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ABSTRACT: Molecular imprinting, which involves the formation of
artificial recognition elements or cavities with complementary shape
and chemical functionality to the target species, is a powerful method
to overcome a number of limitations associated with natural antibodies.
An important but often overlooked consideration in the design of
artificial biorecognition elements based on molecular imprinting is the
nonspecific binding of interfering species to noncavity regions of the
imprinted polymer. Here, we demonstrate a universal method, namely,
PEGylation of the noncavity regions of the imprinted polymer, to
minimize the nonspecific binding and significantly enhance the selectivity of the molecular imprinted polymer for the target
biomolecules. The nonspecific binding, as quantified by the localized surface plasmon resonance shift of imprinted plasmonic
nanorattles upon exposure to common interfering proteins, was found to be more than 10 times lower compared to the non-
PEGylated counterparts. The method demonstrated here can be broadly applied to a wide variety of functional monomers
employed for molecular imprinting. The significantly higher selectivity of PEGylated molecular imprints takes biosensors based
on these artificial biorecognition elements closer to real-world applications.
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1. INTRODUCTION

Antibody−antigen interactions form the basis for numerous
bioassays, such as enzyme-linked immunosorbent assay
(ELISA), Western blotting, and immunoprecipitation assay.1,2

Although natural receptors (e.g., monoclonal antibodies) have
excellent molecular recognition capabilities, their biological
origin imposes several inherent limitations, such as (i) limited
pH and temperature stability; (ii) loss of conformation and
recognition functionality in nonaqueous media; (iii) high cost
associated with raising and harvesting natural antibodies; and
(iv) poor compatibility with micro and nanofabrication
processes for efficient integration with various transduction
platforms. These issues impose severe challenges in the
translation of a number of biodiagnostic platforms to point-
of-care and resource-limited settings.3,4 Localized surface
plasmon resonance (LSPR) wavelength of metal nanostructures
is highly sensitive to the changes in the refractive index of the
surrounding medium.5,6 Label-free biosensing platforms based
on refractive index sensitivity of LSPR wavelength hold
enormous potential to provide highly sensitive, cost-effective,
on-chip, and point-of-care diagnostic tools.7−9 However, most

of the existing LSPR biosensors also rely on natural antibodies
as biorecognition elements, making them prone to the above-
mentioned limitations.
Synthetic biorecognition elements or artificial antibodies

based on molecular imprinting, which exhibit remarkable
stability over a wide range of conditions (e.g., pH, temperature,
solvent) are an attractive alternative to natural receptors.10−16

Artificial antibodies based on molecular imprinting are
produced by creating “binding or recognition sites” in a
polymer network using target (bio)molecules as templates. The
binding sites are achieved by (co)polymerizing and cross-
linking functional monomers around the template species. The
template is subsequently removed by cleaving a predesigned
reversible bond between the biomolecular template and the
substrate. Upon removal of the template species, the polymer is
left with cavities (i.e., binding sites), which are complementary
in size, shape, and chemical functionality to the template
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species. The imprinted binding sites can then be accessed by
target analytes with the same size, shape, and chemical
functionality as the template species. Recently, we have
demonstrated plasmonic biosensors based on artificial antibod-
ies using gold nanorods and nanocages as plasmonic nano-
transducers.17,18

The sensitive (high binding affinity) and selective binding of
the target molecules to the artificial receptor are the two most
important criteria in creating an artificial antibody.19,20 A
number of studies have focused on improving the binding
affinity of the artificial antibodies through rational choice of the
functional monomers and optimizing the polymerization
conditions.21,22 Yet another important factor that needs to be
carefully considered in the design of artificial antibody-based
biosensors is the nonspecific binding of interfering species,
which increases the noise floor of the biosensor and
compromises the limit of detection. There have been only a
few studies that focus on reducing the effect of nonspecific
binding by epitope imprinting or second polymerization.23,24

However, these methods are specific to the application and
impose restrictions on the target protein or the polymerization
material.
Polyethylene glycol (PEG) is a highly flexible hydrophilic

polymer that is extensively used in biology and life sciences as a
blocking agent to resist nonspecific adsorption of proteins on
implant surfaces and nanoparticles intended for biodetection,
therapy, and imaging.25,26 The protein-repelling effect of PEG
owes to the low free energy at PEG−water interface, absence of
hydrogen bonding and electrostatic interactions with proteins,
and the high flexibility of PEG chains.27 Although intensively
studied and frequently used, to the best of our knowledge, there
is no report describing the use of PEG in molecular imprinting
to block the nonspecific interaction. Here, we introduce a
universal approach to minimize nonspecific binding by blocking
the nonrecognition regions of the imprinted polymer with PEG

before removing the template biomolecules. Successful grafting
of the PEG chains on the surface of siloxane copolymer was
confirmed using a series of surface characterization techniques.
We demonstrate that PEG chains grafted to the noncavity
regions of imprinted polymer can greatly lower the nonspecific
binding of interfering proteins without perturbing the
selectivity of the imprinted polymers.

2. RESULTS AND DISCUSSION

Hollow plasmonic nanostructures, such as Au nanoshells,
nanocages, nanoframes, and nanorattles, exhibit significantly
higher refractive index sensitivity compared to their solid
counterparts, making them excellent choices as nanotrans-
ducers for plasmonic biosensors.28 In this study, we have
employed Au nanorattles (AuNRT) comprised of Au nano-
particle core and cubic and porous Au shell as nanotransducers
and hemoglobin (Hb) employed as a model protein, which is
the disease biomarker for hemoglobinuria. Hemoglobinuria
occurs under a number of urinary tract cancers, such as kidney,
bladder, or prostate cancers,29 and a wide variety of
noncancerous renal diseases, including, but not limited to,
hemolytic uremic syndrome30 and paroxysmal nocturnal
hemoglobinuria.31 The concentration of hemoglobin in urine
under pathological conditions can reach 600 ng/mL or more.32

Realization of AuNRTs starts with synthesis of Au nanospheres
(AuNS), which serve as seeds for Au@Ag nanocubes. AuNS
were, in turn, synthesized using a seed-mediated method (see
experimental section for details).33 Transmission electron
microscopy (TEM) images revealed the narrow size distribu-
tion of AuNS with a diameter of 8.5 ± 0.6 nm (see SI, Figure
S1). The Au@Ag nanocubes also exhibited a narrow size
distribution with an edge length of 31.0 ± 1.1 nm (n > 50). The
AuNS cores were found to be at the center of each Au@Ag
nanocube indicating the uniform overgrowth of Ag on the
surface of the AuNS (Figure 1A). The AuNS@Ag nanocubes

Figure 1. TEM image of (A) Au@Ag nanocubes and (B) Au nanorattles. (C) Vis-NIR extinction spectra of aqueous suspension of Au@Ag
nanocubes and Au nanorattles. Inset shows the photographs of the corresponding aqueous solutions. (D) Schematic illustration of the chemical
grafting of PEG chains to the siloxane copolymer surface. (E) Schematic illustration showing the various steps involved in the formation and
PEGylation of the artificial antibodies.
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are dominated (100) facets due to the faster growth of Ag on
the (111) facets of cuboctahedral Au nanoparticles.34 Galvanic
replacement reaction is an electrochemical reaction which
involves the oxidation of one metal with lower reduction
potential (which serves as a sacrificial template) by the ions of
another metal with higher reduction potential.35 We employed
galvanic replacement reaction to synthesize AuNRT using Au@
Ag nanocubes as templates. Addition of HAuCl4 to Au@Ag
nanocubes solution resulted in spontaneous galvanic replace-
ment reaction and formation of AuNRT.36,37 The resultant
AuNRT exhibited narrow size distribution with an edge length
of 34.9 ± 1.6 nm (n > 50) and side wall thickness of 3.9 ± 0.4
nm (n > 50) (Figure 1B). Extinction spectrum revealed the
dipolar LSPR wavelength of the Au@Ag nanocubes at 434 nm.
It is known that the LSPR wavelength of hollow plasmonic
nanostructures, such as nanocages, and nanorattles is
determined by the ratio of outer edge length to the wall
thickness.38 By controlling the volume of HAuCl4 added to the
template nanostructure solution during galvanic replacement
reaction, the LSPR wavelength could be continuously shifted to
longer wavelength.39 In the present case, AuNRTs with an
LSPR wavelength of ∼700 nm were employed as nano-
transducers.
The molecular imprinting on AuNRT involved multiple steps

as depicted in Figure 1D and E. First, p-aminothiophenol (p-
ATP) and glutaraldehyde (GA) were employed as the linker to
immobilize template Hb on AuNRT by forming a reversible
imine bond. Trimethoxysilane (TMPS) and (3-aminopropyl)

trimethoxysilane (APTMS) were then copolymerized in the
presence of template protein around the AuNRT. The methoxy
group of the two monomers underwent a rapid hydrolysis and
subsequent condensation to form an amorphous polymer
matrix, leaving functional end groups (−NH3

+, −OH, −CH3)
interacting with the target protein through electrostatic,
hydrogen bonding, and hydrophobic interactions. Subse-
quently, bifunctional PEG (methoxy-PEG-silane) was cova-
lently grafted to the free surface (i.e., regions not interacting
with the template) of the siloxane copolymer. PEG chains were
expected to shield various functional groups (NH3

+, −OH, and
−CH3) of siloxane copolymer, thus negating nonspecific
binding. The methoxysilane group of PEG underwent
hydrolysis and then condensation with the reactive silanol
(Si−OH) group present on the polymer surface to form a
stable covalent siloxane bond (Si−O−Si) (Figure 1D). The
target template protein was then removed by treating the
molecular imprints with oxalic acid and sodium dodecyl sulfate
(SDS), which broke the imine bond and overcame noncovalent
interactions, respectively. Following the template protein
removal, the AuNRT were left with siloxane copolymer coating
with cavities complementary in shape and chemical function-
ality to the template protein. Each step described above was
monitored by UV−vis extinction spectrum (described in detail
later).
We have employed a series of surface characterization

techniques to confirm the PEGylation of the molecular
imprints. Chemical grafting of PEG chains to siloxane

Figure 2. (A) Extinction spectra of AuNRT before and after PEGylation of the siloxane copolymer surface (zoomed-in plot in the inset shows the
∼2 nm red shift). (B) FTIR spectrum after PEGylation of the siloxane copolymer showing the characteristic bands corresponding to PEG. X-ray
photoelectron spectra (C) before and (D) after PEGylation of the siloxane copolymer surface showing the dramatic increase in the C−O/C-C
intensity ratio from 0.36 to 0.68.
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copolymer surface is expected to result in an increase in the
refractive index of the dielectric medium surrounding AuNRT.
The refractive index increase upon PEGylation is evidenced by
∼2.5 nm red shift in LSPR wavelength of AuNRT (Figure 2A).
PEG is known to be highly hydrophilic and grafting PEG chains
to the siloxane copolymer was expected to result in improved
hydrophilicity of the siloxane surface and a decrease in the
contact angle of water. The contact angle of siloxane copolymer
layer deposited on flat silicon substrate was found to
progressively decrease with an increase in the reaction time
(see Experimental for details, Figure S2). The decrease in the
contact angle from ∼98° to ∼69° indicated the successful
modification of siloxane surface with hydrophilic PEG chains.
Fourier transform infrared (FTIR) spectrum of PEGylated

siloxane copolymer exhibited strong bands at 1106 and 2948
cm−1, corresponding to C−O−C stretching and − CH2

stretching vibrations, respectively, which are also indicative of
successful PEGylation of the surface (Figure 2B). Finally, X-ray
photoelectron spectroscopy (XPS) was employed to monitor
the changes in the chemical functionality at the surface of
siloxane copolymer after PEGylation. Quantitative insight was
obtained from C 1s peak by using curve fitting software to
calculate the relative contribution of two peaks corresponding
to C−C (282.5 eV) and C−O (283.1 eV) to the total carbon
concentration. A significant increase in the ratio of areas under
C−O peak and C−C peak from 0.36 to 0.68 confirmed the
successful grafting of the PEG chains to siloxane copolymer
surface (Figure 2C and D).40

Figure 3. (A) PEGylation of molecular imprinted polymer before template removal: (i) schematic showing the PEGylated noncavity regions; (ii)
LSPR shift of AuNRT after each step along the formation of the artificial antibodies, PEGylation, template removal, and template rebinding; (iii) plot
showing the LSPR shift for various concentrations of Hb (target biomarker) with and without PEGylation. (B) PEGylation of molecular imprinted
polymer after template removal: (i) schematic showing the PEGylated cavity and noncavity regions; (ii) LSPR shift of AuNRT after each step along
the formation of the artificial antibodies, template removal, PEGylation, and template rebinding; (iii) plot showing the LSPR shift for various
concentrations of Hb for artificial antibodies PEGylated before and after template removal; (C) PEGylation of siloxane copolymer without template:
(i) schematic showing the PEGylated siloxane copolymer; (ii) LSPR shift of AuNRT after each step along the formation of siloxane copolymer on
AuNRT, PEGylation, and nonspecific binding of proteins; (iii) plot showing the LSPR shift for various concentrations of Hb for PEGylated siloxane
copolymer with and without recognition cavities.
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Now we turn our attention to the sensitivity of Hb plasmonic
biosensor based on PEGylated molecular imprints. As noted
above, PEG chains are grafted to the siloxane copolymer before
removing the template biomolecules, which leaves the chemical
functionality of the cavities intact (Figure 3A, (i)). Each step in
the molecular imprinting process was monitored by following
the LSPR shift of AuNRT (Figure 3A, (ii)). The accumulated
red shift following various steps of imprinting process was
found to be ∼20 nm followed by a ∼6 nm blue shift upon
template protein extraction (Figure 3A, (ii)). The sensitivity of
imprinted and PEGylated AuNRT was monitored by exposing
them to different concentrations of Hb. For concentrations
below 500 ng/mL, a monotonic increase in the LSPR shift of
AuNRT was observed with increasing concentrations of Hb
(Figure 3A, (iii)). The LSPR shift reached a plateau for
concentrations higher than 500 ng/mL, indicating the
saturation of the artificial antibodies with the target protein.
To understand the influence of the PEGylation procedure, we
have investigated the sensitivity of non-PEGylated imprinted
AuNRT, which exhibited a similar trend i.e., progressive
increase in the LSPR shift followed by saturation for higher
concentrations. However, non-PEGylated imprinted AuNRT
exhibited slightly higher LSPR shift at the same concentration
of Hb compared to PEGylated imprinted AuNRT (Figure 3A,
(iii)). The higher LSPR shift of non-PEGylated AuNRT can be
ascribed to the higher nonspecific binding of the target protein
to the noncavity regions of siloxane copolymer with abundant
functional groups.41

Biorecognition of artificial antibodies is ascribed to
complementarity of both shape and chemical functionality of
the imprints to the target biomolecule.42 As such, one should

expect lower recognition and sensitivity if either one is
perturbed or excluded. PEGylation of the siloxane copolymer
layer after removing the template biomolecule should result in
the passivation of both cavity and noncavity regions (Figure 3B,
(i)). LSPR shifts after each imprinting step, including the
PEGylation after template removal, are depicted in Figure 3B,
(ii). For the same concentration of the target biomolecule, the
LSPR shift of fully PEGylated AuNRT was found to be
significantly lower compared to AuNRT with only the
noncavity regions PEGylated (Figure 3B, (iii)). The significant
decrease in the sensitivity of fully PEGylated AuNRT can be
ascribed to (i) passivation of the entire surface with PEG chains
that resist both specific (within the cavities) and nonspecific
binding (outside the cavities) of the proteins; and (ii)
perturbation of the shape of the recognition cavities due to
the grafting of the polymer chains within the cavities. The
residual capturing ability and sensitivity of the cavity PEGylated
plasmonic biosensor could be attributed to the partial
preservation of cavity shape.
As yet another control experiment, we tested the sensitivity

of AuNRT that underwent all molecular imprinting steps
without template proteins and full PEGylation of the siloxane
layer (Figure 3C, (i)). LSPR shifts after various fabrication
steps are depicted in Figure 3C, (ii). Notably, the PEGylation
process resulted in a shift of around ∼5 nm, which is
considerably higher than the usual ∼2.5 nm. It is known that
the sensitivity of the plasmonic nanotransducer decays
exponentially from the surface and the higher shift in the
absence of template proteins is due to the proximity of the PEG
chains to the plasmonic nanotransducer surface. An extremely
small blue shift (less than 0.5 nm) was detected after exposure

Figure 4. (A) Efficiency of different blocking methods in resisting the nonspecific adsorption of BSA (an interfering protein) on MIP. (B) LSPR shift
of PEGylated and non-PEGylated MIPs on AuNRT after exposure to various interfering proteins (blue and red column for PEGylated, no
PEGylation, respectively). (C) LSPR shift vs concentration of target (Hb) and interfering protein (HSA) depicting the excellent selectivity of the
Hb-imprinted PEGylated artificial antibody. (D) Improved selectivity of PEGylated plasmonic biosensor to target biomarker (Hb) from artificial
urine spiked with Hb (1 μg/mL) and HSA (10 μg/mL).
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to oxalic acid and SDS (employed for template protein
removal), indicating the absence of significant desorption of
PEG chains from the siloxane copolymer surface under these
conditions (Figure 3C, (ii)). Not surprisingly, in the absence of
cavity and fully PEGylated state, the AuNRT exhibited very
limited target capturing ability and the LSPR shift saturated at
∼0.5 nm. Compared to AuNRT with PEGylated cavities,
PEGylated AuNRT with no cavities exhibited a huge decrease
in the sensitivity and virtually complete loss of recognition
capabilities. Taken together, these results clearly demonstrate
the importance of complementary shape and chemical
functionality of the molecular imprints for the capture of target
proteins and in maximizing the sensitivity of plasmonic
biosensors with artificial antibodies (Figure S3). These results
also clearly highlight the importance of PEGylation of the
siloxane copolymer layer before removing the template
biomolecule.
We further investigated the ability of PEGylated artificial

antibodies to resist nonspecific binding using representative
interfering proteins. LSPR shift of Hb imprinted AuNRT upon
exposure to interfering proteins was employed to quantify the
nonspecific binding. Non-PEGylated and PEGylated AuNRT
imprinted with Hb templates were exposed to bovine serum
albumin (BSA) at a concentration of 10 μg/mL; a
concentration equivalent to that of human serum albumin
found in human urine (normal urine protein <20 μg/mL43).
While non-PEGylated AuNRTs with artificial antibodies
exhibited a LSPR shift of ∼2.3 nm, PEGylated counterparts
exhibited a LSPR shift of less than 0.3 nm (Figure 4A). The
significantly lower LSPR shift of the PEGylated imprinted
AuNRT indicates the excellent resistance to nonspecific
binding. Passivation of noncavity regions using commercial
blocking buffer (SuperBlock) did not significantly improve the
resistance to nonspecific binding compared to non-PEGylated
molecular imprints. In fact, we noted that the block proteins
adsorbed on the noncavity regions of the siloxane copolymer
are dislodged from the surface during template extraction step
(oxalic acid plus SDS washing) as evidenced by the large blue
shift (17 nm) compared to template protein extraction (7 nm)
after PEGylation (see SI, Figure S4).
To further demonstrate the improved selectivity, plasmonic

biosensors based on PEGylated molecular imprints were
exposed to two other urinary proteins, namely, human serum
albumin (HSA) and myoglobin (Mb) at a concentration of 10
μg/mL. The two proteins exhibited different molecular weight
and isoelectric points compared to Hb. As mentioned above,
albumin is present in human urine. Myoglobin is a particularly
challenging candidate as interfering protein for Hb imprints
considering the smaller size of Mb (Mw ∼17.5 kDa) compared
to Hb (Mw ∼64 kDa), which can readily access the imprint
cavities but not normally present in urine. Additionally,
myoglobin can be considered tantamount to a monomer of
hemoglobin possessing similar secondary and tertiary structure
to hemoglobin α and β subunits. Myoglobinuria is problematic
in rhabdomyolysis due to a number of pathologic conditions
and due to crush injury.44 Concentrations of 10 μg/mL
myoglobin in urine are within the pathologic range contributing
to kidney injury in humans.44 Compared to non-PEGylated
nanostructures, the PEGylated AuNRT imprinted with Hb,
showed excellent resistance to (nonbinding of) both HSA and
Mb (Figure 4B). The LSPR shift corresponding to nonspecific
binding of HSA and Mb dropped from ∼1.9 nm to ∼0.2 nm
and from ∼1.5 nm to ∼0.3 nm, respectively. Overall, the LSPR

shift corresponding to the nonspecific binding of interfering
protein at a concentration of 10 μg/mL was found to be nearly
20 times lower compared to that observed for Hb (target
biomolecule) at a concentration of 1 μg/mL. To further
evaluate nonspecific binding, the LSPR caused by HSA was
examined at several concentrations. The LSPR shift for HSA
(nonspecific) was found to be significantly lower compared to
Hb (specific) over a broad concentration range (Figure 4C). In
fact, at relatively low concentrations of HSA, we observed a
small blue shift in the LSPR wavelength probably due to a small
loss of organic material (e.g., loosely cross-linked siloxane
copolymer) during the incubation of the plasmonic chip in the
interfering protein solution for extended durations (Figure 4C).
Finally, PEGylated and non-PEGylated AuNRT imprinted

with Hb were exposed to artificial urine samples spiked with Hb
(1 μg/mL). Both PEGylated and non-PEGylated AuNRT
exhibited large LSRR shifts (∼5 nm) indicating the successful
recognition and capture of the target biomolecule. Conversely,
when exposed to synthetic urine spiked with HSA, the non-
PEGylated AuNRT exhibited a relatively large LSPR shift of
∼2.5 nm compared to PEGylated AuNRT that exhibited a shift
of ∼0.5 nm (Figure 4D). The significantly lower LSPR shift of
PEGylated AuNRT compared to non-PEGylated counterparts
signifies the large reduction in the nonspecific binding of
albumin even from complex chemical matrix (i.e., synthetic
urine), taking biosensors based on artificial antibodies closer to
real-world applications.

3. CONCLUSIONS
To summarize, we demonstrated PEGylation of the non-
recognition (i.e., noncavity) regions of the molecular imprints
as a highly efficient and broadly applicable method to reduce
nonspecific binding and significantly improve the selectivity of
artificial antibodies. The LSPR shift due to non-specific binding
on the PEGylated AuNRT was found to be nearly 10 times
smaller than the non-PEGylated counterparts. Through a series
of control experiments, we also demonstrated that the
PEGylation process should precede template extraction to
preserve the biorecognition capabilities of the molecular
imprints. By simply changing the end functionality of the
PEG chains, the approach demonstrated here can be broadly
applied to a variety of monomers (e.g., acrylamides, acrylates)
employed for molecular imprinting. The method demonstrated
here can further be broadly applied for molecularly imprinted
polymers employed in chromatography, electrophoresis, drug
delivery, and biomimetic antibodies.

4. MATERIALS AND METHODS
Materials. Poly(ethylene glycol (PEG, Mw = 5000 g/mol) was

obtained from JenKem Technology USA, MPTES ((3-
Mercaptopropyl)triethoxysilane), cetyltrimethylammonium bromide
(CTAB), cetyltrimethylammonium chloride(CTAC), ascorbic acid,
sodium borohydride (NaBH4), silver nitrate (purity >99%), 4-
aminothiophenol (pATP), glutaraldehyde (GA), chloroauric acid
(HAuCl4), myoglobin from human heart (Mw = 17.7 kDa), albumin
from bovine serum (Mw = 66.5 kDa), albumin from human serum
(Mw = 65 kDa), and hemoglobin (Mw = 64.5 kDa) were obtained
from Sigma-Aldrich. All the chemicals have been used as received with
no further purification. The protein blocking solution (Odyssey
Blocking Buffer (PBS)) was purchased from LI-COR Biosciences,
Lincoln, NE.

Synthesis of Au Nanospheres. Au nanospheres were grown by
seed-mediated method. First, Au seeds were synthesized by adding 0.6
mL of ice-cold NaBH4 solution (10 mM) into a solution containing

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b07252
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07252/suppl_file/am6b07252_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b07252/suppl_file/am6b07252_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b07252


0.25 mL HAuCl4 (10 mM) and 9.75 mL CTAB (0.1 M) under
vigorous stirring at room temperature for 10 min. The color of
solution changed from yellow to brown indicating the formation of Au
seed. This solution was kept undisturbed at room temperature for 3 h.
Growth solution was prepared by mixing 6 mL of HAuCl4 (0.5 mM)
and 6 mL of CTAC (0.2 M) under stirring followed by the addition of
4.5 mL of ascorbic acid (100 mM). Subsequently, 0.3 mL of Au seed
solution was added to the growth solution under stirring for 5 min.
The growth solution was left undisturbed for 20 min to result in the
formation of the Au nanospheres. Au nanospheres were centrifuged
and redispersed in nanopure water for further use.
Synthesis of Au@Ag Nanocubes and Au Nanorattles. Au

nanospheres (0.2 mL) and 4.8 mL of CTAC (20 mM) were mixed
under stirring at 60 °C for 20 min. Subsequently, 5 mL of AgNO3 (2
mM), 2.5 mL of CTAC (80 mM), and 2.5 mL of ascorbic acid (100
mM) were added under stirring at 60 °C, and the solution was further
stirred for 4 h. After 4 h, the as-synthesized Au@Ag nanocubes were
centrifuged (10 000 rpm for 15 min) and redispersed into a 15 mL
aqueous solution of CTAC (50 mM). In order to synthesize AuNRT,
HAuCl4 aqueous solution (0.5 mM) was injected into the Au@Ag
nanocube solution (0.5 mL/min) under stirring at 90 °C until the
solution turned to blue color. The AuNRT solution was centrifuged at
10 000 rpm for 15 min and dispersed in nanopure water.
Absorption of AuNRTs on Glass Surface. Glass substrates

employed for adsorbing AuNRTs were cleaned using Piranha solution
(3:1 concentrated sulfuric acid to 30% hydrogen peroxide solution)
followed by thorough rinsing with nanopure water (Caution: Piranha
solution is extremely dangerous and proper care needs to be executed in
handling and disposal). Cleaned glass substrates were immersed in 1%
(v/v) MPTES in ethanol for 1 h followed by sonication for 30 min.
Then the substrate was rinsed with ethanol and nanopure water. After
drying the substrates under a stream of dry nitrogen, they were
exposed to low concentration (absorbance adjusted to 0.2) of AuNRT
solution for overnight (3 μL of HCI (1 M) was added to 1 mL
AuNRT solution to facilitate adsorption). Finally, the substrate was
rinsed with nanopure water to remove the loosely bound
nanostructures, leaving uniformly coated AuNRTs on the glass
substrate.
Molecular Imprinting and PEGylation Procedure. First,

AuNRT adsorbed glass substrate was placed into 1 mL of NaBH4
(100 mM) aqueous solution for 10 min with gentle shaking to remove
CTAC from AuNRT surface, followed by thorough rinsing with
nanopure water. Subsequently, the substrate were immersed into 2 mL
of phosphate buffer (pH 8.0) containing 4 μL of glutaraldehyde (25%)
and 4 μL of pATP (4 mM in ethanol) for 1 min, followed by rinsing
with 0.01 mM phosphate buffered saline (PBS) pH 8.0 buffer. In the
next step, template protein (Hb) was immobilized on AuNRT by
exposing the substrate to 25 μg/mL of Hb in the pH 8.0 buffer at 4 °C
for 2.5 h, followed by rinsing with pH 8.0 buffer solution. Five
micorliters of TMPS and 5 μL of APTMS were added to 3 mL of 0.01
mM PBS pH 7.5 and the solution was thoroughly mixed. AuNRT
modified glass substrate was then placed in the above silane mixture
for 10 min to form the siloxane copolymer layer. After rinsing with
nanopure water and drying under a stream of nitrogen, the substrate
was immersed in 2 mg/mL PEG solution (in ethanol) for 8 h followed
by thorough rinsing with ethanol and nanopure water. Finally, proteins
were released by shaking the substrate in 1 mL of oxalic acid (10 mM)
pH ∼ 2.3 in 2% aqueous sodium dodecyl sulfate (SDS) solution for 1
h.
Fabrication of Protein Blocked MIP Biosensor. After the

polymerization step described above, the substrate was rinsed in PBS
buffer pH ∼ 7.4 and then immersed in protein containing blocking
buffer for overnight. The template on the substrate was released by
shaking the substrate in 1 mL of oxalic acid (10 mM) in 2% aqueous
SDS solution for 1 h.
Hb Detection and Interfering Proteins Test. After removing

template proteins, the molecularly imprinted AuNRT biosensor on
glass substrates were immersed in 1 mL of different concentrations of
Hb in the pH 8.0 PBS buffer solution, followed by gently shaking for
30 min and then incubation at 4 °C for 3.5 h. The sample was then

rinsed with nanopure water. UV−vis spectrum was obtained before
and after the capture of the protein. The same procedure was
employed for interfering proteins, including myoglobin from human
heart (10 μg/mL), albumin from human serum (10 μg/mL), and
albumin from bovine serum (10 μg/mL). The LSPR bands were fit
using Gaussian peak fitting in order to determine the peak position. All
measurements were performed in triplicates.

Selectivity Test in Artificial Urine. The artificial urine was spiked
with Hb and HSA to achieve a final concentration of 1 μg/mL for Hb
and 10 μg/mL for HSA. The protein spiked artificial urine solutions
were applied to both PEGylated and non-PEGylated AuNRT samples
by using the detection procedure described above.

Characterization. Transmission electron microscopy (TEM)
micrographs were recorded on a JEM-2100F (JEOL) field emission
instrument operating at an accelerating voltage of 200 kV. Samples
were prepared by drying a drop of the solution on a carbon-coated
grid, which had been previously made hydrophilic by glow discharge.
Fourier transform infrared spectrometer (FTIR) spectra were recorded
using a Nicolette Nexus 470 spectrometer. XPS analysis was
performed using Physical Electronics 5000 VersaProbe II Scanning
ESCA (XPS) Microprobe. The synthesis, deposition, functionalization,
and protein binding detection of AuNRT were monitored through
their vis-NIR extinction spectra collected using a Shimadzu 1800
spectrophotometer.
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