foil decorated with
silver nanoparticles synthesized by the galvanic displacement
reaction, and top layer is constituted by silver nanoparticles.
The FA and MTX molecules are sandwiched between the
silver nanoparticles decorated copper film and the silver nano-
particles. The plasmonic coupling between the two layers of
the sandwich structure greatly enhances the SERS spectra of
FA and MTX. SERS activity of the substrate was studied and
optimized by adjusting the time of galvanic displacement
reaction. The SERS spectra of the FA and MTX showed the
minimum detection concentration of 100 pM. The identifica-
tion of methotrexate and folic acid analogs was also carried
out by SERS spectra analysis.

Keywords SurfaceenhancedRamanscattering(SERS) .Folic
acid .Methotrexate

1 Introduction

Folic acid (FA) is a pterin-based B vitamin which plays a key
role in biosynthetic processes. Folic acid facilitates the transfer

of one-carbon units from donor molecules into biosynthetic
pathways leading to methionine, purine and pyrimidine bio-
synthesis (Lucock 2000). In recent studies, FA is also found to
be a promising agent for tumor targeting and antitumor drug
delivery (Sahu et al. 2010; Wang et al. 2011; Zhang et al.
2010). Methotrexate (MTX) works by blocking some of the
side effects of FA. As an analog of FA, MTX is widely used
for the treatment of various malignancies, including osteosar-
coma, lymphomas, breast cancer, leukemia and autoimmune
diseases (Treon and Chabner 1996; Storb et al. 1986; Burak
et al. 1998; Bonadonna et al. 1995). In clinical settings, high-
dosage methotrexate therapy requires careful monitoring of
the drug in serum to ensure minimal toxic effects. In addition,
FA deficiency may cause side effects such as mouth sores as
well as stomach and liver problems, and these side effects
sometimes cause patients to stop takingMTX, which will lead
to discontinued treatment (Shea et al. 2013). Patients who are
being treated with MTX may be asked to take FA tablets to
reduce these unwanted side-effects. FA supplementation has
been approved to reduce the toxicity of MTX on blood cells,
the gastrointestinal tract and the liver (Prey and Paul 2009).
Determining the contents of FA andMTX is critical tomedical
diagnosis. Various analytical techniques have been used for
the detection of FA or MTX, such as UVabsorption spectros-
copy, electrophoresis combined laser-induced fluorescence
detection (Roach et al. 1988) and high-performance liquid
chromatography (HPLC). Similarity in appearance as well as
physical and chemical properties between FA and MTX
makes it difficult to distinguish FA fromMTX simultaneously
by using the above techniques. Currently, the identification of
FA and MTXwas realized by mass spectrometry (Hignite and
Azarnoff 1978). However, mass spectrometry is relatively
time-consuming with low sensitivity.

In recent years, surface enhanced Raman scattering (SERS)
spectroscopy has attracted considerable interest in biomole-
cule detection. As one of the most sensitive analytical tech-
niques for identification of molecular species, SERS has the
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potential to monitor and quantify biomolecules down to the
single molecule level. In order to improve the limit of detec-
tion (LOD) of the SERS signal, recently, the galvanic dis-
placement reaction has received increasing attention as a
simple method to synthesize metal nanoparticle decorated
substrates for SERS detection (Gutes et al. 2010; Wang et al.
2009; Lai et al. 2011; Betz et al. 2012). In these cases, the
metal decorated substrates are the only enhanced media for
SERS enhancement; therefore, the local plasmonic coupling
between the nanoparticles is restricted to the 2-D domain.
Herein, we propose a label free sandwich detection strategy
that yields a significant improvement in detection capabilities.
We introduce silver nanoparticles onto the silver particle dec-
orated film to further improve the SERS signals of FA and
MTX. To evaluate the Raman enhancement of the sandwich
substrate, we compared the 3-D sandwich substrate with the
bottom silver nanoparticle decorated substrate and pure silver
nanoparticles which is a 2-D substrate. The SERS-based
sandwich structure has been widely used in immunoassays,
in which the Raman reporters with large Raman cross-sections
are introduced into the nanoparticles (Song et al. 2009; Guven
et al. 2011; Li et al. 2012; Grubisha et al. 2003). Most of the
sandwich substrates use “Raman reporters” to label the target
agents. In our sandwich structure, there are no “Raman re-
porters” introduced, so it can achieve sensitive label free
detection of biomolecules. Compared with the single sub-
strate, the sandwich SERS substrate enables strong plasmonic
coupling between the bottom substrate and the top silver
nanoparticles, which provides higher sensitivity.

2 Materials and methods

Folic acid (FA), Methotrexate (MTX), silver nitrate (AgNO3),
bovine serum albumin (BSA), and sodium citrate were pur-
chased from sigma-Aldrich. Copper foils were purchased
from Alfa Aesar. Water used in the experiments was ultra-
pure deionized (DI) water with resistance 18.1 MΩ ·cm−1.

The silver nanoparticles were synthesized using the citrate-
reduction method described by Lee and Meisel (Lee and
Meisel 1982). The greenish yellow silver colloids were stored
in the dark until used.

A simple way to prepare a uniform substrate with very high
SERS activity was developed. The copper foils with natural
oxidization were first cut into pieces of 1.5 cm×2.0 cm and
washed consecutively with acetone, ethanol and DI water to
remove the organic impurities. Then the silver nanoparticles
were deposited onto the copper foils by the galvanic displace-
ment reaction. Briefly, the copper foils were immersed in a
1 mM AgNO3 aqueous solution at room temperature. During
this process, the silver ions from the solution were reduced by
copper atoms on the surfaces of the copper foils. The contin-
uous reduction process leads to the deposition of silver atoms

onto copper foil surface, and silver nanoparticles were formed.
The density of silver nanoparticles on copper foil was depen-
dent on the reaction time of copper foil in AgNO3 solution.
Different reaction time varies from 10 min to 60 min and was
carried out to optimize the density of the silver nanoparticles
on copper foil. Afterwards, the resultant SERS substrates were
rinsed with DI water and dried with a gentle flow of nitrogen.

The SERS spectra were measured at 532 nm excitation
using the E-Z Raman spectroscopy system. The Raman scat-
tering light was recorded with a 20× microscope objective.
The instrument was calibrated with a signal from a silicon
standard at 520 cm−1. FA/MTX in water solution or BSA
solution was added into silver nanoparticles with concentra-
tions ranging from 1.0×10−6 M to 1.0×10−10 M. For SERS
measurement, 2 μL of the FA or MTX/Ag complex were
dropped onto the two SERS substrates. For each sample, 6
spectra from different positions of the substrate within the
droplet were collected to obtain the averaged spectra. All the
SERS measurements were performed with a 10 s integration
time.

The extinction spectra were collected using a Shimadzu
model UV2600 scanning spectrophotometer over the range
from 300 nm to 800 nm. The silver nanoparticles were loaded
into a 1 cm quartz cell for measurements. The morphology
and microstructure of the SERS substrates were obtained
using a JSM-6510LVscanning electron microscope (SEM).

3 Results and discussion

Figure 1 shows the schematic diagram of the sandwich sub-
strate. The FA and MTX samples were mixed with silver
nanoparticles and then dropped onto the silver nanoparticle
decorated copper foil. The FA and MTXmolecules would not
introduce serious aggregations of silver nanoparticles. As
shown in UV-vis spectra of silver nanoparticles and the FA/
MTX mixed silver nanoparticles in Figure S1, silver nanopar-
ticles exhibited a surface plasma resonance (SPR) band at
409 nm. There was no significant shift in SPR band after the
addition of FA/MTX. A tiny shift of the SPR band (2 nm) was
observed due to the change in the dielectric constant of the
silver nanoparticles, which can be taken as an indication that
the silver nanoparticles did not aggregate.

In previous studies, many researchers have reported detect-
ing sensitive biomolecules via solid SERS substrates (Song
et al. 2009; Alvarez-Puebla et al. 2012). Among these sub-
strates, most are based on the self-assembly of silver or gold
nanoparticles on glass substrates (Lu et al. 2005; Chumanov
et al. 1995). The procedures of manufacturing those substrates
are complicated and time-consuming. On the other hand, the
substrate based on a galvanic displacement reaction between
silver ion and copper is simple. The reaction time determines
the density of the silver nanoparticles. To the best of our
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knowledge, there have been limited studies on SERS intensity
dependence on the density of silver nanoparticles by galvanic
displacement reaction.

To optimize the SERS enhancement of the SERS sub-
strates, the copper foils were immersed into the AgNO3 solu-
tion for different reaction times. Scanning Electron Micro-
scope (SEM) was utilized to characterize the morphology
and the density of silver particles on the SERS substrates with
different reaction time. As shown in Fig. 2, pure copper foil
showed a smooth surface, and the silver particles grew very
quickly in the presence of AgNO3 solution. After a 10-min
reaction, the copper foil was covered with a few silver nano-
particle clusters. The number and diameter of the silver parti-
cles increased with the reaction time as shown in Fig. 2e-f.
After 30 min, the silver nanoparticles grown on copper foil
had uniform size (100–150 nm) and distribution (Fig. 2g-h).
Longer reaction time led to over-sized silver nanoparticles and
aggregated silver nanoparticles on copper foil, as shown in
Fig. 2i-j. SERS signals are enormously enhanced when the
analytes are localized at a hot junction spot between closely-
coupled nanoparticles (Qian and Nie 2008; Camden et al.
2008). Abundant “hot spots” were formed at the junctions of
the silver nanoparticles, which provides huge SERS enhance-
ment for the substrate. On the other hand, larger nanoparticle
aggregates were formed which may block the “hot spots”.

To investigate the SERS activity of these silver decorated
copper substrates, the SERS performance of FA with silver
nanoparticles was measured. As shown in Fig. 2k-l, the spec-
tra of FA at a concentration of 1.0×10−6 M from substrates
with different reaction times clearly exhibit characteristic
peaks of FA molecules at 991 cm−1, 1,201 cm−1,
1,343 cm−1, 1,400 cm−1, 1,502 cm−1, and 1,594 cm−1, respec-
tively. The intensity of the SERS signals increased with the
reaction time from 0 min to 30 min. The SERS substrate with
a reaction time of 30 min exhibited the maximum intensity of
FA SERS signals. From the results, the SERS performances
were found consistent with the morphology and the density of
silver particles on the SERS substrates as shown in Fig. 2a-j.
The low-density substrates lacked effective “hot spots”, and
the aggregates on high-density substrates may block the “hot

spots”. Based on these results, the optimized substrate with a
reaction time of 30min was chosen for future SERS detection.

The optimized silver nanoparticle decorated copper foil
shows strong SERS enhancement of FA. Moreover, silver
nanoparticles were incorporated onto the silver particle deco-
rated film to further improve the SERS signals of FA. To
evaluate the Raman enhancement of the sandwich substrate,
we compared the SERS signals of FA from the sandwich
substrate with the signals from bottom silver nanoparticle
decorated substrate and pure silver nanoparticles. In Fig. 3,
we observed that the sandwich structure exhibited stronger
Raman enhancing ability compared to the pure silver nano-
particle and the silver nanoparticles decorated copper foil
substrate. The SERS intensity of the FA on sandwich sub-
strates was more than 10 times higher than the intensities of
FA on the bottom silver substrate and silver nanoparticles. The
results indicate the strong plasmonic coupling between the
bottom substrate and the top silver nanoparticles, which will
greatly increase the SERS intensity (Halas et al. 2011).

FA and MTX are analogues with very similar chemical
structures. It is very challenging to identify the two molecules
simultaneously. Thanks to the unique signatures of SERS
spectra, the two analogues can be identified using SERS
spectroscopy. The SERS spectra of FA and MTX were re-
corded under identical conditions as shown in Fig. 4a. The
discrimination of these two molecules is clearly demonstrated,
which would be difficult to distinguish by other methods, such
as fluorescent spectroscopy and absorption spectroscopy.

The characteristic Raman bands of FA and MTX were
confirmed according to previous studies (Stokes et al. 2008;
Ren et al. 2011; Ozaki et al. 1981; Saperstein et al. 1978; Durig
et al. 1980). As shown in Fig. 4a, FA and MTX had some
Raman bands in common, such as the band at 1,201 cm−1 and
the most prominent band at 1,594 cm−1. Meanwhile, FA and
MTX exhibited plenty of different Raman characteristic bands.
These characteristic peaks provided the information of the
molecules that could be utilized to distinguish FA from MTX.
MTX showed its characteristic Raman bands at 715 cm−1,
974 cm−1, 1,275 cm−1, 1,360 cm−1, 1,528 cm−1, and
1,563 cm−1, while FA exhibited its characteristic Raman bands
at 693 cm−1, 991 cm−1, 1,181 cm−1, 1,343 cm−1, 1,400 cm−1,
and 1,502 cm−1. Considering the peak intensity and position,
the characteristic Raman bands at 1,502 cm−1 and 1,563 cm−1

were chosen as the Raman label of FA and MTX, respectively.
To validate the identification ability of SERS, FA (1.0×

10−6 M) and MTX (1.0×10−6 M) were mixed at different
molar ratios. The SERS spectra of these mixture solutions
are shown in Fig. 4b. The result demonstrated that FA exhib-
ited a stronger SERS signal than MTX. When FA and MTX
were mixed at a mole ratio of 1:1, the SERS spectra of the
mixture looked like the spectra of FA. It was observed that
when the ratio of FA: MTX was increased to 1:10, the bands
of MTX at 974 cm−1, 1,360 cm−1 and 1,563 cm−1 started to

Fig. 1 A schematic view of the sandwich substrate
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appear. As the increase of MTX, the SERS intensities of the
bands at 974 cm−1, 1,360 cm−1 and 1,563 cm−1 kept increas-
ing. The characteristic bands ofMTX at 974 cm−1, 1,360 cm−1

and 1,563 cm−1 can be used as the characteristic bands of
MTX.

The SERS sensitivity of the sandwich substrate was quan-
tified. SERS substrate with a reaction time of 30 min with
AgNO3 solution was exposed to different concentrations of
FA, and their SERS spectra were measured as shown in
Fig. 5a-b. The concentration of FA in water solution was
tested from 1.0 μM to 100 pM. The detection limit of the
SERS substrate for FA was determined 100 pM. As the
concentrations of FA decreased, the SERS signals of FA

decreased. The LOD of FAwas 100 pM. The SERS substrates
also showed the sensitive SERS sensing ability of MTX. As
shown in Fig. 5c-d, the SERS signals of MTX decreased with
the decrease of MTX and the LOD of MTX was 100 pM. To
apply the SERS substrate to more practical applications, we
tested the FA in PBS buffer with 1 % BSA. The LOD of FA in
BSA solution was 1 nM (Figure S2). The reduced SERS
sensitivity was probably due to the aggregation of silver
nanoparticles in the presence of ions in buffer, including
chloride and phosphate ions.

Previous studies showed successful applications of SERS-
based FA sensing. Graham et al. developed a SERS-based FA
detection by using ethylene-diaminetetraacetic acid (EDTA)

Fig. 2 SEM images of SERS substrates with different reaction time: (a, b) 0 min; (c, d) 10 min, (e, f) 20 min, (g, h) 30 min and (i, j) 60 min. The scale
bars are 1 μm. The SERS spectra of FA at the concentration of 1.0×10–6 M (k) on the above substrates and (l) the corresponding SERS intensities

Fig. 3 SERS spectra (a) and the corresponding intensities (b) of FA on different substrates
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reduced silver nanoparticles, and the limit of detection (LOD)
was 18 nM (Stokes et al. 2008). Ren et al. reported a self-
assemble graphene oxide/Ag hybrid substrate for ultrasensi-
tive SERS detection of FA in both water and human serum
with a minimum-detected concentration up to 9 nM (Ren et al.
2011). These methods suffer from high LOD or a complicated

fabrication process. A sensitive SERS substrate with a simple
fabrication process is still a challenge. More important, al-
though there is an urgent demand for detecting FA and MTX
simultaneously, to our knowledge, however, SERS-based
MTX detection has not yet been reported. Our previous study
proved that SERS has significant advantages with multiplex

Fig. 4 Characteristic Raman peaks of FA andMTX (a); SERS spectra of FA andMTX as well as mixtures of FA andMTXwith different mole ratios (b)

Fig. 5 SERS spectra of FA (a) andMTX (c) with different concentrations on sandwich substrate, b and d are the zoom out figures of FA andMTX at low
concentrations, respectively
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drug detection due to the narrow emission bands (Yang et al.
2012). The SERS spectra of both FA and MTX showed the
minimum detection concentration of 100 pM. To the best of
our knowledge, it is the most sensitive detection of FA and
MTX based on SERS.

In this paper we developed a simple and high-efficiency
sandwich SERS substrate for ultra-sensitive FA and MTX
sensing. The sandwich structure takes full advantage of the
plasmonic coupling between the top silver nanoparticles and
the bottom substrates. The morphology of the sandwich sub-
strates is optimized to obtain the greatest SERS performance.
Our substrates have several advantages, including (1) it is very
easy to synthesize at a low cost, (2) the size of the silver
nanoparticles can be controlled by reaction time, and (3) the
“hotspots” form aggregates that can provide high Raman
enhancement. The LOD of FA and MTX can reach as low
as 100 pM, which is the lowest LOD when compared to
previous studies. The SERS spectra of FA, MTX and their
mixtures with different mole ratios exhibit the potential to
identify MTX from its analog, FA.
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