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We describe an original approach to graft molecularly
imprinted polymers around gold nanorods by combining
the diazonium salt chemistry and the iniferter method. This
chemical strategy enables a fine control of the imprinting
process at the nanometer scale and provides water-soluble
plasmonic nanosensors.

Gold nanorods (AuNRs) have stimulated a broad interest these
past years due to their strong anisotropic optical properties which
offer promising technological potential. " Indeed, AuNRs exhibit
intense optical absorption peaks arising from localized surface
plasmon (LSP) resonances along their long and short axes.
Excitation of LSP by an external electromagnetic field results in a
strong increase in the magnitude of the local electromagnetic
field in the vicinity of gold nanorods, by several orders of
magnitude, which is widely used for surface enhanced Raman
spectroscopy (SERS). ** Recently, some attempts have been
made to couple gold nanoparticles (AuNPs) with molecular
imprinted polymers (MIPs) for the elaboration of plasmonic-
based AUNP@MIP sensors. ' Molecular imprinting involves the
polymerization of functional monomers in the presence of a
desired template (the target analyte). The resulting polymer
presents a complementary conformation to the template and
provides chemical interaction with its functional groups.
Subsequent removal of the imprint molecules leaves behind
‘memory sites’, or imprints, '*" and enables the polymer to
rebind selectively the imprint molecule from a mixture of closely
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related compounds. Therefore, in AUNP@MIP sensors, a target
analyte can be captured from a complex medium with a high
specificity and selectivity owing to the exceptional chemical
properties of the MIP matrix while the recognition event can be
transduced into a physical signal (optical, electric, piezoelectric)
and amplified thanks to the outstanding physical properties of the
AuNPs. The large majority of plasmonic sensors based on
AuNP@MIP are made of isotropic spherical NPs, which optical
properties are less tunable and sensitive than anisotropic ones.
The only example reported so far of gold nanorods coupled to
MIPs consists in aggregated nanorods first deposited on a glass
plate and then grafted with MIPs by organo-siloxane
copolymerization. " The AuNR@MIP-coated glass substrates
obtained by this approach were found efficient for the direct
optical detection of protein capture and release. However, this
strategy could not provide individually dispersed AuNR@MIP
nanohybrids in colloidal solution, which limits its scope of
application. Controlling the synthesis process in order to obtain
non-aggregated colloidal AUNR@MIP is the next critical stage,
which should offer several advantages such as: (i) an increase in
specific surface area, the particle being in full contact with the
solution containing the target molecule and (ii) their possible use
for in-situ environmental analysis or in-vivo biomedical
applications. The difficulty to elaborate well-controlled and non-
aggregated colloidal AUNR@MIP lies on both (i) the complex
surface chemistry of AuNRs, usually synthesized by the well-
known seed-mediated growth approach, '® and on (ii) their weak
colloidal stability, the particles being strongly prone to
aggregation. Therefore, the development of efficient chemical
methods for grafting MIP layers of controlled thickness around
gold nanorods dispersed and stable in aqueous medium is
eminently challenging. We address this issue in the present
paper by proposing an original strategy for the grafting of MIP
layers on individually dispersed AuNRs, based on a combination
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of the diazonium salt chemistry and the iniferter polymerization
method (see Figure 1). The diazonium salts are proposed here
as an alternative to alkanethiol self-assembled monolayers, in
order to obtain strongly attached polymerization initiator layers at
the surface of AuNRs. '®%' Complete or partial aggregation can
easily occur during functionalization leading to loss of desired
optical properties. Therefore, the key challenges are the
preservation of the colloidal stability of the AuNR aqueous
dispersion after functionalization and the subsequent covering of
individual nanorods by layers of MIP with controlled thickness.
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Fig. 1 Schematic illustration of the surface modification strategy for coating
AuNRs with a MIP layer, by combining the diazonium salt chemistry and the
iniferter photopolymerization method. AuNRs were also coated with non-
imprinted polymers (NIP) as a reference sample. These hybrids are called here
AuNR@NIP.

Our strategy relies on a Dbifunctional initiator, 2-
(phenoxy)ethyldiethylcarbamadithionate diazonium chloride (CI
,"N2—CsH4—0O-CH,.CH,—~DEDTC)* containing (i) a diazonium end
group for surface anchoring and (ii) a N,N-diethyldithiocarbamate
(DEDTC) function able to activate surface-initiated photoiniferter-
mediated polymerization (SI-PIMP). ?* We demonstrate this
approach by grafting cross-linked molecularly imprinted co-
polymers of  methacrylic acid (MAA) and N,N’-
methylenebisacrylamide (MBAm) on gold nanorods, in the
presence of folic acid (FA), as the template molecule. Folic acid
was chosen as it is a widely used water-soluble vitamin which is
a significant component for human health. It relates to a series of
diseases such as mental devolution, heart attack and congenital
malformation. Therefore, the selective and sensitive
determination of FA is important from the clinical and health
viewpoints. Various methods have been developed for the
determination of FA, including liquid chromatography coupled to
mass spectrometry (LCMS) and high-performance liquid
chromatography (HPLC). ** However, these methods are
expensive and time-consuming. Hence, the elaboration of simple
and sensitive nanosensors for the detection of FA still remains
challenging.

AuNRs were prepared through
mediated growth procedure. > The produced nanorods showed

an average length L of 35+3 nm and a small axis d of 15+3 nm.

the well-known seed-
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The AuNRs were functionalized by the initiator-derived
diazonium salts by simple incubation at room temperature. Then,
the polymerization could proceed, mixing the AUNR@DEDTC
particles with MAA as the monomer, MBAm as the crosslinking
agent and FA as the template molecule. The deoxygenated
mixture was irradiated under UV light for varying times (4, 6 and
8 h) to control the polymer coating thickness. The final products
(AUNR@MIPy,, where x stands for the polymerization time)
consist of nanorods coated by molecularly imprinted polymers. A
reference non-imprinted polymer sample (AuNR@NIP) was
prepared using the same procedure, but without addition of the
FA template.

The TEM images of the bare and functionalized AuNRs, are
displayed in Figure 2. After polymerization, the gold nanorods
appear to be fully coated with a uniform polymer layer, not
detected on the bare AuNRs. The particles remain perfectly
dispersed, evidencing the steric stabilization provided by the
polymer overlayer (see Figure S1 for complementary TEM
images). Interestingly, the thickness of the MIP coating can vary
from ~5 nm to ~20 nm by adjusting the polymerization time (4h
and 8h respectively), in agreement with the controlled character
of the polymerization process.

(a) {(b)

20 nm 20 nm

(c) (d)
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Fig. 2 TEM micrographs of gold nanorods (a) CTAB-coated AuNRs; (b)
AUuNR@DEDTC; (c) AUNR@MIPyy, after 4h polymerization and (d) AUNR@MIPg,
after 8h polymerization.

The UV-visible spectra of AuNRs (Figure S2) confirm that the
colloidal stability of the AuNRs is preserved through the whole
functionalization procedure, without any spectral broadening of
the plasmon bands. The only detectable change is a red-shift (up
till 56 nm) of the plasmon bands due to the coating of the AuNRs
by organic layers of increasing thickness and density. The
surface chemical composition of the nanohybrids was
investigated by XPS. Both the survey scans and the high
resolution spectra (Figure S3) reveal strong modifications after
functionalization, which are summarized in Table 1. The reaction
with the diazonium salt-derived initiator introduces new peaks
due to the DEDTC end-groups (S2p and N1s, see high resolution
spectra in Figure S4).
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Table 1 Surface chemical composition (At %) of initial AuNRs,
AuNR@DEDTC and AuNR@MIPsy, after various time of polymerization.

Material® Au C NG E_ c Br S
Bare AuNRs 14.6 76.8 43 - 43 -
AuNR@DEDTC 309 61.3 23 05 34 2.1
AuNR@MIP4, 4.5 81.0 05 13.0 0.8 0.7
AuNR@MIPg, 3.0 82.3 05 135 0.7 0.5
AuNR@MIPg;, € 86.2 05 13.1 0.3 0.4

Concomitantly, the signals due to the CTAB bilayer (Br3d
and N¥) decrease, indicating the partial exchange of CTAB by
the initiator molecules at the surface of AuNRs. No peak that
would be attributed to nitrogen atoms from the diazonium group
can be observed, evidencing the complete transformation of the
After polymerization, the most striking
observation is the progressive decrease of the gold signal (Au4f

diazonium cations.

at 84.3 eV) and the relative increase of carbon and nitrogen due
to the poly(MAA-co-MBAmM) coating. Interestingly, while the Au
surface is almost completely screened by the polymer chains,
the S2p signal is still detectable after 8 hours of polymerization,
confirming the living character of the polymerization process,
leaving the DEDTC moieties at the chain extremities.

The Au@DEDTC samples were further characterized by
surface enhanced Raman scattering (SERS). The comparison of
the normal Raman spectrum of DEDTC-diazonium salt (see Fig.
S5) with the SERS spectra after grafting on AuNRs, shows the
disappearance of the strong band at 2246 cm™ corresponding to
the N=N stretching vibration. Upon increasing the diazonium
concentration, the strong band at 178 cm™ (red arrow, Figure 3a)
commonly assigned to the Au-Br bond stretching (adsorption of
CTAB on gold surface) decreases. Concomitantly, a close band
at 207 cm™” appears on the spectra. Characteristic bands
expected around 270 cm™ and 1800 cm™ for the S-Au and N=N
(in Au-N=N) stretching modes could not be observed on the
SERS spectra. 2 Besides, HR-XPS signal for S2p, is located
at 164.0 eV, which is 2eV higher than the expected binding
energy for S coordinated to Au. ¥ Therefore, the grafting on gold
through sulfur (resulting from cleavage of DEDTC moiety) or
through nitrogen (direct attachment of diazonium group via the
cationic mechanism) can be ruled out. In an attempt to assign
the main bands and to locate the Au-C stretching vibration on
SERS spectra, DFT calculations were conducted on the model
system methoxyphenyl bonded to gold cluster Auy. Two binding
configurations were considered to mimic the coordination of the
aryl group on the AuNRs: in the first one, the Au-C bond involves
the vertex of the pyramidal Auy, cluster corresponding to an ad-
atom site (MeOPh-Augov) while in the second one, the Au-C bond
involves one face of the cluster corresponding to the (111) fcc
gold face (MeOPh-Auyf). For the sake of clarity and since the
band positions are similar for both configurations, the DFT
simulated spectra will only be discussed for the on face model. In
addition to the monolayer model on gold surface, the grafting of
multilayers of aryl groups was also considered using biphenyl
adducts on gold (see Figure S6).
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Fig. 3 (a) Experimental SERS spectra (Aexe= 633 nm) of AUNR@DEDTC (incubated
with 10°M (black) or 10°M (red) of diazoDEDTC) and simulated Raman spectrum
for the model MeOPh-Au,.f (blue). Black and red arrows locate respectively Au-C
and Au-Br stretching modes. DFT-Optimized structures of the model system
MeOPh (b) on the vertex and (c) on the face of the pyramidal Auy cluster.

Except for bands at 436, 522 and 1372 cm'1,
Raman spectra for MeOPh-Auz model system are in good
agreement with the experimental SERS. The Au-C stretching
vibration is predicted by DFT at 185 cm™ for MeOPh-Augf which
could be correlated with the observed band at 207 cm™ on the
SERS spectra. It is worth mentioning that the Au-C stretching
mode appears for DEDTC derivative at significantly lower Raman
shift as compared to the electron withdrawing p-nitrophenyl
modified gold surface studied elsewhere. '® ' The remaining
bands not predicted by simulation on the simple model used here

the simulated

are very characteristic vibrational signatures of
diethyldithiocarbamate group at 436 (3(CH.NCH;)), 522
(8(CH:NC)) and 1372 cm™ (5(NCH) and v(C-N)). *® These

observations point to the spontaneous reduction of the
diazonium cation to the corresponding phenyl radical leading
likely to the formation of Au-C bond.

SERS was then used to study the capture and release of FA
from AuNR@MIP. Figure 4 compares the Raman bands of free
FA and the SERS bands of FA in the AUNR@MIP hybrid before
and after extraction of the template. The strongest SERS peaks
characteristic of FA, located at 1595 cm™ and 1365 cm™ were
chosen as the signature to account for the concentration of folic
acid in the sampleszg. These bands are clearly visible in the
spectrum of AuNR@MIP after their synthesis evidencing the
presence of the FA template within the MIP shell. In contrast,
these bands disappear almost completely after acetic acid
treatment, confirming the efficient extraction of the FA template
from the hybrid particles. The binding properties of AUNR@MIP
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towards FA were then determined by measuring the uptake of
FA in water over a range of concentrations from 10® to 10™
mol.L". The intensities of the SERS bands due to FA increase
progressively with rising concentration of FA (Figure S7),
indicating the efficient uptake of FA by the nanohybrids.

1595 cm’
1365cm’ %

6.0x10° 1 b e

Raman intensity
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Fig. 4 a) Raman spectrum of free FA; b) SERS of FA on AuNR@MIP after

synthesis, c) SERS of FA at 0.1 puM, extracted by AUNR@MIP and d) SERS

spectrum obtained after complete extraction of FA from AUNR@MIP.

1800

The binding amount of FA was found five times higher for
AuNR@MIP than AuUNR@NIP evidencing the strong specificity of
the nanohybrids. A high selectivity was also demonstrated using
folinic acid as a structurally related molecule (see Figure S8),
confirming the presence of specific rebinding sites in the polymer
overlayer of the MIP particles offering a steric and an electronic
microenvironment complementary to that of FA. The minimum
concentration of folic acid detected was around 0.1 uM which is
lower than the calculated limit of detection reported by R. C.
Advincula (15.4 pM) using an electropolymerized molecularly
imprinted polymer film on a quartz crystal microbalance, 30
indicating that sensitive detection of FA was achieved here,
based on colloidal AuUNR@MIP.

Conclusions

In summary, we have developed an original and simple route
combining the aryl diazonium salt chemistry and the iniferter
method to elaborate individually dispersed hybrid materials
composed of gold nanorod cores and molecular imprinted
polymer shells. The plasmonic properties of the nanorods enable
the direct detection of FA capture and release. Our approach
offers several advantages over conventional methods: (i) ease
and rapidity of gold nanorods surface functionalization using
diazonium salts; (ii) presence of a covalent binding between the
inorganic core and the organic coating; (iii) formation of
individually dispersed AUNR@MIP. We do believe this synthetic
approach will provide a new general nanomaterial strategy
design for the grafting of MIPs on AuNRs.
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