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1 Introduction

ABSTRACT

We report the first attempt of using molecularly imprinted polymers (MIPs) in
the shape of nanoparticles that were doped with gold nanoparticles (AuNPs)
for surface enhanced Raman scattering (SERS)-based sensing of molecular species.
Specifically, AuNPs doped molecularly imprinted nano-spheres (AuNPs@nanoMIPs)
were synthesized by one-pot precipitation polymerization using Sudan IV as
the template for the SERS sensing. The AuNPs@nanoMIPs were characterized
by various modes of scanning transmission electron microscopy (STEM) that
showed the exact location of the AuNPs inside the MIP particles. The effects
of Au concentration and solution stirring on the shape and the polydispersity of
the particles were studied. Significant enhancement of the Raman signals was
observed only when the MIP particles were doped with the AuNPs. The SERS
signal improved significantly with increase in the Au concentration inside
the AuNPs@nanoMIPs. Selectivity measurements of the Sudan IV imprinted
AuNPs@nanoMIPs carried out with different Sudan derivatives showed high
selectivity of the AuNPs-doped MIP particles.

The main advantages of MIPs as compared to the
biological systems are their ease of formation, low-cost,

One of the most important tools studied and developed
for high selectivity sensing is molecularly imprinted
polymers (MIPs), since they are tailor-made synthetic
receptors that mimic biological systems, such as enzymes
or antigens. The MIP is a 3D polymeric network
with specific binding sites obtained by copolymerizing
functional monomers and a cross-linker in the presence
of a template molecule [1-3]. The latter is removed to
form cavities that exhibit high affinity towards the
template.
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high stability, and the large collection of available
monomers. On the other hand, the predominant
disadvantage of MIPs is the sluggish kinetics of binding,
i.e., the ingress and the egress of the target into and
out of the recognition sites. This is due to the rigid
cross-linked MIP network that retards the diffusion
through the MIP matrix. This limitation can be
addressed by synthesizing MIPs as particles instead
of continuous films, which increases their surface
area significantly. Furthermore, the fabrication of
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nanostructured MIPs (nanoMIPs) enables their easier
dispersion and attachment to nanometric patterns in
various devices (e.g., sensors) [4].

Owing to their special characteristics, nanoMIPs have
been integrated as receptors in a variety of chemical
sensors based on three types of transducers namely,
electrochemical (e.g., potentiometry [5], impedance
[6], and voltammetry [7]), mass-sensitive (e.g., quartz
crystal microbalance (QCM) [8]), and optical (e.g.,
luminescence [9], surface plasmon resonance (SPR) [10],
and surface enhanced Raman scattering (SERS) [11]),
where detection limits as low as few fM were reported
[12]. Gold nanoparticles (AuNPs) are among the nano-
materials which are ideal photothermal mediators
for SPR excitations [13]. The local field that is created
due to the AuNPs polarizes the molecules in the vicinity
of the AuNPs, which enhances the Raman signals by
several orders of magnitude [14].

Recently two approaches have been used to embed
AuNPs in the MIPs. The most common method involves
the incorporation of the AuNPs in continuous thin
films, i.e., AuNPs@MIPs. The purpose of introducing
the AuNPs into the MIPs is to increase their con-
ductivity as the doping can facilitate electron transfer,
increase the electrode specific area, and catalyze the
electrochemical reactions [14]. Hence, most of the
previously reported studies are based on electrochemical
detection [15-18]. Electropolymerized AuNPs@MIP
films have also been combined with QCM [19] and
applied for volatile analytes in the gaseous phase [20].
Optical sensing by SERS and SPR using AuNPs@MIP
films has also been reported [21, 22].

The second embedding method is based on doping
of colloidal (mostly micron size) MIPs with the AuNPs.
These particulate composites are usually in the form
of microgels or core-shell structures [23-26] and are
typically applied by attaching them onto thin films.

To the best of our knowledge, only two studies that
utilize dispersed MIPs doped with AuNPs for optical
sensing have been previously reported. Both studies
use core-shell structure. Bompart et al. [27] prepared
submicron core-shell MIP by coating the polymeric
particles with the AuNPs, which were further covered
by a thin MIP film. The Au clusters acted as antennae
and facilitated the SERS measurement of the target
molecule, (S)-propranolol, with three orders of magni-
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tude higher sensitivity compared to the measurements
using undoped MIPs. They were the first to apply
SERS for target detection using a single MIP core-
shell particle. Later, Xue et al. [28] fabricated surface-
imprinted core-shell AuNPs for the determination of
bisphenol A using a portable Raman spectrometer. The
target was covalently attached to the silica monomer
and was later thermally removed to obtain rapid and
selective binding of bisphenol A with high intensity-
concentration linearity.

Herein, we present the one-pot controlled synthesis
of nanoMIPs doped with AuNPs (AuNPs@nanoMIPs)
for improved SERS sensing (Scheme 1). The two
significant advantages of this method are the control
over the amount of the AuNPs, which significantly
affects the sensitivity, and the utilization of the entire
nanoMIP matrix, which increases the number of
accessible recognition sites.

2 Experimental

The nanoMIPs were synthesized via radical pre-
cipitation polymerization using methacrylic acid
(MAA), ethylene glycol dimethacrylate (EGDMA),
and 1,1’-azobis(cyclohexanecarbonitrile) (ABCN) as
the functional monomer, the cross linker, and the
initiator, respectively. The AuNPs were stabilized
with 8-mercaptooctanoic acid (MOA), to facilitate
their integration during polymerization by the supra-
molecular interaction with the MAA monomers. The
diameter of the AuNPs is 8.3 + 1.4 nm. The transmission
electron microscope (TEM) images of the AuNPs are
presented in Fig. S1 in the Electronic Supplementary
Material (ESM). The detailed syntheses are available
in the methods section in the ESM.

3 Results and discussion
3.1 Effect of Au concentration

Figures 1(a)-1(d) show the extra high-resolution
scanning electron microscope (XR-SEM) images of
the non-imprinted polymers (NIPs) at different
concentrations of the AuNPs. The effect of the con-
centration of the AuNPs on the diameter of the NIPs
is shown in Fig. 1(e). Evidently, the diameter of the
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Scheme 1 Schematic of the one-pot controlled synthesis of AuNPs@nanoMIPs for improved SERS sensing.

particles decreases as the concentration of the AuNPs
increases, which is in accordance with Ref. [29]. It is
interesting to note that the AuNPs did not exist
outside the NIP particles. This implies that the
AuNPs functioned as seeds during the synthesis of
the nanoMIPs. Thus, increasing the number of seeds
raises the number of the MIP particles and consequently
decreases their size. Furthermore, the NIPs obtained
in the absence of the AuNPs are highly polydispersed
with standard deviation (SD) of 75%, which decreases
to approximately 9% in the presence of the AuNPs.
The high SD is a result of two MIP populations
(Fig. 1(a)). We have recently shown [30] that chloroform
(a O-solvent) yielded two populations of highly
polydispersed MIP particles. We believe that the strong
hydrogen bonding between the stabilization group
of the AuNPs, MOA, and the functional monomer of
the MIP, MAA, results in the growth of monodispersed
AuNPs@nanoMIPs.

A clear evidence of the successful doping was
obtained by the energy dispersive X-ray analyses (EDX)
of the AuNPs@nanoNIPs and the undoped NIPs, and
summarized in Table S1 in the ESM. The Fourier
transform infrared (FTIR) spectra were recorded for
the doped and the undoped MIPs and are presented
in Fig. 54 in the ESM.

TSINGHUA
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3.2 Effect of stirring

The various parameters affecting the shape, the
diameter, and the polydispersity of the particles were
examined. These include the nature of the solvent
(acetonitrile and tetrahydrofuran in different ratios,
which were not as good as chloroform) and the stirring
of the solution during the polymerization. Figure 2
shows the XR-SEM images of the AuNPs@nanoNIPs
prepared with and without stirring of the solution.
The average diameters of the particles obtained from
the stirred and the non-stirred solutions are 360 + 46
(12.8% SD) and 2,134 + 1,371 nm (64.2% SD), respectively,
which indicates that the process of stirring significantly
decreases the diameter and the polydispersity of the
particles. This observation is in agreement with previous
studies that show an exponential relationship between
the weight-average diameter and the stirring rate [31].

3.3 STEM analyses

In order to obtain a better image of the AuNPs@
nanoMIPs and to validate the presence of the AuNPs
inside, we sliced the MIPs using a microtome (see
the ESM). The thin slices were placed on a TEM grid
and characterized using different modes of STEM,
i.e., bright field (BF), dark field (DF), and high angle

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 1 XR-SEM images of AuNPs@nanoNIPs at Au concen-
trations of (a) 0, (b) 2.7, (c) 5.4, and (d) 8.1 uM. (e) Average diameter
of the AuNPs@nanoNIPs as a function of the Au concentration.
The %SD is indicated next to each data point. The particles size
distribution was analyzed as detailed in Fig. S2 in the ESM.

annular dark field (HAADF), as displayed in Fig. 3.
Important information can be obtained by comparing
the contrast of the three modes. Specifically, heavier
atoms exhibit dark contrast in the BF image but bright
contrast in the DF and the HAADF images. The latter
is more sensitive to the atomic number “Z” since the
HAADF detector collects the reflected beams from the
widest angles. The DF detector collects the electrons
scattered at narrower angles, and hence gives an image
with better contrast. The various TEM images clearly
show that the AuNPs are embedded in the MIPs.
However, the distribution of the AulNPs inside the
MIPs appears to be inhomogeneous (higher at the
center). Therefore, a clear picture of the distribution
is not obtained by TEM as it does not take into account
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Figure2 XR-SEM images of the AuNPs@nanoMIPs fabricated
(a) without stirring and (b) with stirring. The inset shows the

polydispersity of the particle diameter.

the spherical shape of the particles. In other words, the
TEM image gives a 2D presentation of all the AuNPs
in one MIP particle.

3.4 SERS measurements

SERS measurements were conducted using the sliced
MIP particles placed on a gilded TEM grid (see Fig. S3
in the ESM for the typical optical microscopy image).
As a model system, we selected Sudan dyes as target
molecules. Lately, these dyes were banned by the
European Union, as they were classified as carcinogens
of the third degree by the International Agency for
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Figure 3 XR-STEM images of the AuNPs@nanoMIPs acquired using the three modes: BF ((a) and (d)), DF ((b) and (e)), and
HAADF ((c) and (f)). The MIPs were sliced using a microtome and placed on a TEM grid. The concentrations of the AuNPs and Sudan
1V, respectively are ((a)—(c)) 33 pM and 2.1 mM, and ((d)—(f)) 50 pM and 1.6 mM. The white ((a) and (d)) and black ((b), (c), (e), and (f))
disks are holes in the epoxy resin created by the bubbles trapped inside during solidification.

Research on Cancer. However, the food industry still
uses them illegally for coloring chili and tomato sauces
[32, 33]. Moreover, these dyes exhibit well-defined
Raman spectra, without the effect of fluorescence.
Figure 4(a) shows the Raman spectra of the undoped
NIPs, the MIPs imprinted with Sudan IV (the mole-
cular structure is shown in the inset of Fig. 4(a)),
AuNPs@nanoNIPs and the AuNPs@nanoMIPs (at
two different Au concentrations). The Raman spectra
of all the samples were acquired before leaching the
template. As can be seen, in the absence of the doped
AuNPs there are no well-defined Raman shifts, even
in the Sudan IV imprinted particles. Hence, it can be
confirmed that the gilded substrate did not cause
any surface enhancement. On the other hand, doping
with the AuNPs resulted in Raman shifts, which are
attributed to the molecules in proximity to the AuNPs,
i.e., the MIP matrix and Sudan IV. Comparing Figs. 4(al)
and 4(ab), it is evident that doubling the concentra-
tion of the AuNPs significantly enhances the Raman
signals and reveals additional spectroscopic features,
as reported previously [27]. Figure 4(b) compares the
spectra of the AuNPs@ nanoMIPs (imprinted with
Sudan IV) and bulk Sudan IV (powder). It is evident
that there are numerous Raman bands that appear in

the spectra of both the imprinted and the Sudan IV
samples, clearly indicating the presence of the dye in
the imprinted particles (see the ESM).

3.5 Reuptake experiments

Reuptake experiments were carried out for the undoped
and the AuNPs doped MIPs, i.e., leaching the template
of the MIPs, and re-suspending them in the Sudan IV
solution (as described in the Methods section in the
ESM). The Raman spectra were acquired after slicing
the particles and placing them on a gilded TEM grid.
The Raman spectra of the AuNPs@nanoMIPs, the
undoped MIPs and the epoxy background are presented
in Fig. 4(c). The spectrum of the AuNPs@nanoMIPs
is significantly more detailed and enhanced in com-
parison with the spectrum of the undoped MIPs. Most
importantly, many bands that are associated with
Sudan IV (see the ESM) were observed only in the
spectrum of the AuNPs doped MIPs. The calculation
of the enhancement factor per adsorbed molecule is
difficult since it requires the determination of the
quantity of Sudan IV absorbed on the gold surface
(as also reported by Bompart et al. [27]).

The selectivity of the AuNPs@nanoMIPs imprinted
with Sudan IV towards different Sudan derivatives,
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Figure 4 (a) SERS spectra of Sudan IV using (al) nanoMIPs,
(a2) AuNPs@nanoNIPs, (a3) nanoNIPs, (a4) AuNPs@nanoMIPs,
and (a5) nanoMIPs doped with double the concentration of
AuNPs. The inset shows the schematic of the molecular structure
of Sudan IV. (b) SERS spectra of (bl) Sudan IV powder and
(b2) AuNPs@nanoMIPs. (c) SERS spectra of (c1) epoxy, (c2) nano
MIPs, and (c3) AuNPs@nanoMIPs after the reuptake experiments
in Sudan IV solution.
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i.e., Sudan II and Sudan III, was studied by applying
the same reuptake procedure used for Sudan IV.
Figure S5 in the ESM shows the Raman spectra
acquired for the three samples. Sudan III, which has
a very similar structure to Sudan IV, could not be
detected and the spectrum obtained did not show
any distinct Raman shifts. On the other hand, the
spectrum of Sudan II showed Raman shifts of lower
intensities and different frequencies as compared
to the spectrum of Sudan IV. Some of the Raman
features can be attributed to Sudan II, a smaller
molecule that can enter the cavities in the MIP particles
made by Sudan IV. Even though Sudan II can be
detected, the dissimilarities in the Raman spectra can
be used to differentiate between the different dyes.

4 Conclusions

In conclusion, AuNPs doped molecularly imprinted
nano-spheres were fabricated by one-pot synthesis
via precipitation polymerization for SERS sensing.
The shape and the polydispersity of the particles were
affected by the concentration of the AuNPs and the
stirring of the solution. The sliced AuNPs@nanoMIPs
were characterized using BF, DF, and HAADF modes
of STEM, which showed the exact location of the
AuNPs inside the MIP particles. Substantial enhan-
cement of the Raman signals of the template, Sudan
IV, was obtained only while using AuNPs doped
MIP particles. In all the other samples (i.e., AuNPs@
nanoNIPs and undoped NIPs and MIPs), Sudan IV
could not be detected. Significant improvement in
the SERS signal was observed with increase in the Au
concentration. Furthermore, only the AuNPs@nanoMIPs
showed Raman shifts assigned to Sudan IV in the
reuptake experiments. The selectivity measurements
of the Sudan IV imprinted AuNPs@nanoMIPs towards
similar molecules, i.e., different Sudan derivatives,
showed that the AuNPs@nanoMIPs were highly
selective to Sudan IV than the other dyes (i.e., Sudan
I and Sudan III). Sudan III could not be detected,
while Sudan II showed weak Raman signals that were
significantly different from those of Sudan IV. Thus,
the AuNPs@nanoMIPs are easy to fabricate and
exhibits SERS sensing with very high specificity and
selectivity.
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