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ABSTRACT: Many drugs are charged molecules and are weak bases or acids
having counterions. Their binding to biological surfaces is generally difficult to
assess by vibrational spectroscopy. In this work, we demonstrated the potential of
surface-enhanced Raman scattering (SERS) conducted using a polyethylenimine
(PEI)-capped Ag nanoparticle film for the quantification of an electrostatic
adsorption process of charged drug molecules, by using charged dye molecules such
as sulforhodamine B (SRB) and rhodamine-123 (R123) as model drugs. It was
possible to detect small-sized anions such as SCN− at 1 × 10−9 M by SERS because
of the cationic property of PEI. We were subsequently able to detect a prototype
anionic dye molecule, SRB, by SERS at a subnanomolar concentration. On the
other hand, it was difficult to detect cationic dyes such as R123 because of the
electrostatically repulsive interaction with PEI. Nonetheless, we found that even
R123 could be detected at subnanomolar concentrations by SERS by depositing an
anionic polyelectrolyte such as poly(sodium 4-styrenesulfonate) (PSS) and poly(acrylic acid) (PAA) onto the PEI-capped Ag
nanoparticles. Another noteworthy point is that a subnanomolar detection limit can also be achieved by carefully monitoring the
fluorescence background in the measured SERS spectra. This was possible because charged dyes were not in contact with Ag but
formed ion pairs with either PEI or PSS (PAA), allowing metal-enhanced fluorescence (MEF). The PEI-capped Ag nanoparticle
film can thus serve as a useful indicator to detect charged drug molecules by SERS and MEF.
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1. INTRODUCTION

Attraction between unlike charges is a well-established
phenomenon even in biological systems.1,2 Interaction of
drug molecules with the cell membrane surface will thus
primarily be of an electrostatic character because many drugs
are, in fact, charged molecules and are weak bases or acids
having counterions.3−6 However, it is generally difficult to
spectroscopically assess how well drug molecules are bound to
membrane surfaces because of the low signal levels trans-
mitted.7,8 In the case of fluorescent drug molecules, membrane
binding may be monitored and quantified by fluorescence
spectroscopy, but the usual optical and vibrational spectros-
copies cannot be used to analyze the amount of drugs bound to
membranes.9−12 One of our ongoing interests is in the
development of vibrational spectroscopic methods to highlight
the interaction of charged drugs with membranes. Therefore,
we aimed to explore the potential of surface-enhanced Raman
scattering (SERS) as a powerful tool in quantifying such
electrostatic adsorption processes by using charged dyes as
model drugs.
SERS is an abnormal surface optical phenomenon that

produces strong, increased Raman signals for molecules
adsorbed on nanostructured coinage metals.13,14 Recently,

even single-molecule detection by surface-enhanced resonance
Raman scattering (SERRS) has been reported, suggesting that
the enhancement factor can reach up to 1014 or 1015, thus
making the Raman cross sections comparable to the usual cross
sections of fluorescence.14−16 The SERS technique offers many
advantages; for example, it is nondestructive, requires little or
no sample preparation to obtain structural information, and
further allows flexibility in performing measurements in air,
vacuum, or solution media.17−20 Thus, since its discovery in the
late 1970s, SERS has been a subject of great interest in many
areas of science and technology, including chemical anal-
yses.21,22 One drawback of SERS is that the enhancement
properties of a SERS-active surface are highly dependent on its
method of preparation and thus on its detailed nanostruc-
ture.23−25

On the other hand, a dramatic increase in the fluorescence
emission can occur with a nanostructured Ag or Au surface.
The phenomenon, called the surface-enhanced fluorescence
(SEF) or metal-enhanced fluorescence (MEF), derives from the
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interaction of the dipole moment of the fluorophore and the
surface plasmon field of the metal, resulting in an increase in
the radiative decay rate and stronger fluorescence emission.26,27

In effect, within an optimal range of distances separating
molecules from metal, weakly emitting materials (dyes,
proteins, or DNA) with low quantum yields can be transformed
into more efficient fluorophores with a shortening of
fluorescence lifetimes as well. The reduction in fluorescence
lifetimes due to MEF means that molecules spend less time in
the excited state, thus reducing photobleaching effects.28 These
characteristics of the MEF effect therefore can be utilized in the
development of efficient fluorescence-based sensors and
microarrays.28−30

It was recently discovered that polyethylenimine (PEI) can
simultaneously function as a reducing and stabilizing agent to
form amine-functionalized Au and Ag nanoparticles.31,32 The
PEI-capped Au and Ag nanoparticles prepared in an aqueous
phase could be assembled into 2D arrays not only at the
aqueous/toluene interface but also at the inner surface of the
sampling bottle simply by the addition of benzenethiol (BT). A
Au(Ag) nanoparticle film could be separately formed through
brief contact with the mixture on glass slides, inner walls of
capillary tubes, or even on dielectric beads and cotton
fabrics.33−35 This Au(Ag)-coated film was highly SERS-active,
showing intense peaks of BT. BT could be replaced with other
adsorbates by a place-exchange reaction, or more beneficially, it
could be removed from the surface of Au(Ag) while
maintaining the initial SERS activity by treating with a
borohydride solution. PEI is a cationic polyelectrolyte; hence,
the properties of Au or Ag films are similar to a positively
charged membrane. Nonetheless, the actual surface charge
density can vary depending upon the pH of the solution in
contact with the film. Another merit of the PEI-capped Au or
Ag nanoparticle film is that the surface charges can be further
modified with anionic and cationic polyelectrolytes by the layer-
by-layer (LbL) deposition technique.36,37 During LbL deposi-
tion, a suitable substrate is dipped back and forth between
dilute solutions of positively and negatively charged poly-
electrolytes which can also be modified to introduce a wide
variety of functional groups. The LbL approach can therefore
provide a route to tailor the surface characteristics of
nanoparticles and can be used to produce SERS substrates
with potential applications such as sensors for biological
molecules.38−40

In view of the above findings, we examined the characteristics
of PEI-capped Ag films and attempted to improve the
selectivity of SERS substrates for the detection of charged
drug molecules. This report evaluates the SERS and MEF
detection of charged dyes, i.e., sulforhodamine B (SRB) and
rhodamine-123 (R123), by first using a PEI-capped Ag film and
thereafter upon depositing either a strong polyelectrolyte such
as poly(sodium 4-styrenesulfonate) (PSS) or a weak poly-
electrolyte such as poly(acrylic acid) (PAA) onto the PEI-
capped Ag film. Clearly, depending on the assembly conditions
employed, either the Raman signal intensity or the fluorescence
background became distinct, suggesting that the adopted
protocol could enable the design of optimum SERS/MEF
substrates to detect charged drug molecules more efficiently.

2. EXPERIMENTAL PROCEDURES
Chemicals. Silver nitrate (AgNO3, 99.8%), sodium

borohydride (NaBH4, 99%), BT (>99%), SRB (75%), R123
(85%), branched PEI (MW ∼ 25 kDa), PSS (MW ∼ 70 kDa),

PAA (MW ∼ 450 kDa), and silver foil (0.025 mm thickness,
99.9%) were purchased from Aldrich and used as received.
Other chemicals unless specified were of reagent grade, and
highly purified water with a resistivity >18.0 MΩ·cm (Millipore
Milli-Q System) was used for preparing aqueous solutions.

Preparation of PEI-Capped Ag Film. The PEI-stabilized
Ag nanoparticles were prepared by boiling a mixture of 100 mL
of 10 mM AgNO3 and 1 mL of 2% (w/w) PEI for 15 min. The
reacted mixture was centrifuged and decanted, and the
precipitate was washed with copious amounts of deionized
water.32 As determined by transmission electron microscopy
(TEM) analysis, the average size of the Ag nanoparticles was 14
± 6 nm (see Figure S1(a) of the Supporting Information). The
PEI-stabilized Ag nanoparticles were redispersed in water (5
mL), and toluene (2 mL) was subsequently poured over the
aqueous Ag sol. A fairly homogeneous film was formed at the
toluene−water interface by adding 1 mL of BT into the toluene
phase. A large 2D film was also formed on a separate glass
substrate immersed in the mixture (see Figure S1(b) of the
Supporting Information), showing an intense UV−vis
absorption band at ∼650 nm. For depositing Ag on the inner
walls of a capillary (1.1 mm inner diameter × 0.2 mm thickness
× 75 mm length), the mixture was injected using a syringe
through the capillary tube. BT was desorbed from the PEI-
capped Ag nanoparticles without disturbing the SERS activity
of the Ag film, by adding a 0.1 M borohydride solution.34 After
the complete disappearance of the SERS peaks of BT, the PEI-
capped Ag film was washed with copious amounts of ethanol
and then dried with nitrogen.

Instrumentation. The rate of flow through capillary tubes
was controlled using a Sage Instruments model 341 syringe
pump. UV−vis spectra were obtained with a SINCO S-4100
UV−vis absorption spectrometer. TEM images were taken on a
JEM-200CX transmission electron microscope at 200 kV. Field
emission scanning electron microscopy (FE-SEM) images were
obtained with a JSM-6700F field emission scanning electron
microscope operating at 5.0 kV. The zeta potential (ζ) was
measured in water by using an electrophoretic light scattering
spectrophotometer (ELSZ-1000, OTSUKA Electronics Co.
Ltd., Japan): polystyrene (PS, 0.4 μm sized) beads were
modified consecutively with PEI-capped Ag nanoparticles and
PSS or PAA for this measurement. A quartz crystal micro-
balance (QCM) experiment was conducted using a Au-coated,
AT-cut quartz crystal (fundamental resonance frequency, fo =
10 MHz): the apparent area of the electrode was 0.20 cm2.
Raman spectra were obtained using a Renishaw Raman system
model 2000 spectrometer. The 514 nm line from a 20 mW Ar+

laser (Melles−Griot model 351MA520) or the 632.8 nm line
from a 17 mW He/Ne laser (Spectra Physics model 127) was
used as the excitation source. Raman scattering was detected
over 180° with a Peltier-cooled (−70 °C) charge-coupled
device (CCD) camera (400 × 600 pixels). The data acquisition
time was usually 30 s, and the measured intensity was
normalized with respect to that of a silicon wafer at 520 cm−1.

3. RESULTS AND DISCUSSION
SRB (Figure 1(a)) is a negatively charged dye.41 Figure 1(b)
shows the UV−vis absorption spectrum of its aqueous 10−5 M
solution; the absorbance occurred mainly between 460 and 610
nm, and the absorption maximum was observed at 563 nm.
Figures 1(c) and (d) show the normal Raman (NR) spectra of
aqueous 10−5 and 0.1 M solutions of SRB obtained using 514.5
and 632.8 nm as the excitation sources, respectively. As
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expected from the UV−vis absorption spectrum, only a strong
fluorescence background was seen in the NR spectrum
obtained using a 514.5 nm radiation (10−5 M of SRB): no
peak was identifiable even in an expanded spectrum. In the NR
spectrum recorded at 632.8 nm, however, a few bands were
identifiable at least on using a concentrated solution (0.1 M of
SRB). The bands at 1646, 1528, 1508, 1358, and 1282 cm−1

shown in Figure 1(d) (inset) are the characteristic features of
xanthene dyes.
Subsequently, SERS activity of the PEI-capped Ag nano-

particle film was initially evaluated by comparing with a HNO3-
etched Ag foil. The Ag foil that was etched with concentrated
HNO3 for 15 s exhibited a strong SERS activity. The SERS
signal of BT on a PEI-capped Ag film was 5-fold more intense
than that on a HNO3-etched Ag foil (data not shown),
indicating the usefulness of the PEI-capped Ag film as a SERS
substrate. As shown in Figure 2(a), on recording the SERS
spectrum of HNO3-etched Ag foil under the flow of 10−5 M
solution of SRB at a 514.5 nm excitation source, it was difficult
to observe the characteristic peaks of SRB. A similar spectrum
of PEI-capped Ag nanoparticles (Figure 2(b)) coated on a glass
capillary, through which a stream of 10−5 M SRB was passed,
showed the characteristic peaks of SRB. This was as expected
considering that SRB would be present mostly as an anionic
species and PEI would be in a protonated state, thus forming an
ion pair at pH 7, the pH of a 10−5 M solution of SRB. A zeta
potential measurement indicates that the PEI-capped Ag
nanoparticles are positively charged up to +10.2 mV. On the
other hand, it was noted from the open-circuit potential

measurement that the surface of the HNO3-etched Ag foil was
negatively charged; hence, it repelled SRB, resulting in a failure
to generate a Raman signal.42

Previously, Tan et al. reported that positively charged Ag
nanoparticles could be used as an ultrasensitive SERS substrate
for in situ measurements of ClO4

−, SCN−, CN−, and SO4
2− in

water.43 Positively charged Ag nanoparticles were first
produced by UV-assisted reduction of AgNO3 by using
branched PEI and 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) solutions as reducing agents, and then,
they were slowly poured into a glass cell for use as SERS
substrates. The detection limit of SCN−, for instance, was
reported to be as low as 1.7 × 10−8 M (1 ppb); such ultrahigh
sensitivity was possible because of the synergistic effect of the
primary amino groups, which facilitated electrostatic attraction
of anions, and the amide groups, which promoted anion
attraction by hydrogen bonding and dispersion interactions,
formed by the UV irradiation of PEI. Similar work using
charged Au nanoparticles to relate SERS to electrostatic field
force was reported by Sarkar et al.44 For comparison, the
detection limit of our PEI-capped Ag film was measured for
SCN−, and it was estimated to be as low as 1.0 × 10−9 M (see
Figure S2 of the Supporting Information). This value is of the
order of a magnitude lower than that reported previously. The
PEI-capped Ag film consisted of aggregated Ag nanoparticles;
hence, its SERS activity must be greater than that of Ag
nanoparticles simply piled onto a solid substrate. The PEIs in
the film must also contain amino and amide groups, owing to
their reductive action, to produce Ag nanoparticles. It has been
previously established that anionic polyelectrolytes such as PAA
could be easily deposited, by an LbL method, onto the PEI-
capped Ag film, indicating that the surface charge of the Ag film
should be highly positive.
The net cationic charge of PEI, as well as the net anionic

charge of SRB, depends on the pH of the solution.36,45 On
lowering the solution pH, the net cationic charge of PEI
increases, whereas the net anionic charge of SRB decreases. The
electrostatic attraction between PEI and SRB is thus dependent
on the pH of the solution. Figure 3(a) shows a series of Raman
spectra recorded in a stream of 10−7 M aqueous solution of
SRB at varying pH from 1 to 10 through a glass capillary coated
with PEI-capped Ag nanoparticles. All the spectra were
obtained using 514.5 nm as the excitation source. In this
measurement, the pH was adjusted using either HCl or NaOH.

Figure 1. (a) Structure of SRB. (b) UV−vis absorption spectrum of
10−5 M aqueous solution of SRB. NR spectra of (c) 10−5 M and (d)
0.1 M aqueous solution of SRB measured using 514.5 and 632.8 nm
excitation sources, respectively. The inset in (d) shows the magnified
spectrum in the 1800−1200 cm−1 region.

Figure 2. SERS spectrum of 10−5 M aqueous solution SRB measured
using (a) a HNO3-etched Ag foil and (b) a PEI-capped Ag
nanoparticle film as the SERS substrate: a 514.5 nm excitation source
was used.
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As observed from Figure 3(b), the band intensity of the
xanthene rings mode at ∼1650 cm−1 is plotted against the
solution pH, and the most intense Raman spectrum was seen at
approximately pH 4. This finding implies that at an even lower
pH, SRB would be present in a neutral form due to
protonation, but at a higher pH, PEI would gradually get
neutralized. The infeasible attraction at pH values lower and
higher than 4 is also evident from the fluorescence backgrounds
in Figure 3(a). SRB is not in contact with Ag but forms an ion
pair with PEI; hence, the fluorescence signal of SRB can be
enhanced by increasing the interaction with the PEI-capped Ag
nanoparticles. As shown in Figure 3(c), a graph of the
background fluorescence intensity (recorded at 2500 cm−1)
versus the pH of the solution shows the strongest fluorescence
at pH 4; this finding is consistent with the Raman signal data.
Subsequently, we examined the efficacy of detection of the

Raman signal of SRB using the PEI-capped Ag nanoparticle
film. Figure 4(a) displays a series of Raman spectra measured
under the flow of 10−10 ∼ 10−5 M aqueous solutions of SRB
through a glass capillary coated with PEI-capped Ag nano-
particles at pH 4. Again, all the spectra were obtained using a
514.5 nm radiation as the excitation source. The band intensity
of the xanthene ring mode at ∼1650 cm−1 versus the
concentration of SRB is illustrated in Figure 4(b). On the
other hand, Figure 4(c) shows the intensity of the background
fluorescence from Figure 4(a) versus the concentration of SRB.
The normalized Raman intensity, as well as the fluorescence
intensity, shows a sigmoidal change with the logarithm of the
SRB concentration, corresponding to a Frumkin adsorption
isotherm.46,47 The Raman signal of SRB at 10−10 M is more
than 3-fold greater than the noise level (see the expanded inset
of Figure 4(a)), indicating a high probability of detecting
subnanomolar concentrations of SRB by Raman spectroscopy
using the PEI-capped Ag nanoparticle film as the SERS
substrate.
For their normal lifespan, most cells need moderately narrow

limits of pH around 7. The interaction of drugs with model

membranes at neutral pH will then be worth studying. As noted
above, the ion-pair formation of PEI with SRB is less likely at
pH 7 than that at pH 4. This is evident from a series of Raman
spectra (Figure 5(a)) measured under the flow of 10−10 ∼ 10−5

M aqueous solutions of SRB at pH 7 through a glass capillary
coated with PEI-capped Ag nanoparticles by using 514.5 nm as
the excitation source. Although the peak intensities were
reduced in comparison to those obtained at pH 4, as shown in
Figure 4(a), the Raman peaks of SRB as well as their
background fluorescence were distinguishable at subnanomolar

Figure 3. (a) Series of SERS spectra obtained under the flow of 10−7

M aqueous solution of SRB at varying pH from 1 to 10 through a PEI-
capped Ag capillary tube. The flow rate was 0.19 mL/min. (b) The
peak intensity of the xanthene ring mode at 1650 cm−1 plotted against
the pH of the solution in (a). (c) Intensity of the background
fluorescence at 2500 cm−1 in (a) plotted against the pH of the
solution. For (b) and (c), the error bars indicate the average and
standard deviation of 10 different measurements.

Figure 4. (a) Series of Raman spectra obtained under the flow of 10−5

∼ 10−10 M aqueous solutions of SRB at pH 4 through a glass capillary
coated with PEI-capped Ag nanoparticles. All spectra were obtained
using a 514.5 nm radiation as the excitation source. The inset shows
the expanded spectrum obtained at 10−10 M of SRB. (b) The peak
intensity of the xanthene ring mode at 1650 cm−1 in (a) plotted
against the SRB concentration. (c) The intensity of the background
fluorescence at 2500 cm−1 in (a) plotted against the SRB
concentration. For (b) and (c), the error bars indicate the average
and standard deviation of 10 different measurements.

Figure 5. (a) Series of Raman spectra obtained under the flow of 10−5

∼ 10−10 M aqueous solutions of SRB at pH 7 through a glass capillary
coated with PEI-capped Ag nanoparticles; all spectra obtained using a
514.5 nm radiation as the excitation source. (b) The peak intensity of
the xanthene ring mode at 1650 cm−1 and (c) the intensity of the
background fluorescence at 2500 cm−1 in (a) plotted against the SRB
concentration. For (b) and (c), the error bars indicate the average and
standard deviation of 10 different measurements.
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concentrations. The Raman intensity and the background
fluorescence plotted against the logarithm of SRB concen-
tration are shown in Figures 5(b) and (c), respectively.
Although the absolute values in the ordinates are smaller than
those in Figures 4(b) and (c), sigmoidal variations were again
observed, and the detection limit of SRB at pH 7 appears
comparable to that at pH 4, illustrating the usefulness of the
PEI-capped Ag nanoparticle film in the detection of anionic
drugs by SERS.
It is difficult to detect the presence of cationic drugs by using

PEI-capped Ag nanoparticles: in this work, we assumed R123 as
a model cationic drug. Its structure and UV−vis absorption
spectrum of 10−5 M aqueous solution are shown in Figures
6(a) and (b), respectively. The absorption occurred mainly

between 420 and 550 nm, with the absorption maximum
observed at 500 nm. The NR spectra of 10−5 and 0.1 M
aqueous solutions of R123 obtained using 514.5 and 632.8 nm
radiations as the excitation sources, respectively, are shown in
Figures S3(a) and (b) of the Supporting Information. As
anticipated from the UV−vis absorption spectrum, only strong
background fluorescence was observed in the NR spectrum by
using a 514.5 nm excitation source (10−5 M of R123); however,
several peaks were seen in the NR spectrum obtained at 632.8
nm, especially for a concentrated solution (0.1 M of R123). As
mentioned earlier, the peaks at 1643, 1568, 1505, 1369, and
1187 cm−1 in the inset of Figure S3(b) of the Supporting
Information are characteristic of xanthene dyes,48,49 and the
HNO3-etched Ag foil attracted R123 because of its negative
charge. This finding was confirmed from the Raman spectrum

(Figure 6(c)) of a soaking Ag foil in 10−5 M aqueous solution
of R123 obtained using a 514.5 nm source. No distinguishable
peak was detected, as expected, when R123 solution was passed
through a glass capillary coated with PEI-capped Ag nano-
particles (data not shown).
To identify R123 by using a PEI-capped Ag nanoparticle film,

it is necessary to deposit an anionic polyelectrolyte onto PEI. In
the case of Ag nanoparticles that are highly SERS active, the
adsorption of R123 even onto the anionic polyelectrolyte
would be detectible because of electromagnetic enhancement.
Furthermore, the fluorescence signal of R123 was expected to
increase markedly with an increase in the gap between Ag and
R123 up to some distance. Two different anionic polyelec-
trolytes were used in this work: PAA, a weak polyelectrolyte,
and PSS, a strong polyelectrolyte.50 A 10−3 M aqueous solution
of PAA or PSS was injected into a glass capillary previously
coated with PEI-capped Ag nanoparticles, and it was allowed to
stand for 30 min before blowing out the remaining solution.
The glass capillary thus contained either PAA/PEI- or PSS/
PEI-capped Ag nanoparticles. However, the net cationic charge
of R123 as well as the net anionic charge of PAA/PEI or PSS/
PEI were dependent on the pH of the solution. Considering the
importance of neutral pH in living systems, we measured the
Raman spectra mainly at pH 7 under a flowing solution of R123
through a glass capillary coated with PAA/PEI- or PSS/PEI-
capped Ag nanoparticles: The zeta potentials of PSS/PEI- and
PAA/PEI-capped Ag nanoparticles at neutral pH were
measured to be −35.4 and −17.6 mV, respectively. To estimate
the amount of R123 dyes being adsorbed onto the anionic
polyelectrolyte-coated Ag nanoparticles, a QCM experiment
was conducted. A polyelectrolyte (PSS or PAA)-coated Au
electrode was fixed onto a crystal holder using a conductive
adhesive, and the holder was fastened onto the QCM cell
through the Kalez O-rings. Pure water was first added into the
QCM cell and left to stabilize, after which 10−7 M aqueous
solution of R123 was injected into the cell, monitoring the
frequency change as a function of time. As shown in Figure S4
of the Supporting Information, the QCM frequency decreased
abruptly by as much as 2−15 Hz. According to the Sauerbrey
equation (Δm = −0.884Δf ng/Hz),51 the measured frequency
change (Δf) corresponded to the adsorption of 1.32 × 10−8 and
1.77 × 10−9 g (Δm) of R123 onto the surfaces of PSS and PAA,
respectively. Considering the apparent area of the QCM
electrode, the number of R123 molecules bound per 1 μm2 of
PSS and PAA will then be 1.05 × 106 and 1.40 × 105,
respectively. Consulting the data in Figure 7(d), those numbers
of R123 molecules can readily be identified by SERS.
The Raman spectra measured as a function of R123

concentration (10−10 ∼ 10−5 M) by using a capillary coated
with PAA/PEI-capped Ag nanoparticles is shown in Figure
7(a). A 514.5 nm radiation was used as the excitation source;
hence, the Raman spectra must be SERRS spectra because of
which the Raman peaks could be identified even at
subnanomolar concentrations, even though most R123
molecules may be far from the Ag nanoparticles. The
normalized Raman intensity of the xanthene mode at ∼1650
cm−1 plotted against the R123 concentration is displayed in
Figure 7(b). Here as well, sigmoidal variation was obtained,
indicating a Frumkin-type adsorption isotherm. A similar result
could be obtained using a capillary coated with PSS/PEI-
capped Ag nanoparticles (Figure 7(c)) for Raman spectra
measured using a PSS/PEI-capped Ag nanoparticle film. The
Raman signal in Figure 7(c) is of the order of a magnitude

Figure 6. (a) Structure of R123. (b) UV−vis absorption spectrum of
10−5 M aqueous solution of R123. (c) SERS spectrum of aqueous 10−5

M solution of R123 measured during the flow over a HNO3-etched Ag
foil; a 514.5 nm radiation was used as the excitation source.
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stronger than that in Figure 7(a), which could be explained by
presuming that the net anionic charge of the PSS/PEI-capped
Ag film would be larger than that of the PAA/PEI-capped Ag
film. This may be attributed to the strong polyelectrolyte nature
of PSS. A more intense Raman signal is more evident from
Figure 7(d) in which the xanthene band intensity at ∼1650
cm−1 is plotted against the R123 concentration. The interaction
of R123 with the anionic polyelectrolytes was also confirmed
from the background fluorescence as observed from Figures
S5(a) and (b) of the Supporting Information in which the
background fluorescence intensities from Figures 7(a) and (c),
respectively, are plotted against the concentration of R123.
Thus, undoubtedly, cationic drug molecules can also be
detected by Raman spectroscopy using a PEI-capped Ag
nanoparticle film as the SERS substrate.

4. CONCLUSIONS

PEI can function simultaneously as a reducing and stabilizing
agent to form amine-functionalized Ag nanoparticles, which can
further be fabricated into a 2D film not only onto a glass slide
but also onto the inner surface of a glass capillary. It is known
that PEI is a cationic polyelectrolyte; therefore, we attempted to
demonstrate the usefulness of the PEI-capped Ag nanoparticle
film, especially in detecting charged dye molecules by SERS and
MEF phenomena. In this light, 14 nm sized, PEI-capped Ag
nanoparticles were first produced in an aqueous solution and
further fabricated into a PEI-capped, aggregated 2D film. The
SERS activity of the PEI-capped Ag nanoparticle film, tested
using a prototype organic thiol such as BT, was 5-fold greater
than that of a HNO3-etched Ag foil, and it was possible to
detect small-sized anions such as SCN− at 1 × 10−9 M by SERS,
suggesting that the PEI-capped Ag film is useful at least in the
detection of anionic dye molecules. In fact, we were able to
detect a prototype anionic dye molecule, SRB, not only by

SERS but also by MEF at subnanomolar concentrations. pH 4
was optimum for detecting SRB, but a subnanomolar detection
limit was achieved even at pH 7. On the other hand, it was
difficult to detect cationic dyes such as R123 because of the
positive charges of PEI; nonetheless, we found that even R123
could be detected at subnanomolar concentrations not only by
SERS but also by MEF, by deposition of an anionic
polyelectrolyte such as PSS and PAA onto the PEI-capped
Ag nanoparticles. The strong MEF signals observed clearly
indicated that SRB and R123 were not in contact with Ag but
formed ion pairs with either PEI or PSS (PAA). In line with this
finding, the SERS signal of R123 and SRB measured could be
associated with the strong electromagnetic enhancement effect
of the aggregated Ag nanoparticles. Therefore, the PEI-capped
Ag nanoparticle film serves as a useful indicator to detect
charged drug molecules by SERS and MEF.
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peak intensity of the xanthene ring mode at 1650 cm−1 in (a) and (d) that in (c), drawn against the R123 concentration. For (b) and (d), the error
bars indicate the average and standard deviation of 10 different measurements.
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