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A B S T R A C T

The advances in surface-enhanced Raman scattering (SERS) have resulted in significant improvements for
sensing glucose, achieving a highly detecting sensitivity of the order of μM. Highly sensitive glucose detection,
however, is still a challenge due to extremely small Raman scattering cross section of glucose molecules and
weak interaction between the molecules and the metal nanoparticles. Here, we designed a novel homogeneous
SERS-based nanoplatform composing of the SERS tags and glucose oxidase in aqueous solution for a highly
sensitive glucose detection. Adding glucose caused enzymatic oxidation reaction to etch the tip electric field (E)
of silver nanotriangle. Thus, the decreased intensity of E was greatly amplified by the change of SERS signal (E4

dependent), which resulted in an excellent glucose detection limit of 0.4 nM was firstly achieved. Furthermore,
the nonlinear relationship between the decreased SERS intensity and the glucose concentrations was reasonably
revealed based on theoretical calculations and deeply understanding of the enhancement mechanism, which is
very useful in improving the sensitivity and accuracy of trace glucose detection. The as-prepared nanoplatform
showed good sensitivity and high selectivity only through observing the SERS intensity change, which is po-
tential for highly sensitive and practical glucose detection for clinical trace analyses.

1. Introduction

Glucose is one of the important metabolites which serve as a vital
role in life processes and disease diagnosis [1]. The deficiency or excess
of the glucose is directly related to the incidence and evolution of
diabetes mellitus which is a serious threat to human health, including
higher risks of heart disease, kidney failure, impairment of lung func-
tions, or blindness [2]. Therefore, developing sensitive detection
method for glucose is of great importance for early diagnosis and
control of diabetes mellitus. Accordingly, various optical approaches for
detecting glucose have been developed [3,4]. Among them, surface
enhanced Raman scattering (SERS), an enhanced effect of the localized
surface plasmon resonances (LSPR) on a roughened noble mental par-
ticle surface on Raman scattering of molecules, is the most promising in

the detection of trace biomolecules due to its high specificity and sen-
sitivity for the recognition and detection of molecules [5–10], patho-
gens [11–13], cells [14]. Particularly, most Raman scattering peaks
possess a very narrow full width at half maximum (FWHM), which is
suitable for multicomponent analysis and imaging [15,16]. Recent ad-
vances in the research of noble metal SERS substrates [17–19], have
also led to significant improvements in glucose detection [5,20].
However, highly sensitive SERS detection for glucose in aqueous solu-
tions remains a challenging due to extremely small Raman scattering
cross section (10−30 cm2/sr) of glucose and extremely weak binding
affinity between the molecules and the metal nanoparticles [4]. Al-
though there have been many reports on excellent label-free SERS de-
tection of glucose, the sensitivity of the reported glucose detection was
almost at the level from μM to mM [5,20,21], the process of analyzing
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meaningful data from the rich information acquired in the SERS spectra
of biomolecules is too complicated to be analyzed availably. Recently,
to overcome the weak binding affinity of glucose, bisboronic acids as
receptors were used to capture glucose for SERS substrates [22,23].
Very recently, SERS tags containing boronic acid group to capture
glucose were further developed for highly sensitive sensing of glucose
[24]. Moreover, mercaptophenylboronic acid and albumin were used to
capture glucose on the SERS substrates, respectively [25,26]. Therefore,
due to the anomeric effect of glucose, it is still difficult to develop
highly sensitive SERS-based glucose sensor.

Although various SERS substrates have been used for detecting
glucose, the repeatability of constructing SERS substrates is still one of
the most difficult problems to be solved in developing SERS methods
[5]. As an alternative solution, the homogeneous detection is a “mix
and measure” method that depends on the generating optical sensing
signal in the whole volume of the homogeneous analyte solution [27],
without the need of a highly repeatable construction of SERS substrates,
in which the sensing signal probes are homogeneously blended with the
analyte solution. Such simple method of the homogeneous detection
offers many advantages for point-of-care detecting applications owing
to effectively reducing requirements for the repeatability of the surface
structure of the substrate and/or sample preparation. In addition,
planar plasmonic substrates often occupy a large proportion of the
plasmonic near-field [28], resulting in a reduced sensitivity. While
plasmonic nanoparticles in homogeneous solution will have three-di-
mensional plasmonic electric field for highly sensitive SERS sensing.
Moreover, compared with the SERS detection widely based on sub-
strates, The analyte molecules diffuse with a three-dimensional in a
homogenueous solution and are captured by the signal sensing probes
for the homogeneous SERS methods, instead of the two-dimensional
diffusion in the SERS substrate, which is very useful for the capture of
the molecules by sensing elements [29]. Numerous homogeneous bio-
detection methods that employ particles, such as Au or Ag, magnetic
beads, and fluorescence particle labels, etc., have been developed based
on different optical principles, for example, fluorescence polarization
[30], fluorescence correlation spectroscopy [31], and Förster resonance
energy transfer [32,33]. Moreover, a few of articles on homogeneous
SERS detection were reported for biomolecules, e.g. antibody-frag-
ments-decorated Au nanoparticles, achieving a detection limit of 0.5
pM for cytokine [34]. However, so far, there have been few reports on
SERS methods for detecting glucose in a homogenously mixed aqueous
solution.

Here, a novel homogenous silver nanotriangle-based SERS nano-
platform (HSTSN) consisting of glucose oxidase (GOx) and SERS tags of
silver nanotriangles (SNTs) coordinated with the thiol of p-aminothio-
phene (p-ATP) in aqueous solution was proposed and constructed for
detecting glucose. Unlike most label-free SERS to sense the glucose with
the weak signal and weak binding affinity, we utilized the drastic
change in the intensity of the highly strong local electric field (E) at the
tips of SNTs leads to sharply decay the SERS signal to highly sensitive
detection of glucose, which reached by etching of H2O2 generated by
enzymatic oxidation reaction GOx to capture glucose, rather than the
one on the round after etching the SNTs which is currently reported.
The highly sensitive sensing of glucose was fulfilled due to combining
the advantages of the highly strong local electric field (E) at the tips of
the SNTS, the high Raman activity of the p-ATP, the high sensitivity of
the etching of H2O2 generated from glucose to the tips of the SNTs and
the three-dimensional diffusion of H2O2 in aqueous solution. In addi-
tion, it is well noted that SERS enhancement are fourth power depen-
dent of the local electric field [7], showing the relationship between the
SERS intensity and the concentration of analyte molecules should be
nonlinear in theory. Although the nonlinear relationship between SERS
intensity and concentration of detecting molecules in a few of reports
was observed, how to use the nonlinear relationship has not been dis-
cussed at all [22,26]. Therefore, it remains a new challenge how to
apply the relationship between the intensity of SERS and the

concentration of the detection molecules, which is influenced by the
nonlinear relationship between SERS and the tip electric field. Here, the
nonlinear relationship between the SERS intensity and the low con-
centration of glucose was revealed and employed, which was fully
supported by the theoretical calculations. Thus, for the first time to the
best of our knowledge, the HSTSN was able to detect glucose as low as
0.4 nM. Our findings show great potential for the development of highly
sensitive SERS methods for detecting glucose in homogeneously aqu-
eous solution, without SERS substrates.

2. Experimental section

2.1. Chemicals and materials

Silver nitrate (AgNO3, ≥99.8%), trisodium citrate (≥99%), poly
(vinylpyrrolidone) (PVP, Mw≈ 30, 000 g/mol) were obtained from
Beijing Chemical Works, sodium borohydride (NaBH4, ≥98%), p-ami-
nothiophenol (p-ATP, ≥90%), glucose oxidase (GOx) were purchased
from Sigma-Aldrich. Glucose, fructose, maltose, sucrose, and starch
were purchased form Aladdin. Water was distilled and deionized using
a Millipore Milli-Q Purification System, which has a resistivity of not
less than18.2 MΩ. All chemicals were obtained from commercial
sources and used without further purification.

2.2. Synthesis of SNTs

SNTs were synthesized similar to the method reported by Yin et al
[35]. 93 ml deionized water, AgNO3 (10mM, 1mL), and trisodium ci-
trate (15mM, 1mL), PVP (1.75 mM, 4mL), H2O2 (30 wt%, 240 μL)
were mixed under vigorously stirring at room temperature. 1 mL NaBH4

(100mM) was quickly added into this mixture. About 30min later, the
solution turned gradually from achromatism to yellow, and blue,
showing the formation of SNTs. The as-prepared SNTs were ~70 nm in
length of the sides.

2.3. Fabrication of SERS tags

p-ATP molecules are usually used for SERS, owning to their strong
coordination ability with noble metal nanoparticles and large Raman
scattering cross section [36]. Here, p-ATP was used to fabricate SNTs-
based SERS tags. The as-prepared SNTs were firstly centrifugated
(10,000 rpm, 15min) from solution and washed for three times to ex-
clude the unreacted agents and the PVP ligands from the surface of the
SNTs as much as possible, then dispersed again into 1.8mL deionized
water. Next, the 1.8mL of the purified SNTs solution (0.16 nM) were
mixed with the 200 μL p-ATP (100 μM) ethanol solution for 12 h to
coordinate thiol of p-ATP to Ag of the SNTs surface for obtaining SERS
tags. Finally, the SNTs/p-ATP were further washed with water and
ethanol, and re-dispersed into 10mL aqueous solution for obtaining
SERS tags.

2.4. SERS detection for glucose

For the homogeneous SERS detection of glucose, the HSTSN was
firstly prepared by mixing SERS tags of 180 μL SNTs/p-ATP with 20 μL
GOx (0.5mg/mL) with 2mL deionized water, to obtain the HSTSN
(SNTs/p-ATP-GOx) for detecting glucose. The SERS of the HSTSN (SNTs
concentration ~0.028 nM) incubated with 100 μM glucose for different
time were measured, respectively, within the incubation time range of
0–80min, to determine the end time of the complete oxidation of
100 μM glucose. The different concentration (10–100 μM) of glucose
was added in the same HSTSN condition to detection, respectively. For
highly sensitive glucose sensing, HSTSN (SNTs concentration ~0.014
pM) incubated with different concentration (0–100 nM) of glucose for
60min, and then the SERS spectra were record for sensing analysis. In
the control experiments, 500 μM of fructose, lactose and maltose were
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added into the HSTSN, respectively, under the same conditions men-
tioned above to estimate the specificity for detecting glucose.

2.5. Finite-difference time-domain (FDTD) simulations

The FDTD simulations were performed by utilizing a commercial
software (FDTD solutions, Lumerical Solutions) to understand the E
distributions of SNTs. The structures were excited with polarized plane-
wave light (Fig. S1). A mesh size of 1 nm in the nanoparticle region was
performed. The sizes of SNTs and other shape of nanoparticles were set
in Fig. S1. The dielectric function of SNTs was taken from Ag-CRC in the
material library of the software. The refractive index of the medium was
set at 1.333 to mimic water. Perfectly matched layer (PML) was used as
the boundary conditions in FDTD simulations.

2.6. Instrument and characterizations

Ultraviolet-visible (UV–VIS) absorption spectra were acquired by
using a UV-3101PC scanning spectrophotometer (Shimadzu). Scanning
electron microscope (SEM) analysis of SNTs samples was performed on
a field emission scanning electron microscopy (FESEM, Hitachi, S-
4800). For SERS measurement, a 785 nm fiber-coupled laser diode
(InPhotonics, 100mW) was used for excitation, and a spectrometer (QE
65 pro) with thermoelectric cooled CCD was used to collect Raman
signal. Raman spectra were obtained through combining a 105 μm ex-
citation fiber and a 200 μm collection fiber.

3. Results and discussion

3.1. Principle of SERS assay based on HSTSN

To achieve high sensitivity of a homogeneous detection of glucose, a
novel HSTSN consisting of GOx and SERS tags in aqueous solution was
constructed by combining these advantages of the sensitive etching of
H2O2 to the tips of SNTS, highly strong E at the tips of the SNTS and
three-dimensional diffusion interaction between H2O2 and SNTS in
aqueous solution. The principle schematic of the HSTSN to detect glu-
cose was shown in Scheme 1. The SERS tags composing of SNTs co-
ordinated with p-ATP, and the GOx are homogeneously dispersed in

aqueous solution, which constitutes a novel HSTSN. When glucose is
added into the HSTSN, the specially catalytic reaction between GOx and
glucose will produce H2O2 which sensitively etches the tips of the SNTs,
leading to the shape of SNTs from the triangle to the round, resulting in
the drastic decrease of the E intensity at the tips, and causing a sharp
decline in the intensity of the SERS due to the dependent relationship
between |E|4 and SERS intensity, as shown in the Scheme 1. Therefore,
the high sensitivity of glucose detection will be reached.

For investigation of the SERS sensing of the HSTSN to glucose,
Raman spectra of p-ATP in aqueous solution (a), SERS of the HSTSN
containing glucose (b) and not containing glucose (c) were detected and
analyzed in the wavenumber range of 1000–1700 cm−1, respectively,
as shown in Fig. 1. The five strong SERS bands at 1082, 1150, 1396,
1442 and 1581 cm−1 were observed under the excitation of 785 nm
laser. Besides the SERS band at 1082 cm−1 (a1 vibration modes), the
other four bands were identified as the vibration of b2 modes [36]. By
comparing the SERS of the SNTs/p-ATP-GOx (c) with Raman spectra of
p-ATP (a) in Fig. 1, it can be clearly found that the SERS peak at
1396 cm−1 showed a blue-shift relative to the one at 1391 cm−1 (a),
the peak at 1581 cm−1 exhibited a red shift relative to that one at
1590 cm−1(a), and the intensity of the SERS bands was obviously en-
hanced relative to the Raman spectra (a), which resulted mainly from
the strong interactions between the assembled p-ATP and SNTs and the
according SERS effect. The vibration peaks (1150 and 1442 cm−1) may
come from the chemical coupling transformation of p-ATP [36], or
charge-transfer mechanism [37]. Compared with the SERS intensity (c)
of the HSTSN without glucose, the intensity of the SERS (b) was much
weaker than the one of the SERS (c) after the HSTSN incubated with
100 μM glucose for 60min, suggesting that the HSTSN was highly ef-
fective in sensing glucose. Moreover, due to the SERS tags were uni-
formly mixed and dispersed in the homogeneous solution, the small test
deviation was achieved (1.39%) from different measurements at dif-
ferent positions of the solution (Fig. S2), which indicated the good re-
peatability of the nanoplatform.

3.2. Mechanistic investigation

To understand the mechanism of HSTSN sensing to glucose, we
firstly monitored the absorption spectra changes of the samples. As
shown in Fig. 2a in which the absorption peaks, at ca. 753 nm and
325 nm, and one shoulder at 502 nm, respectively, were assigned to the
in-plane dipole, the out-of-plane quadrupole plasmon resonance, and

Scheme 1. Schematic illustration of the SNTs-based HSTSN for detecting glu-
cose.

Fig. 1. Raman spectra of p-ATP (50mM) in aqueous solution with 50mM NaOH
(a), and SERS of p-ATP recorded in the HSTSN (SNTs/p-ATP-GOx) incubated for
60min with (b) and without 100 μM glucose (c), respectively. The accumula-
tion time of QE 65 Pro spectrometer was set to100 ms for acquiring SERS
spectra.

L. Zhang, et al. Applied Surface Science 493 (2019) 423–430

425



the in-plane quadrupole resonance of SNTs, respectively [38,39]. After
incubation for 80min, comparing the absorption spectra of SNTs/p-ATP
with the ones of the SNTs/p-ATP-GOx and SNTs/p-ATP-glucose (Fig. 2a
and c), it can be seen that there was little change in the absorption
spectra among three samples, indicating that neither GOx nor glucose
could react with the SNTs/p-ATP alone. To examine the sensing char-
acteristics of the SNTs/p-ATP-GOx to glucose, we monitored the
changes of the time-dependent absorption spectra of the SNTs/p-ATP-
GOx-glucose in the range from 0 to 80min (Fig. 2b and c). The blue-
shift of absorption peak from ca.753 to 670 nm and the decrease in
intensity of the LSPR absorption band were observed as the evolution of
the time, which originated from the continuously etching effect of
H2O2, generated by the enzymatic oxidation of glucose by GOx, on
SNTs. The reactions between glucose and GOx can be explained as
follows by Eqs. (1) and (2) [40,41]:

+ + → +glucose O H O gluconic acid H O2 2
GOx

2 2 (1)

+ → +
+ −2Ag H O 2Ag 2OH2 2 (2)

The etching of the SNTs will intensively decrease the sharpness of
their tips and anisotropic ratio, which leads to the blue-shift of the peak
position and the decrease in the intensity of the in-plane dipole plasmon
resonance absorption band. Besides the results in Fig. 2, the etching
effect of H2O2 on the SNTs was confirmed by SEM images, in which the
shape of SNTs observably changed from larger triangle to smaller round
plates after adding glucose (Fig. 3). It is well known that there was a
stronger E at the tips of the SNTs than on the surface of round Ag na-
noparticles, which could nonlinearly amplify SERS signal (Fig. 1c) be-
cause the enhancement of the SERS is proportional to the fourth power

of local electric field. It is obvious that as long as H2O2 has an extremely
slight etching to the tips of the SNTS, which not only results in a change
in the LSPR absorption intensity of the SNTs, but also leads to a blue-
shift of the absorption band. Importantly, the large blue-shift will lead
to a large deviation of LSPR absorption band from the resonant ex-
citation wavelength, which will sharply lower the SERS intensity.
Therefore, the SERS sensing based on the HSTSN are very sensitive to
glucose.

The time-dependent SERS of the HSTSN incubated with glucose in
the range of 0–80min was also investigated. Fig. 2d and e showed that
the intensity of SERS of the HSTSN decreased as the increase in in-
cubation time, which reached a stable minimum at ca. 60min, and no
longer decreased as the increase of incubation time in the range of 60 to
80min, indicating that the reaction time should be set about 60min.
Interestingly, it can be found that the changes of SERS intensity
(Fig. 2e) dropped faster than the changes of absorption intensity
(Fig. 2c), which can be explained below.

To better understand the enhanced mechanism of the SERS which
based on the amplified E of the SNTs, FDTD simulations were used to
evaluate the distributions of the E on the SNTs. Fig. 4 clearly shows that
the strongest E is localized at the tips of SNTs. When the shape of SNTs
gradually changes from triangle to round due to the continuously
etching effect of H2O2, for example, the intensity of E significantly
decreases at the tips (Fig. 4), leading to the decline of SERS intensity,
which agrees well with experimental observations as shown in Fig. 1.
Simulated results of Fig. S3 show the blue-shift of the absorption
spectra as the tips of the SNTs are truncated, which also agrees well
with experimental observations (Fig. 2b). Due to SERS is |E|4 en-
hancement dependent [7], we also simulated the distributions of the

Fig. 2. (a) UV–Vis absorption spectra of the three samples (SNTs/p-ATP, SNTs/p-ATP-GOx, and SNTs/p-ATP-glucose) with 0.028 nM of concentration of SNTs after
incubation for 80min. (b) Time-dependent UV–Vis absorption spectra of the SNTs/p-ATP-GOx-glucose (100 μM) nanoplatform at different incubation time in the
range of 0–80min. (c) The intensity of the absorption peak of the four samples (i.e. SNTs/p-ATP, SNTs/p-ATP-GOx, SNTs/p-ATP-glucose, and SNTs/p-ATP- GOx-
glucose) vs incubation time. (d) SERS spectra of the HSTSN (SNTs (0.028 nM)/p-ATP-GOx) incubated with 100 μM glucose at different incubation time (from 0 to
80min), the accumulation time of the spectra was 100ms. (e) Plots of the intensity of the SERS peak at 1442 cm−1of the HSTSN vs the incubation time.
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|E|4 of SNTs with varying degrees of truncation tips (Fig. 4b). The re-
sults are obtained that the value of |E|4 (Fig. 4b) diminishes faster than
that of |E|2 (Fig. 4a). Due to the plasmonic absorption is |E|2 dependent
and SERS is |E|4 dependent, therefore, the SERS intensity will diminish
faster than the absorption intensity, which agrees well with experi-
mental results (Fig. 2c and e). Apparently, when the value of E is falling
off a little, the SERS intensity will evidently lower. Therefore, the SERS
intensity will be highly sensitive to the minor change of the E intensity
at the tips of the SNTs, which is beneficial to highly sensitive sensing.

3.3. Sensing analysis based on the HSTSN

We further studied the sensitivity of the as-prepared HSTSN for
glucose detection. Fig. 5A shows the absorption spectra of the three
HSTSN with SNTs concentration of 0.14 nM (a), 0.028 nM (b), and 0.14
pM (c), respectively. When the SNTs concentration diluted 5 times from
original 0.14 nM to 0.028 nM, the absorption of SNTs was visible. At
this condition, colorimetric sensing to glucose (similar to the data
shown in Fig. 2b) and SERS sensing to glucose (Fig. S4) could be si-
multaneously fulfilled. But when the concentration of SNTs diluted
1000 times from original 0.14 nM to 0.14 pM, the absorption (c) of the

Fig. 3. SEM images of SNTs in the HSTSN before (a) and after (b) incubation with glucose (100 μM). All scale bars are 100 nm.

Fig. 4. Distributions of the |E|2 (a) and the |E|4 of on SNTs with varying degrees of truncation tips, achieved by using FDTD simulation.

L. Zhang, et al. Applied Surface Science 493 (2019) 423–430

427



SNTs could not be observed (Fig. 5A). While at the same condition, the
strong SERS spectra of the HSTSN could still be easily detected for
sensing glucose (Fig. 5B), which demonstrated that the SERS sensing
strategy was more sensitive than colorimetric method in our sensing
system. A curve of the relationship between ΔI of the SERS and the
glucose concentrations (0–100 nM) was obtained as shown in Fig. 5C.
The sensing limitation of detection (LOD) of the HSTSN was as low as
0.4 nM (signal-to-noise ratio > 3), evidently lower than the typical
LOD of the reported SERS methods [21,22,24,26,42,43], as shown in
Table 1.

Interestingly, Fig. 5C shows that the sensing curve was not linear in
the whole region, which can be fitted by the three linear calibration
lines, namely the line (1) with the largest slope in the concentration
range of 0.4–2 nM, the line (2) with the second largest slope in the
concentration range of 2–10 nM, and the line (3) with the smallest slope
in the range of 10–100 nM. Understandably, the three-segment linear
relationships in Fig. 5C were mainly attributed to the great differences
in the changes of the E among the highly sensitive etching effect of
H2O2 to the SNTs. According to the simulation results in Fig. 4, small
degrees of etching at the tips will induce the sharp drop of the SERS
intensity and further etching, the change of SERS intensity will not be
very evident. Therefore, the change slop of the SERS intensity in Fig. 5C
was gradually decreased due to the gradually decreased influence on
the E of the SNTs by the etching effects. For further qualitatively ana-
lysis, according to the SERS theory [7], SERS intensity can be expressed
as:

∝ ×I N E| |SERS
4 (3)

where ISERS is the intensity of SERS, and N is the molecule density on
the surface of the SERS tag, E is the local electric field mentioned above
related to the enhancement of the SERS. When the frequency of incident
light is resonant with the LSPR of metal nanoparticles, the redistribu-
tion of the E results in a giant enhancement of the E at a specific po-
sition, e.g. the tips of SNTs. Based on the calculations in Fig. 4, when the

tips of SNTS are etched, the E intensity will be sharply decreased. Ac-
cording to the Eq. (3), the decreased E intensity will result in the SERS
intensity nonlinear decreased. In addition, according to Eq. (3), ISERS is
linearly dependent on N. However, the SERS intensity of only the part
of p-ATP molecules located around the tips is enhanced by the fourth
power amplification of the E. Therefore, for anisotropic noble mental
nanoparticles (such as nanotriangles) with anisotropic E distribution,
even for label-free SERS sensing, the SERS signal may be not linear with
the adding concentration of the analyte, because the analyte may fall
into different region on nanoparticles, such as the area far from the tips
of SNTs, which will affect the SERS signal differently depending on
whether the molecules are close to the tips. Therefore, for anisotropic
noble mental nanoparticles, the relationship between ISERS and the
concentration of analyte may be not linear, which need to be carefully
checked.

3.4. Selectivity of the SERS based HSTSN

To evaluate the selectivity of the HSTSN to glucose recognition, we
also compared the responses of the SERS of the HSTSN to other glucose
analogues (fructose, maltose, sucrose, starch). Changes in the intensity
of the SERS were obtained after separately incubating with these glu-
cose analogues for ca.60 min, as shown in Fig. 6. It can be seen that, in
addition to the two groups for glucose and serum glucose, the SERS
intensity of HSTSN nearly remained unchanged even if the concentra-
tion of other glucose analogues was as high as 500 μM. The high se-
lectivity of HSTSN to glucose recognition can be attributed to the spe-
cial catalytic ability of GOx to glucose. In addition, in contrast to the
label-free SERS detection system, we only need to observe the changes
in the intensity of SERS without distinguishing very weak and complex
Raman spectral information between glucose and other glucose analo-
gues. This is more convenient for practical applications.

Fig. 5. (A) absorption spectra of the HSTSN with 0.14 nM (a), 0.028 nM (b), 0.14 pM (c) of the SNTs, respectively. (B) SERS spectra of the HSTSN incubated with
different concentration (0–100 nM) of glucose, accumulation time was 1 s. (C) plots of intensity change (ΔI= I0− I) of the SERS peak at 1442 cm−1 vs concentration,
ΔI= I0− I, I0 and I represented the SERS intensity before and after incubation with different concentration of glucose. The error bars were from the three mea-
surements. The linear coefficients of correlation were 0.981, 0.962, 0.998 for region (1), (2), (3), respectively.

Table 1
Comparison of recently reported SERS methods for sensing glucose.

Method Sensing system Measured signal LOD Reference

Label-free SERS Ag NPs-Si substrate Intensity increase 0.28mM 21
Label-free SERS Ag NPs/PDDA/GOx substrate Intensity decrease 1 μM 42
Label-free SERS Plasmonic cavity/PDMS Intensity increase 1mM 43
Label-free SERS Albumin coated Au nanostar substrate Intensity increase 1 nM 26
Labelled SERS MPBA tagged Au/Ag coated polystyrene substrate Intensity increase 100 μM 22
Labelled SERS CPBA tagged Au@Ag nanorod substrate Intensity increase 10 nM 24
Labelled SERS p-ATP tagged SNTs/GOx Intensity decrease 0.4 nM This work

APBA, 3-aminophenyl boronic acid; PDDA, poly(dimethyldiallyl ammonium chloride); PDMS, poly(dimethylsiloxane); MPBA, 4-mercaptophenylboronic acid; CPBA,
4-cyanophenylboronic.
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4. Conclusions

In summary, based on capturing glucose by GOx and the resulting
enzymatic oxidation reaction to attenuate the local electric field of tips
of the SERS tags, the detection system achieved highly sensing of glu-
cose. Associated with the fast decaying of SERS signal due to the de-
pendence of SERS intensity on fourth power E, the detection limitation
of glucose is as low as 0.4 nM with the sharp decrease of the local
electric field intensity as etching the tips. To the best of our knowledge,
the observed LOD of glucose is the lowest among the other reported
SERS methods. Glucose was successfully detected with good sensitivity
and selectivity based on the homogeneous SERS nanoplatform.
Moreover, the SERS sensing process only need to monitor the changes
of the signal intensity, rather than distinguishing complex Raman
spectral information, which is more convenient for practical applica-
tions. In addition, our work denoted that, for anisotropic noble mental
nanoparticles, the relationship between the concentration and the de-
tection signal may be nonlinearly dependent, which need to be care-
fully checked. The current work not only demonstrates the great pro-
mise of sensing glucose but also provides an interesting approach to
design SERS sensing system for other biomolecules with small scat-
tering cross section.
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