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B
iosensing based on surface-enhanced
Raman scattering (SERS) platforms has
made tremendous progress due to

the advances of controllable colloidal
metallic nanoparticle synthesis, precise
nanofabrication and surface modification
techniques.1�3 The extremely high sensitiv-
ity has been realized by well controlled
metallic nanoparticle size, shape and dis-
tance, as well as different two-dimensional
and three-dimensional plasmonic nano-
structures.4 The detection specificity can
be obtained from the vibrational modes of
the target molecule directly adsorbed on
SERS-active substrate surfaces, or via Raman
reporters and probes. The high sensitivity
andmolecular specificity of SERS have led to
an enormous amount of biosensing appli-
cations, such as the detection of small

biomolecules,5,6 DNA strands,7�9 proteins,10

microorganisms,11�13 and cancer cells.14

Nevertheless, reliable biosensing based on
SERS platforms in complex biological media
is still challenging due to interfering species
and nonspecific adsorption of proteins.15

Background noise from interfering species
could mask the signals from target analytes
because a bare SERS-active surface lacks
selectivity. Nonspecific adsorption of pro-
teins could impede the adsorption of target
analytes to SERS-active substrate surfaces.
To promote target analytes to SERS sub-

strate surfaces and thus to reduce interfer-
ences, several surface modification methods
have beendeveloped.With the formation of
mixed self-assembledmonolayers (SAMs) of
alkane or benzyl thiols on SERS-active sub-
strates, small molecules such as glucose and
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ABSTRACT Reliable surface-enhanced Raman scattering (SERS) based biosen-

sing in complex media is impeded by nonspecific protein adsorptions. Because of

the near-field effect of SERS, it is challenging to modify SERS-active substrates

using conventional nonfouling materials without introducing interference from

their SERS signals. Herein, we report a stealth surface modification strategy for

sensitive, specific and accurate detection of fructose in protein solutions using SERS

by forming a mixed self-assembled monolayer (SAM). The SAM consists of a short

zwitterionic thiol, N,N-dimethyl-cysteamine-carboxybetaine (CBT), and a fructose

probe 4-mercaptophenylboronic acid (4-MPBA). The specifically designed and synthesized CBT not only resists protein fouling effectively, but also has very

weak Raman activity compared to 4-MPBA. Thus, the CBT SAM provides a stealth surface modification to SERS-active substrates. The surface compositions

of mixed SAMs were investigated using X-ray photoelectron spectroscopy (XPS) and SERS, and their nonfouling properties were studied with a surface

plasmon resonance (SPR) biosensor. The mixed SAM with a surface composition of 94% CBT demonstrated a very low bovine serum albumin (BSA)

adsorption (∼3 ng/cm2), and moreover, only the 4-MPBA signal appeared in the SERS spectrum. With the use of this surface-modified SERS-active

substrate, quantification of fructose over clinically relevant concentrations (0.01�1 mM) was achieved. Partial least-squares regression (PLS) analysis

showed that the detection sensitivity and accuracy were maintained for the measurements in 1 mg/mL BSA solutions. This stealth surface modification

strategy provides a novel route to introduce nonfouling property to SERS-active substrates for SERS biosensing in complex media.

KEYWORDS: zwitterionic thiol . nonfouling . surface modification . complex media . surface-enhanced Raman scattering
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3,4-methylenedioxymethamphetamine (MDMA) parti-
tion to the mixed SAM layer, and thus enable the
detections.16,17 Instead of physical attractions, thio-
lated aptamers have been used to modify SERS sub-
strates to recognize and bind analytes.18,19 Then, the
SERS detection was accomplished by measuring either
the SERS signals of the Raman label conjugated to the
analyte vasopressin18 or the SERS signals of the analyte
ricin.19 Recognition between antibody�antigen has
also been employed for SERS biosensing.20,21 In these
studies, molecules with thiolated phenyl ring or dithio-
lated multiple phenyl rings were used as probes or
reporters to detect the antigens. In fact, surface mod-
ifications based on molecules of benzenethiol with
different functional groups, which serve as probe
molecules, have attractedmore attention recently.22�25

They can form SAMs on SERS-active substrates, creating
strong and reproducible SERS signals. Density func-
tional theory (DFT) calculations showed that the
probes with benzenethiol structure on SERS-active
substrates exhibit a large intrinsic Raman activity due
to the chemical enhancement mechanism.26 This of-
fers a great advantage since the detection of analytes is
achieved by monitoring the SERS spectral changes of
the probe molecules upon interactions with targeted
analytes. The strong SERS signals of phenyl rings can
amplify the detection signals over other interferences.
For example, 4-mercaptobenzoic acid (4-MBA) was
used to functionalize gold or silver nanoparticles for
intracellular pH sensing because the SERS spectrum of
4-MBA changes in response to the interaction between
the carboxyl group and protons.22,23 A specially de-
signed peptide receptor conjugated with thiophenol
group was modified on silver nanoparticles; quantita-
tive detection of an oncogenic protein in cell extracts
was accomplished by monitoring the SERS spectral
changes due to the reorientation of the phenyl ring.24

Our group recently reported the using of 4-mercapto-
phenylboronic acid (4-MPBA) for quantitative and
selective detection of fructose in artificial urine also
based on observing the relative SERS intensity changes
of the totally and nontotally symmetric ring vibrational
modes due to the symmetry breaking upon fructose
binding to the boronic acid group.25

Despite the successful detections using these sur-
face modifications, a suppression of sensitivity and
accuracy in complex media was observed in compar-
ison to the results obtained in simple buffer solu-
tions.24,25,27 It was found that nonspecific adsorbed
proteins from the complexmedia formed a dense layer
prohibiting the diffusion and recognition of target
molecules. Thus, a nonfouling modification with high
surface coverage is desired to resist the nonspecific
protein adsorption in order to maintain the detecting
sensitivity and accuracy, as well as to prolong the
stability and lifetime of the SERS-active substrates.
However, SERS is a near-field effect and ismost sensitive

to the first monolayer of molecules on the SERS-active
substrate surfaces.28 If the SERS-active substrate sur-
face is occupied by the nonfouling modification, sig-
nals of themodificationmay dominate the spectrum as
an overwhelming background that could cover or
overlap with the signals from target molecules. There-
fore, surface modification of SERS-active substrates
pose a great challenge to produce the capabilities to
resist fouling without introducing unwanted signals,
and also can respond to the interactions of immobilized
probe molecules to target molecules for sensitive, spe-
cific and accurate SERS detection in complex media.
To tackle this challenge, we developed a stealth

surface modification approach by modifying SERS-
active substrate surfaces with amixed SAM, containing
molecules with dramatically different intrinsic Raman
activities. Selective detection and signal amplification
are achieved by the molecule with strong Raman
activity, while nonfouling properties are achieved by
the molecule with weak Raman activity. In this work,
we designed and synthesized a short zwitterionic thiol,
N,N-dimethyl-cysteamine-carboxybetaine (CBT), and
used it to modify SERS-active substrate surfaces. This
modification provided the surface with nonfouling
properties because the carboxybetaine headgroup
can bind water strongly and resist protein adsorp-
tion.29,30 CBT is expected to have a remarkably small
Raman cross section as a small aliphatic molecule.31 As
a proof of concept, we formed 4-MPBA and CBT mixed
SAMs on gold quasi-three-dimensional plasmonic
nanostructure arrays (Q3D-PNAs)11,25 to detect fruc-
tose in protein solutions as illustrated in Figure 1a. The
surface composition of two components is critical for
maximizing the nonfouling properties without redu-
cing the sensitivity, specificity and accuracy of SERS
sensing. Therefore, the mixed SAMs with different
compositions were studied using SERS and X-ray
photoelectron spectroscopy (XPS). Their nonfouling
performances were assessed by a surface plasmon
resonance (SPR) biosensor. An optimized ratio of CBT
to 4-MPBA was determined and used to modify the
Q3D-PNAs. Detections of fructose with the concentra-
tions in the clinically relevant range were conducted in
PBS buffers and BSA solutions. Partial least-squares
regression (PLS) analysis was applied and the results
showed that the sensitivity and accuracy were main-
tained for the detections in BSA solutions. The resis-
tance to protein adsorption and the invisibility of its
own SERS signal make CBT a viable option for the
stealth surface modification of SERS-active substrates.

RESTULT AND DISCUSSION

SERS Spectra of Pure and Mixed SAMs. The short zwitter-
ionic thiol, CBT, was designed to have a carboxybetaine
headgroup, in which both cationic and anionic groups
are on the same molecule. Due to the electrostat-
ically induced hydration, it can be highly resistant to
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nonspecific protein adsorption. There is a short spacer
between the thiol and carboxybetaine group so that
CBT and 4-MPBA can form a mixed SAM with similar
height. The reaction route for the synthesis of CBT is
presented in Scheme 1.

The pure CBT SAM was formed on the gold surface
of aQ3D-PNA SERS substrate. The SERS spectrumof the
CBT SAM in PBS is shown in Figure 2 (bottom purple
line). Because of the small Raman scattering cross
section, the measurement was achieved by collecting
the spectrum with 10 accumulations to improve the
signal-to-noise ratio. Characteristic peaks are observed
from both the quaternary amine and carboxyl acid
groups of CBT. The strong peaks at 756 and 1079 cm�1

are attributed to the symmetric and antisymmetric
stretching vibration of the quaternary amine group
(C4N

þ), respectively.32,33 The stretching modes of the
carboxyl acid group (COO�) are illustrated at 1360 and
1585 cm�1.32,34 In addition, the CS stretching mode at
672 cm�1 and the in-plane bending mode of CS-Au at
847 cm�1 indicate that CBT adsorbs dissociatively as
thiolate and forms a gold�sulfur bond.35 The assign-
ments of each peak are given in Table S1 in the Sup-
porting Information.

Since CBT will serve as the nonfouling background
while 4-MPBA will be used as a fructose reporter, the
ratio of 4-MPBA to CBT of the mixed SAM is crucial in
order to maximize the detection sensitivity while mini-
mizing protein fouling. We modified the Q3D-PNA
SERS substrates with 4-MPBA/CBT mixed SAMs using
the molar ratios of 10/90 and 1/99 for 4-MPBA/CBT in
bulk solutions. Figure 2 shows the SERS spectra of

these two mixed 4-MPBA/CBT SAMs in PBS on Q3D-
PNA SERS substrates. For comparison, the SERS spectra
of the pure 4-MPBA SAM and pure CBT SAM are also
shown in Figure 2. The SERS spectrum of pure 4-MPBA
SAM is the same as we reported before.25 The signal of
a pure CBT SAM is about 170-fold lower than that of a
pure 4-MPBA SAM. 4-MPBA has a larger Raman cross
section than CBT from the benzene ring. In addition,
thiolated linkers with conjugated π-electrons such as
4-MPBA allow more efficient electron transfer and
molecular orbital overlapping, inducing a higher che-
mical enhancement factor over alkanethiols such as
CBT.36 The sharp difference between their intrinsic
SERS activity ensures the possibility to increase the
ratio of CBT in the 4-MPBA/CBTmixed SAM to provide a
nonfouling modification while the SERS signals of CBT
are still invisible. Indeed, as can be seen in Figure 2, the
enlarged spectra of twomixed SAMs are very similar to
those of the pure 4-MPBA SAM. The absolute intensi-
ties of characteristic peaks of 4-MPBA are decreased
with a decreasing molar ratio of 4-MPBA to CBT in the
bulk solution. No peaks of CBT are observed even in the
enlarged spectrum of the mixed 4-MPBA/CBT (1/99)
SAM. We noticed that ,with an increase in the ratio of
CBT to 4-MPBA, the relative intensity ratio of the
shoulder at 1065 cm�1 and the peak at 1075 cm�1 is
increased, while that of the shoulder at 1574 cm�1 and
the peak at 1587 cm�1 is decreased. This indicates a
possible ring reorientation of 4-MPBA with the incor-
poration of CBT.

It is known that the ratio of two components
forming a SAM on a surface is different from that in

Figure 1. (a) Schematic illustration of mixed SAM of 4-MPBA and CBT on a gold Q3D-PNA SERS-active surface for fructose
detection with the presence of proteins. (b) A 3D illustration of the Q3D-PNA composed of a separated gold thin film
with nanoholes on top and gold nanodisks at the bottom of wells. (c) The top-view SEM image of a Q3D-PNA showing the
diameter of ∼400 nm.
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the bulk solution. We estimated the surface ratio of
4-MPBA/CBT by taking the ratio of the absolute inten-
sity of the peak at 1075 cm�1. We assumed that the
surface coverage of pure 4-MPBA and 4-MPBA/CBT
mixed SAMs is the same and that one CBT molecule
replaces one 4-MPBA molecule on the SERS substrate
surface. In this way, the decrease of the intensity of
peak at 1075 cm�1 is directly due to the reducing
number of 4-MPBA molecules on the surface. On the
basis of this assumption, we obtained the surface ratios
of 4-MPBA/CBT of mixed SAMs are 31/69 and 6/94
corresponding to the molar ratio of 10/90 and 1/99 in
the bulk solutions, respectively. The higher fraction of
4-MPBA molecules in the SAMs may be attributed to
the stronger π�π interactions between phenol rings
which make 4-MPBA SAMs more stable than the SAMs
formed by the short alkanethiol.37

XPS Investigation of Pure and Mixed SAMs. The pure CBT
SAM, pure 4-MPBA SAM and 4-MPBA/CBT mixed SAMs
were further characterized using the surface sensitive
technique XPS. Figure 3 shows the XPS high-resolution
spectra of carbon (C 1s) and the detailed spectra of

boron (B 1s) and nitrogen (N 1s) of the SAMs. The C 1s
spectrum of the pure CBT SAM has two major peaks
centered at 285.5 and 289.1 eV, corresponding to the
carbon atom bonded to a nitrogen atom (C�N) or
another carbon atom (C�C) and the carbon atom in
the carboxylate group (O�CdO), respectively.38 A
small peak at 286.8 eV corresponding to the electron-
deficient carbon atom bonded to a sulfur atom (C�S)
was also fitted to the C 1s spectrum. The N 1s spectrum
of the pure CBT SAM shows a peak at the binding
energy of 402.3 eV.38 The high-resolution spectrum of
S 2p of the pure CBT SAM shown in Figure S1 in the
Supporting Information can be fitted to one state of
sulfur species at the surface with an S 2p3/2 binding
energy at 162.0 eV, indicating sulfur atoms are bound
to the surface. The C 1s, N 1s and S 2p spectra show that
a well-packed monolayer of CBT is formed on the gold
surface. The C 1s photoelectron peak of the pure
4-MPBA SAM is centered at 284.2 eV with a very small
shoulder at 286.8 eV, corresponding to the carbon
atoms of the aromatic ring (CdC) and the carbon atom
bonded to sulfur atom (C�S), respectively, which are
consistent with the spectrum reported before.39 The
B 1s spectrum of the pure 4-MPBA shows a peak at the
binding energy of 191.2 eV. The high resolution C 1s
spectra of the two 4-MPBA/CBT (10/90 and 1/99)mixed
SAMs exhibit the characteristic peaks of both 4-MPBA
and CBT but the intensities vary with the ratio of two
components. The characteristic peak of the 4-MPBA
SAM at ∼284.2 eV decreases significantly to a tiny
shoulder for the 4-MPBA/CBT (1/99) mixed SAM. The
XPS detail spectra of B 1s and N 1s also show the same
trend with the ratio of two components. There is
almost no detectable B 1s peak but a strong N 1s peak
for the 4-MPBA/CBT (1/99) mixed SAM. The XPS results
clearly show that CBT occupies most of the surface for
the 4-MPBA/CBT (1/99) mixed SAM. We calculated the
ratio of the two components on the surface using the
high resolution C 1s spectrum with the CdC peak for
4-MPBA and the/C�N and C�C peaks for CBT. The area
ratio of the CdC peak to the he C�N and C�C peaks is
5/95, which is in a good agreement with the estimation
from the SERS spectrum.

Nonfouling Evaluation of Mixed 4-MPBA/CBT SAMs. The
nonspecific protein adsorption on different SAM
modified gold surfaces was measured using an SPR

Scheme 1. Synthesis route of N,N-dimethyl-cysteamine-carboxybetaine (CBT).

Figure 2. SERS spectra of pure 4-MPBA, 4-MPBA/CBTmixed
SAMs and pure CBT on Q3D-PNAs in PBS. The mixed SAMs
were formed with molar ratios 10/90 and 1/99 for 4-MPBA/
CBT bulk solutions. The λex = 785 nm, Plaser = 1 mW, and
t = 10 s.
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biosensor. The pure CBT, pure 4-MPBA and 4-MPBA/
CBT mixed SAMs were tested with a single protein�
bovine serum albumin (BSA) solution (1 mg/mL) be-
cause BSA has been commonly used to block surfaces
due to its high affinity tomany surfaces. The typical SPR
sensorgrams are shown in Figure 4. The pure CBT SAM
shows a nonfouling property with the BSA adsorption
of 2.2( 0.8 ng/cm2. In contrast, the pure 4-MPBA SAM
exibits a strong BSA adsorption of 148.4( 16.5 ng/cm2.
For the 4-MPBA/CBT mixed SAMs, Figure 4 shows that
the mixed SAM formed by the ratio of 4-MPBA/CBT of
10/90 in the bulk solution can significantly reduce the
BSA adsorption to 27.1 ( 8.8 ng/cm2. With further
increasing CBT in 4-MPBA/CBT mixed SAM to 1/99, the
BSA adsorption is reduced to 3.0( 0.6 ng/cm2, which is
similar to the amount on the surface of the pure CBT
SAM. Therefore, the 4-MPBA/CBT (1/99) mixed SAM is
sufficient enough to resist protein adsorption, which
was selected for the investigation of detecting fructose
in protein solutions.

4-MPBA/CBT Mixed SAM Modified SERS-Active Substrates for
Fructose Detection. As shown in Figure 2, although the
absolute SERS intensities of 4-MPBA in 4-MPBA/CBT
mixed SAMs are decreased with the increasing of CBT
ratio, the spectra are still dominated by the 4-MPBA
signal. In our previous study, we demonstrated that the
pure 4-MPBA SAM modified Q3D-PNA SERS substrate
can sensitively and specifically detect fructose in arti-
ficial urine.25 The symmetry breaking of 4-MPBA upon
fructose binding leads to the change of area ratio
between totally symmetric 8a ring mode (1574 cm�1)
and nontotally symmetric 8b ring mode (1587 cm�1),
which enables the detection. In this work, we first
tested how the SERS signals of 4-MPBA change upon
the binding of fructose to the 4-MPBA/CBT (1/99)

mixed SAM modified Q3D-PNA SERS substrate. We
immersed a 4-MPBA/CBT (1/99) mixed SAM modified
Q3D-PNA SERS substrate in 1mM fructose PBS solution
for 1 h to ensure binding equilibrium and then took the
SERS spectrum. Figure 5 shows the SERS spectrum of
4-MPBA/CBT (1/99) mixed SAM after fructose binding.
For comparison, the SERS spectrum taken from the
4-MPBA/CBT (1/99) mixed SAM in PBS is also shown
Figure 5. Several spectral changes are observed be-
tween the two spectra. The peak of 8a (1587 cm�1),
a totally symmetric mode, significantly decreased, while
the peak of 8b (1574 cm�1), a nontotally symmetric
mode, increased. The peaks of the 19a (1487 cm�1) and
19b (1472 cm�1) modes varied in a similar trend. All
these changes indicate that the symmetry of a 4-MPBA
molecule is changed from nearly C2v to Cs because
of forming fructose-4-MPBA ester upon fructose
binding.40 The other changes of the peaks at

Figure 3. XPS high-resolution C 1s, detailed N 1s and B 1s spectra of pure 4-MPBA SAM, 4-MPBA/CBT (10/90 and 1/99) mixed
SAMs and pure CBT SAM formed on gold surfaces.

Figure 4. Typical SPR sensorgram of pure 4-MPBA SAM,
4-MPBA/CBT (10/90 and 1/99) mixed SAMs and pure CBT
SAM on gold surfaces when exposed to 1 mg/mL bovine
serum albumin (BSA) solution.
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420, 1000, 1024, and 1065 cm�1 related to the 7aþ vCS,
12, 18a, and vCS modes, respectively, suggesting the
possible reorientation and charge redistribution of the
benzene ring. The results show that even with a very
small amount of 4-MPBAmolecules (5�6%) on theQ3D-
PNA SERS substrate for the 4-MPBA/CBT (1/99) mixed
SAM, the variation of the SERS spectrum of 4-MPBA
upon fructose binding is still very obvious. Therefore,
the 4-MPBA/CBT (1/99) mixed SAM modified Q3D-
PNA SERS substrate exhibits both excellent nonfouling
properties and capability to detect fructose.

Quantitative Detection of Fructose in PBS. Figure 6a
shows the SERS spectra of the 4-MPBA/CBT (1/99)
mixed SAM modified Q3D-PNA SERS substrates im-
mersed in a series of concentrations of fructose from
0.01 to 1 mM, which is in the clinically relevant
range.41,42 The spectrum of each concentration was
taken after immersion for 20 min to ensure quick, yet
quantitative, measurement. Clearly, higher fructose
concentration resulted in more obvious spectral
changes. Figure 6a shows the Raman shift range of
950�1650 cm�1, which contains the most distinct
spectral changes. To completely extract and quantify
the spectral information related to fructose concentra-
tions, multivariate data analysis of PLS regression was
applied for the evaluation. The PLS calibration model
for fructose detection using the 4-MPBA/CBT (1/99)
mixed SAM modified surfaces in PBS was obtained
using spectra of 51 samples ranging from 0 to 1 mM.
Each spectrum was preprocessed by normalizing the
intensity to the 1075 cm�1 peak and then taking the
Savitzky�Golay first derivative (5 points, second
degree). The PLS factors were derived from the spectra
from 950 to 1650 cm�1. Figure 6b shows the first and
second factors for PLS calibration. They are all related
with the spectral changes of 4-MPBA upon fructose
binding including the symmetry breaking and ring's
reorientation. Figure 6c shows the root mean squared
error of cross-validation (RMSECV) as a function of

loading factors, which indicates 4 loading factors work
well tominimize the RMSECV, andmeanwhile, describe
the accuracy of the model itself. A satisfactory calibra-
tion was achieved using just four factors to avoid
overmodeling data. Figure 6d shows the PLS result
that a linear plot of predicted concentration versus

actual concentration with R2 = 0.99 generated by
applying a leave-one-out cross-validated calibration
model. The formal root mean squared error of predic-
tion (RMSEP) is 0.018mM, representing the accuracy of
predicted concentration.

Accurate Fructose Detection in BSA Solution. To evaluate
the accuracy of the fructose detection in BSA solution
with the 4-MPBA/CBT (1/99)mixed SAMmodifiedQ3D-
PNA SERS substrates, we immersed the modified sub-
strate in a 1mg/mL BSA solution at 4 �C for 4 h and then
the substrate was immersed in a 1mg/mL BSA solution
spiked with a series concentrations of fructose from
0.05 to 0.9 mM. The SERS spectra were taken after
immersion for 20 min for each concentration and then
to validate the predicted concentrations based on the
PLS calibration model. The validation used 9 data
points. The predicted concentrations were obtained

Figure 6. (a) SERS spectra of 4-MPBA/CBT (1/99)mixed SAM
in fructose PBS solutionswith the fructose concentrationsof
0.01�1 mM after immersion for 20 min. The λex = 785 nm,
Plaser = 1 mW, and t = 10 s. (b) First two calibration factors
used to produce PLS predictions. (c) The root mean squared
error of cross-validation (RMSECV) as a function of number
of loading factors used in the PLS algorithm. (d) Plot of PLS
predicted fructose concentrations versus reference fructose
concentrations using 4 loading factors.

Figure 5. SERS spectra of 4-MPBA/CBT (1/99)mixed SAMon
a Q3D-PNA in PBS (blue) and in PBS with 1 mM of fructose
taken after 1 h of immersion (green). The inset illustration
shows the symmetry breaking of 4-MPBA upon fructose
binding. The λex = 785 nm, Plaser = 1 mW, and t = 10 s.
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from the PLS calibrationmodel built upon the results in
PBS. Figure 7a shows the plot of the predicted con-
centrations versus the actual concentrations for the
fructose detection in BSA solution after BSA blocking
using the 4-MPBA/CBT (1/99) mixed SAM modified
SERS substrate. Almost all the data points lie near the
prefect prediction diagonal and the RMSEP is 0.02 mM.
This result indicates that the 4-MPBA/CBT (1/99) mixed
SAM modified Q3D-PNA SERS substrates maintain the
detection accuracy and sensitivity as in PBS even after
the substrates are immersed in BSA solution and the
measurements are carried out at the presence of BSA in
solution. This is because a 4-MPBA/CBT (1/99) mixed
SAM highly resists protein fouling as demonstrated
by the SPR measurement. In contrast, the detection
accuracy is lost if the SERS substrates are modified by
a pure 4-MPBA SAM. To quantitatively demonstrate
this, we first built the PLS model for the pure 4-MPBA
SAM modified surface using the SERS spectra of
different concentrations of fructose in PBS as we did
for the 4-MPBA/CBT (1/99) mixed SAM. We then took
the SERS spectra of different concentrations of fruc-
tose in 1 mg/mL BSA solution after the BSA blocking
as aforementioned. Figure 7b shows that all the
predicted concentrations are smaller than the actual
ones, with a RMSEP = 0.23 mM. Apparently, a protein
fouling layer was formed on the pure 4-MPBA SAM
modified SERS substrate during the blocking step as
well as the subsequent detection step. The protein
fouling layer inhibits the diffusion of fructose from the
solution to the surface to bind with 4-MPBA and

thereby suppresses the sensitivity and accuracy of
the fructose detection.

CONCLUSIONS

In this work we demonstrated a stealth surface
modification strategy for sensitive and accurate detec-
tion of fructose in protein solutions using SERS by
modifying the SERS substrate with a mixed SAM of
4-MPBA and CBT. For the mixed SAM formed with a
solution molar ratio of 1/99 of 4-MPBA and CBT, the
surface exhibits excellent nonfouling properties with
BSA adsorption around 3 ng/cm2 measured by an SPR
biosensor. Although the surface is occupied by ap-
proximately 94% of CBT for this mixed SAM, only
4-MPBA signals appear in the SERS spectrum because
of the dramatic difference between their intrinsic
Raman activities. The nonfouling property and invisi-
bility in SERS spectramakeCBT a stealth surfacemodifi-
cation. Thedetections of fructose inprotein solutionover
clinically relevant concentration range (0.01�1 mM)
were carried out using the SERS substrates modified
with this 4-MPBA/CBT (1/99) mixed SAM and a RMSEP
of 0.018 mM was demonstrated by applying PLS
regression analysis. The detection sensitivity and ac-
curacy were maintained compared to the detections
conducted in PBS. The concept of the stealth surface
modification of SERS substrates could be adopted as a
general strategy to introduce new functionalities to
SERS substrates, while avoiding competition between
the SERS signals of the target analyte and the surface
modification.

MATERIALS AND METHODS
Materials. 4-Mercaptophenylboronic acid, D-(�)-fructose,

phosphate buffered saline packet (PBS, pH 7.4 and ionic
strength 150 mM) and albumin from bovine serum were
purchased from Sigma-Aldrich (St. Louis, MO). Dithiothreitol,
triethylamine, acrylic acid, and bis(2-dimethylaminoethyl)
disulfide dihydrochloride were purchased from TCI America

(Portland, OR). Diethyl ether and anhydrous methanol were pur-
chased from J. T. Baker (Center Valley, PA). High-purity deionized
(DI) water was obtained with a Millipore water purifier system.

Synthesis of N,N-Dimethyl-cysteamine-carboxybetaine. N,N, N0 ,N0-
Tetramethyl-cystamine-dicarboxybetaine (CBT Disulfide) (2). Bis(2-
dimethylaminoethyl) disulfide dihydrochloride1 (10.1 g, 35.9mmol)
and triethylamine (10.0 mL, 71.7 mmol) were dissolved in

Figure 7. The plots of predicted fructose concentrations versus reference fructose concentrations on (a) 4-MPBA/CBT (1/99)
mixed SAM and (b) pure 4-MPBA SAM modified SERS substrates, after immersion in the solution of 1 mg/mL BSA in PBS.
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anhydrous methanol (100 mL) and the solution was stirred at
room temperature for 30 min. Acrylic acid (48.3 mL, 710 mmol)
and hydroquinone (500 mg, 4.54 mmol) were then added to the
mixture, which was stirred at 50 �C for 18 h. The solution was
concentrated on the rotovap to a syrupy consistency. Diethyl
ether (500 mL) was added to the viscous residue resulting
in a suspension that was stirred at room temperature for 12 h.
The precipitate was filtered on a Buchner funnel, washed with
cold ether and dried under high vacuum to afford the pure
product as a finewhite powder (11.6 g, 32.9mmol). Yield: 92%. 1H
NMR (300MHz, D2O)δ (ppm): 3.60 (t, 4H, J=7.6Hz), 3.56 (t, 4H, J=
7.6 Hz), 3.07 (t, 4H, J = 4.7 Hz), 3.03 (s, 12H), 2.85 (t, 4H, J = 7.5 Hz).

N,N-Dimethyl-cysteamine-carboxybetaine (CBT) (3). CB-thiol
disulfide 3 (3.20 g, 9.08 mmol) was dissolved in anhydrous
methanol (50.0 mL). Dithiothreitol (1. 47 g, 9.53 mmol) was
added to the solution and the mixture was stirred at room
temperature for 12 h. The solution was concentrated on the
rotovap to remove about 90% of methanol and diethyl ether
(150 mL) was added to the residue, resulting in a suspension.
After stirring in ether for 12 h, the precipitate was filtered out on
a Buchner funnel, washed with ether and dried under high
vacuum to afford the pure product as a white powder (1.37 g,
7.72 mmol). Yield: 85%. 1H NMR (300 MHz, D2O) δ (ppm): 3.51
(t, 2H, J = 6.4 Hz), 3.49 (t, 2H, J = 6.4 Hz), 2.97 (s, 6H), 2.82 (m, 4H).
13C NMR (75MHz, D2O) δ (ppm): 174.4, 67.3, 60.8, 51.9, 29.1, 17.8.

Fabrication and Surface Modification of Gold Q3D-PNA SERS Substrates.
Gold Q3D-PNA SERS substrates are composed of physically
separated gold thin films with subwavelength nanoholes on
the top and gold nanodiscs at the bottom of the wells as
illustrated in Figure 1b. They were fabricated via electron beam
lithography (EBL) following the same method reported pre-
viously.25 Ellipsometery (J.A. Woollam, R-SE) was used to mea-
sure the thickness of PMMA and gold coatings, and the dimen-
sions of the Q3D-PNA were confirmed by scanning electron
microscope (SEM, FEI Sirion) shown in Figure 1c. Pure CBT, pure
4-MPBA, and 4-MPBA/CBT mixed SAMs were formed on the
surface of a gold Q3D-PNA SERS substrates by soaking UV
ozone-cleaned substrates in a 1mMpure CBT, 1mMpure4-MPBA
or 1 mM 4-MPBA/CBT (molar ratio: 10/90 and 1/99) absolute
ethanol solution for 12 h, followed by rinsing with ethanol and
deionized (DI) water and blowing dry in a stream of nitrogen.

Analysis of SAMs Using XPS. The pure CBT, pure 4-MPBA and
4-MPBA/CBT mixed SAMs were characterized using X-ray
photoelectron spectroscopy (XPS) on a Kratos Axis Ultra XPS
instrument using monochromated Al KR radiation (1486.6 eV).
Survey spectra and detail scans of C 1s, N 1s, B 1s, and S 2p were
acquired using a pass energy of 150 eV. High-resolution spectra
of C 1s and S 2p were acquired using a pass energy of 50 eV.
Spectra were collected with the analyzer at 55� with respect to
the surface normal of the sample. Typical pressure in the
chamber during spectral acquisition was 10�9 Torr. Three spots
on two or more replicates sample were analyzed. Computer
aided surface analysis (CasaXPS) software was used to calculate
compositions from the peak areas.

Nonfouling Assessment Using an SPR Biosensor. A four-channel
custom-built SPR sensor was used to measure the protein
adsorptions on the surfaces of gold SPR chips modified with
different SAMs. The pure CBT, pure 4-MPBA and 4-MPBA/CBT
mixed SAMs were formed on UV ozone-cleaned gold SPR chips
following the same aforementioned method. The modified SPR
chips were rinsed with ethanol, DI water, dried by nitrogen, and
then mounted on the SPR device. The temperature controller
was set to 25 ( 0.01 �C. Protein adsorption was measured by
sequentially flowing PBS, 1mg/mL BSA in PBS, and PBS over the
SAM surface each for 10 min at 40 μL/min flow rate by a
peristaltic pump. The wavelength shift between the baselines
before protein injection and after rinsing with PBS was used to
quantify the total amount of protein adsorbed. A reference
channel containing a PBS flow was used for each chip to correct
for baseline drift. A 1 nm wavelength shift from the SPR at
750 nm represents a surface coverage of 17 ng/cm2 adsorbed
proteins. The detection limit for the SPR sensor is 0.3 ng/cm2.

Detection of Fructose in PBS and BSA Solutions Using SERS. A
Renishaw InVia Raman spectroscope connected to a Leica
DMLM upright microscope was used to collect SERS spectra.

A 785 nm laser was used as an excitation laser, which was
focused on a Q3D-PNA using a 50� (N.A. = 0.8) objective and
the laser power of 1 mW. A spectral resolution of 1.1 cm�1 can
be achieved, and spectra were collected in the range of
400�1700 cm�1. The Q3D-PNA SERS substrates modified by
pure CBT SAM, pure 4-MPBA SAM, or 4-MPBA/CBT mixed SAM
were placed in a custom-made Teflon container, a volume of
150 μL PBS solution was added, and then a piece of microscope
cover glass was placed on top of the container carefully to avoid
forming bubbles. SERS spectra of 4-MPBA SAM and 4-MPBA/CBT
mixed SAM were taken with CCD exposure time of 10 s and a
single accumulation while those of CBT SAM with 10 accumula-
tions to increase the signal/noise ratio. To detect fructose in PBS
or proteins solutions, after placing a SERS substratemodifiedwith
4-MPBA/CBTmixed SAM in the Teflon holder, a volume of 150 μL
PBS solutionor 1mg/mLBSA solution spikedwith concentrations
of fructose (0.01, 0.05, 0.10, 0.16, 0.23, 0.29, 0.35, 0.41, 0.47, 0.54,
0.61, 0.68, 0.75, 0.83, 0.90, and0.99mM)was addedon the surface
carefully. Then the container was covered with a piece of
microscope cover glass. The SERS spectra were collected after
immersion in each concentration solution for 20 min with CCD
exposure time of 10 s and a single accumulation. Three replicates
were measured for each concentration.

Chemometrics Method. All SERS spectral data processing was
performed using the Unscrambler X (CAMO Software, Oslo,
Norway) software package.43 Prior to analysis, all spectra were
baseline corrected by fitting the raw spectrum to a fourth-order
polynomial and then subtracted. The baseline corrected spectra
were normalized with respect to the peak at 1075 cm�1 for
4-MPBA SAM and 4-MPBA/CBT SAMmodified samples followed
by taking the Savitzky�Golay first derivative (5 points, second
degree). Then data analysis was conducted using partial least-
squares (PLS) method with leave-one-out, cross validation for
evaluating the effectiveness of SERS technique in predicting
different fructose concentrations (0�1mM) in PBS buffer.44 This
analysis used one sample as the validation set and the remain-
ing samples as the training set. The process was repeated for all
samples (i.e., 51 samples). The root mean squared error of
prediction (RMSEP) was used to judge the accuracy of pre-
dictions. It was calculated from the cross validation data as
RMSEP = [(1/51)∑51(prediction � reference)2]1/2.

For both of the pure 4-MPBA SAM and 4-MPBA/CBT mixed
SAM modified SERS sensors, their PLS calibration models were
built in PBS buffer. Then, the models were used for the prediction
of different known concentrations of fructose in BSA solution after
immersion of the modified sensors in BSA solution (1 mg/mL) for
4 h to evaluate the potential influence of protein fouling.
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