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ABSTRACT: The detection of carbohydrates in human body fluids is critical for disease diagnosis and healthy monitoring. Despite
recent advances in glucose sensing, multiplex detection of different carbohydrates within a single assay that is capable of efficiently
providing richer health information remains challenging. Herein, we report a versatile surface-enhanced Raman spectroscopy-based
platform for the quantitative detection of monosaccharides (glucose, fructose, and galactose) in one test using a displace-and-trap
mechanism. Moreover, due to the use of multiple optical interference-free (1800−2200 cm−1) signal-independent Raman probes,
the detection range of this platform (0.125−7 mg/dL) perfectly covers physiological concentrations, enabling the quantitative
detection of glucose and galactose in clinical human saliva samples. This work provides a noninvasive and high-efficiency potential
tool for the screening of clinical diabetes and other carbohydrate-related diseases.
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An unprecedented increase in the number of patients with
diabetes mellitus and its complicating factors has

contributed tremendously to the burden of mortality and
disability worldwide. According to International Diabetes
Federation (IDF) data, an estimated 642 million people will
suffer from this metabolic disorder by the year 2040, resulting
from the increase in an energy-dense diet and the aging
population.1,2 The level of glucose in biofluids has been
acknowledged as the most important index for both the
diagnosis and management of diabetes.
Other metabolic diseases including fructose malabsorption,

fructosemia, and galactosemia are clinically important. This is
because elevated level of fructose and galactose can lead to
serious complications such as liver and kidney failure.3−5

Therefore, routine fructose and galactose monitoring is
important for galactosemia or fructosemia patients. The
current clinical test for fructosemia is based on the detection
of hydrogen and methane gas in breath (bacteria in colon will
digest fructose and release hydrogen and methane gases). For
galactosemia test, it is done with blood detection. These tests
are extremely challenging due to the problems of the
inherently poor reproducibility and high false positive rate.6,7

Due to their great importance in disease diagnosis, the

development of reliable and fast alternative detection methods
for fructose and galactose continues to be of interest.
Surface-enhanced Raman spectroscopy (SERS) based on

inelastic scattering processes is a powerful analytical technol-
ogy in biomedical research. With distinct enhancement effects
(electromagnetic and chemical enhancement) at the nanoscale,
SERS is capable of achieving single-molecule detection and has
thus been widely applied to detect various biosamples, ranging
from small molecules to proteins, cells, body fluids, and
tissues.8−14 All of these features suggest that SERS is an ideal
tool for practical detection in body fluids. For example, Van
Duyne’s group first presented a glucose biosensor based on
SERS. By partitioning glucose into an alkanethiol monolayer
adsorbed on a silver surface, they successfully circumvented the
adsorption problem and achieved quantitative glucose
detection in a clinically relevant concentration range.15 To
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further increase the selectivity of glucose sensing, the same
group designed a gold film over a nanosphere substrate
functionalized with bisboronic acid receptors for direct glucose
detection by SERS.16 Although promising, most glucose
sensors based on SERS suffer from interference from
biomolecules due to the featured SERS peaks of glucose in
the fingerprint region. In the context of this situation, our
group employed a metal carbonyl SERS probe with silent
Raman signals (1800−2200 cm−1) for highly sensitive and
selective glucose detection.17 Recently, new challenges in
glucose detection in saliva using SERS have emerged.
However, to date, a versatile SERS-based platform for the
detection of salivary glucose, galactose, and fructose has not
been reported.
Multiplexed detection of monosaccharides would allow

clinicians to monitor and establish a correlation among
them, thus achieving precise diagnosis. The absence of such
a platform is due to the lack of a system that can optically
detect these three carbohydrates within a single sensor. Herein,
we report a SERS method for glucose, galactose, and fructose
detection within a single chip involving a facile tandem
reaction of the three carbohydrates with boronic acid probes.
With the merits of the selectivity effect between the metal
carbonyl conjugated boronic probe and the fluorinated boronic
acid probe, the assay exhibits high response rate to glucose and
galactose. With a combination of a displacement probe,
fructose is detected as well. The levels of glucose and galactose
in clinical human saliva samples are essentially detected and
quantified.

■ EXPERIMENTAL SECTION
SERS Measurement. A microscopic Raman instrument (Re-

nishaw) with a 785 nm laser, a 50× objective lens, and a Peltier
cooled charge-coupled device was used for Raman spectral measure-
ment.
A silicon wafer with a Raman peak at 520 cm−1 was used for signal

calibration before each SERS measurement. After that, each spectrum
was obtained with 10 s acquisition time and then underwent the
process of baseline correction using the software (WiRE 4.3) with a
curve fitting and polynomial multipoint fitting function. The final
intensities of Raman peaks were used for spectral analysis, such as
quantitative analysis.
Fabrication of Nanopillar Substrate. A four inch p-type single

side polished ⟨100⟩ wafer was used. The wafer was first washed with
buffered oxide etch (NH4F/HF/H2O) and then placed for 5 min in
an oven at 120 °C to remove water from the surface. Etching is
conducted in a reactive ion etching system (RIE-10N, SAMCO).
After that, the wafer was processed to an O2 plasma cleaner under 2.0
× 10−1 Torr vacuum (PDC-001 cleaner from Harrick Plasma). In
order to totally remove the decomposition products and etchant gas
residuals, the wafer was exposed to argon plasma for 1 min. For the E-
beam evaporation process, FULINTEC E-GUN was used. The rate
evaporation of chromium was 0.1 Å/s, and the thickness of chromium
on wafer was 0.17 nm. Gold was subsequently deposited on the
substrate with the rate of evaporation at 1.0 Å/s and the thickness was
180 nm. The wafer was then processed for precision dicing with the
size of 3 mm × 3 mm (DS-150 II from EVERPRECISION TECH).
Immobilization of 4-Mercaptophenylboronic Acid on

Nanopillar Substrate. 4-Mercaptophenylboronic acid (MPBA,
1.54 mg) was dissolved in 10 mL of ethanol. The fabricated
nanopillar substrate was then incubated in 2 mL of MPBA solution for
2 h. The substrate was washed with ethanol three times and blow-
dried under argon flow.
Immobilization of 3,4-Dihydroxybenzonitrile (DBN−CN)

on MPBA. 3,4-Dihydroxybenzonitrile (13.5 mg) was dissolved in 10
mL of a pH 10 solution adjusted by sodium hydroxide. The substrate

coated with MPBA was soaked into 2 mL of 3,4-dihydroxybenzoni-
trile for 1 h. The substrate was blow-dried under argon flow.

Binding of Glucose, Fructose, and Galactose. The substrate
coated with MPBA−DBN−CN was incubated with 1 mM of
glucose, fructose, and galactose in deionized water. The pH was
adjusted to pH 10. After 2 h, the substrate was washed with water
three times and blow-dried under argon flow.

Synthesis of Triosmium Carbonyl Cluster−Boronic Acid
Conjugates (Os−BA−CO). Os3(CO)10(NCCH3)2 (26 mg, 0.028
mmol) and MPBA (5 mg, 0.034 mmol) were dissolved in
tetrahydrofuran (6 mL), followed by stirring at room temperature
overnight. Under vacuo, the solvent was removed and thin-layer
chromatography was employed to purify the residue using ethyl
acetate/hexane (1:1, v/v) as eluant to yield one major yellow band as
cluster Os−BA. Yield: 22 mg (69%); Rf = 0.37; IR (DCM, cm−1) νCO:
2110w, 2069s, 2060m, 2023s, 2001m, 1987w. 1H NMR (400 MHz,
(CD3)2CO): δ 7.62 (2H, d, Ar), 7.39 (2H, d, Ar), 7.32 (2H, s,
B(OH)2).

Detection of Glucose with Os−BA−CO. Os−BA−CO (1
mM) at pH 10 was prepared. The resulted solution was then added to
the substrate MPBA−glucose. After 2 h, the substrate was washed
with water three times and blow-dried under argon flow.

Detection of Galactose with 3-Fluorophenylboronic Acid
(F−BA−CN). 3-Fluorophenylboronic acid (13.9 mg) was dissolved
in 10 mL of a pH 10 solution. The substrate with MPBA−galactose
was soaked into 2 mL of 3-fluorophenylboronic acid solution for 2 h.
The substrate was blow-dried under argon flow.

Calculation of the Binding Constant. The apparent 2:1 binding
constant (Ka) with sugars (glucose and galactose) in the presence of
Os−BA−CO or F−BA−CN was determined from the changes
in the SERS spectra. On the assumption that the SERS change is only
induced by the formation of a 2:1 complex (bidentate complex)
among MPBA, sugar, and Os−BA−CO or F−BA−CN, the
binding constant can be defined as shown in Figure S4.

Electromagnetic Simulation. The high mesh density simu-
lations for plasmonic properties of gold nanoparticles were performed
using commercial software (COMSOL Multiphysics 3.5a version)
with an rf extended module. In the draw mode of the Cartesian
coordinate system, the particle size and three-dimensional shape can
be drawn, and boundary conditions and perfectly matched layer can
be also defined. The simulation process for a single nanoparticle lasted
for 4 h. A Lenovo desktop equipped with Intel Core 2 Quad CPU
Q9650 at 3.00 GHz and 8 GB RAM, as well as a 64-bit Windows 7
Professional operating system, was employed for the above
simulations.

Patient Sample Collection. Saliva samples were collected from
unstimulated participants (50 years old, Fujian Cancer Hospital) in
order to show their real metabolic conditions, which would improve
the test accuracy. Patients with other diseases and pregnant women
were excluded from this study. The approval (K201401) from Fujian
Cancer Hospital ethics committee was obtained prior to this research,
and informed written consent was obtained from all the subjects
taking part in the study. After 8 h of overnight fasting, the saliva
samples were obtained from the study subjects after the mouth rinsing
between 6:30 and 7:30 a.m. During the collection process, each saliva
sample was naturally drained into the tube within 5 min. Following
saliva collection, 5 mL of blood from the same subject was collected
using a sterile test tube. Each saliva and blood sample (1 mL) was
respectively centrifuged using an ultracentrifuge to separate at 3000
rpm for 20 min, and clear supernatants were obtained. Three
independent experiments were performed for each sample.

Statistical Analysis. Means and standard deviations were
calculated for the individual groups. The database of testing results
was constructed using Microsoft Excel to aid statistical analysis.
Student’s t-test was used to evaluate the significance of differences
between the two study groups. Probabilities of less than 0.05 were
accepted as significant.

Continuous Monitoring of the Biosensors. In the absence of
target, the SERS intensities of biosensors were monitored for 60 min
at 0.5 min intervals using wavelengths of 785 nm. Then, diol stock
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solutions in varying concentrations were added to the biosensors,
followed by SERS monitoring for another 60 min at 0.5 min intervals.
The percent binding of diol was calculated. This relatively long
incubation time was employed to ensure that the solutions reached
equilibrium. The sensor reached equilibrium after 1 h. Upon exposure
to glucose solution, the binding equilibrium reached to saturation in
less than 60 min.

■ RESULTS AND DISCUSSION
Principle of Assay. This assay relies on the abilities of

glucose and galactose to form a bidentate glucose and galactose
boronic complex and fructose to form a boronic monodentate
complex (Figure 1).18−22 Three carbohydrate probes are used.
The primary probe 3,4-dihydroxybenzonitrile (DBN−CN; a
displacement probe with a nitrile group signal at 2226 cm−1) is
weakly bound to the MPBA capture receptor and can detect
the total concentration of the three monosaccharides. All the
three monosaccharides are first captured by MPBA through

the displacement of DBN−CN, followed by subsequent
strong binding of the MPBA−triosmium carbonyl cluster
(Os−BA−CO; a secondary probe with a carbon monoxide
signal at 2111 cm−1) to glucose and 4-cyano-3-fluorophenyl-
boronic acid (F−BA−CN; a secondary probe with a nitrile
group signal at 2235 cm−1) to galactose (Figure S1). Os−BA−
CO is often stable to both air and moisture (Figure S2).23

We previously demonstrated its ability to bind glucose. It is
thus possible to quantify the total saccharides (glucose +
fructose + galactose) in samples with the displacement reaction
of DBN−CN. Then, we can selectively quantify the
concentrations of glucose and galactose via the CO and
CN stretching vibrations of Os−BA−CO and F−BA−
CN, respectively. The subsequent signal subtraction of F−
BA−CN from DBN−CN plus Os−BA−CO can be
used to obtain the concentration of fructose.

Figure 1. Schematic representation of the detection mechanism of glucose, fructose, and galactose via multiple optical interference-free SERS
probes.
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Optical Properties of Nanopillar Substrate. Free-
standing nanopillars coated with gold can act as effective
SERS substrates.24 These are in-house fabricated substrates
comprising a multiple nanopillar structure formed by chemical
etching and the deposition of gold via electron beam
evaporation (Figure S3). The localized surface plasmon
resonance (LSPR) resonance peak position of nanopillar is
∼700 nm. MPBA is immobilized onto the nanopillar via a
thiol−gold reaction and then modified with DBN−CN,
which can be confirmed by the excellent enhancement of the
Raman signal at 2226 cm−1 (Figure 2a). The relative intensities
of the peaks at 1572 and 1584 cm−1 change that is attributed to
the symmetric ring mode and non-totally symmetric ring mode
of the MPBA benzene ring are due to DBN−CN binding to
the boronic acid moiety, which breaks the symmetry of the
probe.25

MPBA−DBN−CN can then be incubated with a 1 mM
solution of glucose, fructose, and galactose. While a significant
reduction in the DBN−CN signal (2226 cm−1) is observed
(Figure 2b), the distortion of the boronic acid moiety
symmetry is still noticeable (1572 and 1584 cm−1). This
indicates that the DNB−CN moiety is displaced by glucose,
fructose, and galactose.25

Subsequent incubation with Os−BA−CO under basic
conditions results in a strong detectable CO signal (2111

cm−1) for MPBA−glucose (Figure 2c). The pH profiles of the
Os−BA−CO complexes with glucose show that the peak at
2111 cm−1 increased under basic conditions (Figure 3a). Given
the geometry of the MPBA−glucose−Os−BA−CO sand-
wich and considering that SERS enhancement can occur in the
nanometer range, CO can be observed within the SERS
enhancement range if Os−BA−CO binds to MPBA−
glucose (Figure 3b,c). We estimated a molecular distance of
glucose of approximately 10 Å, and the two boronic acid plus
osmium clusters are still within the detection range (Figure
3d,e). The pKa value of Os−BA−CO with glucose is 10.85.
On the other hand, the substrate treated with fructose and
galactose shows a very modest CO stretching peak (Figure 2c).
In studying the reaction kinetics, significant SERS intensity

changes were observed upon mixing of the various sugars
(Figure 3g). One can quickly see that all reactions reach
equilibria within 60 min. The reaction between glucose and
MPBA−DBN−CN substrate reached equilibrium within 60
min. Thus, the experiment was always equilibrated in the
sample solution for 60 min before SERS measurement was
carried out. Our results are in line with other boronic acid
binding events.26,27 It is generally believed that boronic acid−
diol binding is rapidly reaching equilibrium. Thus, 60 min
incubation time was employed to ensure that the solutions
reached equilibrium.

Figure 2. (a) SERS spectra of DBN−CN binding MPBA exhibiting a new detectable peak at 2226 cm−1 and inducing distortion of the benzene
ring of boronic acid. (b) SERS spectra of MPBA−DBN−CN after incubation with glucose, galactose, and fructose binding demonstrating a
disappearance of the peak associated with DBN−CN. (c) Os−BA−CO and F−BA−CN exhibit high-intensity peaks in the presence of
glucose and galactose, respectively.
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Multiplex Detection of Different Carbohydrates. The
quantification capabilities of galactose can be determined using
the Raman signature of F−BA−CN at 2235 cm−1. The pH
profile of F−BA−CN was also measured (Figure 3a). The
pKa value of F−BA−CN is 8.46. The lower pKa value of F−
BA−CN is due to the electron-withdrawing effect of the
fluorine moiety of the boronic acid probe. Furthermore, the

sugar recognition ability of F−BA−CN was determined.

The results show that the signals at 2111 and 2235 cm−1

increase with increasing glucose and galactose concentrations,

respectively (Figure 2c). Thus, it is obvious that the formation

of the complex of boronic acids with glucose or galactose

occurred. The calculated binding constants of Os−BA−CO

Figure 3. (a) pH profiles of Os−BA−CO and F−BA−CN. (b) Gold nanopillars with simulated electric field distribution (|E|/|E0|) around the
gold nanopillars. (c) Calculated Raman enhancement factor for gold nanopillars with different distances. (d) Scanning electron microscopy image
of the gold nanopillar substrate. (e) Schematic representation of the geometry of MPBA−glucose−Os−BA−CO within the nanometer range of
SERS enhancement. (f) Curve-fitting analysis demonstrates the changes in the stretching frequency of the benzene ring. (g) Incubation of glucose
with the MPBA−DBN−CN substrate.

Figure 4. (a) Concentration plots for glucose and galactose detection. (b) Incubation of fructose with the MPBA−DBN−CN substrate.
Comparison of glucose levels in (c) serum and (d) saliva in nondiabetic and diabetic patients. (e) Correlation between salivary and blood glucose
levels in both diabetic patients group and control group (each value is the mean of triplicate assays).
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and F−BA−CN to glucose and galactose are found to be
1100 and 1000 M−1, respectively.
The binding of Os−BA−CO to MPBA−glucose and F−

BA−CN to MPBA−galactose results in further distortion of
the band from the benzene ring of the boronic acid moieties.
As demonstrated by curve-fitting analysis, the symmetric ring
mode and non-totally symmetric ring mode of the MPBA
benzene ring remain (Figure 3f). The addition of the boronic
acid benzene ring of Os−BA−CO contributes to the
shoulder of the peak at 1603 cm−1 and an increase in the
intensity of the peak at 1584 cm−1. Likewise, the binding of F−
BA−CN to MPBA−galactose contributes to the shoulder of
the peak at 1617 cm−1 and an increase in the intensity of the
peak at 1584 cm−1. The difference in the binding affinities of
Os−BA−CO and F−BA−CN to glucose and galactose
can discriminate glucose and galactose by the CO and C
N bands, and two concentration dependence curves are
obtained (Figure 4a). The non-specific binding of DBN−C
N, F−BA−CN, and Os−BA−CO was tested. It showed
no non-specific binding to the nanopillars substrate.
The intensity of the sharp peak at 2111 cm−1 changes as an

indicator of concentration after incubation with different
concentrations of glucose, whereas the peak at 2235 cm−1

corresponds well with the concentration of galactose; the limits
of detection are estimated to be 0.125 mg/dL for glucose and
0.259 mg/dL for galactose (Figures S5 and S6). Both detection
ranges cover physiological concentrations (nondiabetic pa-
tients: ≤5 mg/dL and diabetic patients: ≥5 mg/dL).28,29

The concentration of fructose in solution was calculated
using the DBN−CN (2226 cm−1) peak from the subtraction
of the glucose and galactose sample addition to the nanopillar.
We also tested the displacement ability of DBN−CN by
fructose in the absence of glucose and galactose. As shown in
Figure 4b, the disappearance of the DBN−CN signal is well
correlated with the concentration of fructose. This detection
limit compares very well with a similar glucose and fructose
assay and has a detection limit of 1.35 mg/dL. The selectivity
is due to the use of the higher binding affinity of fructose to
monoboronic acids and glucose and galactose to form
bisboronic acid adducts.30 Therefore, both glucose and
galactose interacted with MPBA−DBN−CN on the nano-
pillar, but there was preferential binding of Os−BA−CO
and F−BA−CN with the surface-bound glucose and
galactose, respectively.31,32

Detection of Salivary Carbohydrates. Glucose monitor-
ing for diabetes is usually carried out on blood samples.
Salivary glucose detection is a useful non-invasive screening
method. Since saliva collection is safe and convenient, further
research should be conducted to evaluate the feasibility of
saliva as an alternative diagnostic fluid.33−37 Saliva that can
provide valuable molecular information is a substitute,
alternative, or complement when the blood glucose test is
not affordable, accessible, or desirable in some clinical cases.
To access the potential clinical applications of the proposed

sensing method, we collected saliva samples from patients with
diabetes and healthy volunteers as controls as summarized in
Table S1. A total of 28 samples were collected. Saliva samples
were collected from each unstimulated participant, which
revealed the metabolic conditions of the real participants. This
led to an increase in test accuracy. This is because
unstimulated saliva is the amount of saliva secreted by the
major and minor glands. Therefore, there is no detectable
fructose concentration in the saliva samples. The results show

that tandem detection using boronic acid probes is significantly
outperforming the commercial glucose meter (limit of
detection of glucose meter is 100 mg/dL). Moreover, the
tandem assay manifests a good galactose detection in saliva
samples. The glucose concentration average is 3.53 ± 1.1 mg/
dL (n = 14) (serum glucose = 96.5 mg/dL) in unstimulated
control saliva, which is distinct from the glucose concentration
average of 13.41 ± 2.46 mg/dL (n = 14) in the unstimulated
saliva of diabetic patients [serum glucose = 167.86 mg/dL (n =
14)] (Figures 4c,d and S7).
The differences in salivary glucose and serum glucose for

normal and diabetic patients were also analyzed with a t-test
and are statistically significant (P < 0.05). Previous studies
have reported increases in salivary glucose levels in patients
with diabetes mellitus compared to nondiabetic patients.38,39

In this study, there appears a positive correlation between
salivary and serum glucose in both diabetic patient group and
control group (Figure 4e). All of these correlations are
statistically significant. Therefore, the salivary glucose value can
well indicate the concentration of serum glucose in diabetic
patients. We found that patients with serum glucose value
above 167.86 mg/dL showed an average salivary glucose value
of 13.41 mg/dL. On this occasion, we can conclude that
patients with salivary glucose value above 13.41 mg/dL would
likely suggest a serum glucose value above 167.86 mg/dL. We
also estimated the galactose levels in patients with diabetes
(Table S1). The galactose concentration is higher than the
glucose concentration, which is in line with previously reported
findings.40 However, we could not establish a correlation
between salivary galactose and serum glucose levels at this
stage.
A comparison with other techniques was made. The surface

plasmon resonance (SPR) technique is used to detect the shift
of SPR peak resulted in H2O2 produced by glucoxidase.
However, the stability of enzyme during storage at room
temperature is a critical problem.41 Although the fluorescence
detection technique is very sensitive for low glucose
concentration, it suffers from photobleaching and under-
estimation of glucose concentration due to variation in the
excitation source.42 To resolve this problem, other fluores-
cence materials were developed for glucose sensing such as
Qdot.43 However, it is required to couple with glucoxidase to
produce a fluorescence signal (experiment time: 45 min).
While a two-dimensional (2D) photonic sensor, where it
detects the change in diffraction wavelength, has lower limit of
detection,27 our sensor has the potential to simultaneously
detect multiple biomolecules. Our sensor possesses similar
experiment time with SPR technique (experiment time: 120
min) and 2D photonic sensor (experiment time: 120 min).
While the Qdot/silver nanoparticle method has shorter
reaction time, it can potentially suffer from background
interference due to fluorescence emission by serum.44

■ CONCLUSIONS
A tandem detection of multiple monosaccharides is rationally
designed as a promising SERS sensor. The details chemical
binding analysis revealed that metal carbonyl conjugated
boronic acid probe, fluorinated boronic acid probe, and the
displacement probe can achieve high response rate for the
quantitative detection of monosaccharides. The detection
range of carbohydrates is 0.125−7 mg/dL, which covers the
physiological concentrations, thus enabling us to quantitatively
detect glucose and galactose in clinical human saliva samples.
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The proof-of-concept study on SERS detection of multiple
carbohydrates in human body fluids would contribute
significant advances in carbohydrate detection field and has
great potential applications for the screening of clinical
diabetes and other carbohydrate-related diseases with high
efficiency.
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