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  Glucose sandwich assay based on surface-enhanced Raman 
spectroscopy  

 A facile and sensitive glucose sandwich assay that uses 
surface-enhanced Raman scattering (SERS) has been 
developed. 3-Aminopheyonyl boronic acid forms specifi c 
 cis -diol compounds with glucose molecules avoiding 
interferences in urine and enabling the selective detection 
of glucose. As the actual Raman reporter, 3-amino-6-
ethynylpicolinonitrile exhibited a distinctive SERS peak in the 
Raman silent region, thus increasing the sensitivity of glucose 
detection to 10 −11  M. Additionally, the developed SERS 
assay was reusable, and its applicability in artifi cial urine 
samples demonstrated future clinical utility, thus confi rming 
the potential of this innovative technology as a diagnostic 
platform for glucose sensing. 
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Glucose sandwich assay based on
surface-enhanced Raman spectroscopy†

Tingting Zhang,a Rui Lu, *a Gongying Wang,a Xiuyun Sun,a Jiansheng Li a and
Boris Mizaikoff *b,c

A facile and sensitive glucose sandwich assay using surface-enhanced Raman scattering (SERS) has been

developed. Glucose was captured by 3-aminopheyonyl boronic acid (APBA) modified Ag nanoparticles

decorated onto a polyamide surface. Then, Ag nanoparticles modified with 3-amino-6-ethynylpicolinoni-

trile (AEPO) and APBA were used as SERS tags. APBA forms specific cis-diol compounds with glucose

molecules avoiding interference by other saccharides and biomolecules in urine enabling its selective

detection. As the actual Raman reporter, AEPO exhibited a distinctive SERS peak in the Raman silent

region, thus increasing the sensitivity of the glucose detection to 10−11 M. Additionally, the developed

SERS assay was reusable, and its applicability in artificial urine samples demonstrated future clinical utility

confirming the potential of this innovative technology as a diagnostic tool for glucose sensing.

1. Introduction

D-Glucose is both a necessity and a energy source for bodily
fluids (such as brain fluid or human blood). Changes in
glucose concentrations in physiological or pathological events
indicate a biological dysfunction.1–3 Diabetes is a common
metabolic disorder that is defined by elevated blood sugar
levels.4 It can result in a variety of complications, including
perivascular diseases, nephropathy, retinopathy and athero-
sclerosis.5 Diabetes mellitus has evolved into one of the most
serious diseases, posing a global threat to human health.
According to the International Diabetes Federation data,
642 million people worldwide will have diabetes by 2040 as a
result of an increase in energy-dense diets and an aging popu-
lation.6 As a consequence, accurate monitoring of blood
glucose levels is essential to prevent diabetes-related compli-
cations and to aid diabetes treatment. The determination of
glucose concentrations in bodily fluids is critical for diabetes
mellitus monitoring and make an early clinical diagnosis.7,8

As a result, many sensing methods have been developed to
detect glucose with high sensitivity and selectivity, including

electrochemical techniques,9–12 colorimetric methods,13 fluo-
rescence sensing,14 surface-enhanced Raman spectroscopy
(SERS).15,16 However, most electrochemical techniques rely on
glucose enzyme-based sensors, which need sophisticated
enzyme fixation and are easily susceptible to environmental
influences.17 Additionally, due to the strong interaction
between boric acid and diol to form borate esters, fluo-
rescence-based sensors are predominantly composed of
boronic acid modified with chromophores. While these
sensors are highly sensitive for detecting glucose in bodily
fluid samples, they lack a characteristic analyte response.18

Furthermore, directly sensing glucose at the physiological level
without interference remains a challenge. A straightforward,
enzyme-free assay is urgently required.19 Therefore, it is critical
to develop a novel method for glucose detection.

SERS has been widely applied in the detection of a broad
variety of chemical compounds and biomolecules due to its
superior Raman signal enhancement capacity, resulting in the
development of extremely sensitive molecular sensors at the
micro level.20 Due to the strong surface plasmon resonance of
nanostructured surfaces, the Raman signals of molecules on
them can be amplified by several orders of magnitude (usually
106–108),5,21–23 therefore improving the inherent low sensitivity
of Raman spectroscopy. Many studies have been conducted on
the detection of glucose using SERS.24–26 Zhang et al.27 pro-
posed an innovative Ag nanorods@Al2O3 structure SERS sub-
strates capable of detecting glucose at concentrations as low as
0.1 mM using SERS by increasing hot spots and tuning reso-
nance between Ag nanopillars and Ag nanorods. However,
glucose naturally emits weak Raman signals due to its small
Raman scattering cross-section, measuring only 5.6 × 10−30
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cm2 per molecule per steradian, which is approximately 14
orders of magnitude smaller than its fluorescence, and glu-
cose’s Raman emission is easily obscured by strong back-
ground noises from the surrounding environment, limiting
glucose detection sensitivity and selectivity. At present,
Raman-label detection is the most frequently employed
approach for identifying biological molecular targets. In com-
parison to direct detection (label-free), Raman reporters with
larger Raman scattering cross sections can generate strong dis-
tinctive SERS signals, improving glucose selectivity and
enabling the measurement of receptor/glucose response signal
variations.28

To overcome this limitation, one method is to utilize carbo-
hydrate recognition molecules, such as boronic acid,26 to
capture glucose molecules onto the nanostructured surface.
This increases the concentration of captured glucose, hence
improving the detection sensitivity. Boronic acid and its
derivatives have been demonstrated to selectively form trans–
cis-diol complexes with glucose molecules in a selective
manner. The quantitative analysis of glucose was performed
by SERS functionalized with a variety of boronic acid
derivatives.4,29–31 For example, to monitor glucose with high
specificity in complicated aqueous media, Li’s group22 investi-
gated a conceptually novel “selective capture and controllable
detection” nanoreactor. To form stable boronic acid-diol com-
plexes, syn-periplanar hydroxyl groups should be present to
allow saccharides in the α-furanose form to attach preferen-
tially. There are two separate sets of syn-periplanar diol groups
present in α-D-glucofuranose. Thus, glucose can form covalent
bands in a 1 : 2 ratio with two boronic acids. There is substan-
tial evidence that cyclic borates formed between glucose and
boronic acid enable us to perceive glucose more selectively
than other saccharides. Malini Olivo et al.29 quantify the con-
centration of glucose by utilizing its capacity to form a biden-
tate glucose-boronic complex. This technology was further

improved by substituting an alkyne-functionalized boronic
acid for the boronic acid, which offers a novel glucose binding
mechanism on a highly sensitive SERS substrate, overcoming
obstacles associated with detecting specific glucose in bio-
fluids.32–34 However, the SERS spectra of the glucose molecule
and functional groups of the carbohydrate recognition mole-
cules, such as the boronate (1370 cm−1) and aromatic
(1580 cm−1) group in phenylboronic acid, lie in the
400–1800 cm−1 region, which is susceptible to interference
from inherent biomolecules’ Raman signal.23,32,35 As a result,
constructing a simple, reliable, and highly sensitive SERS-
based glucose sensor remains a challenge.

In order to further improve the selectivity, we presented a
simple and sensitive method for glucose sandwich detection
(Scheme 1) that captured glucose via 3-aminopheyonyl boronic
acid (APBA) modified on polyamide-Ag. SERS tags were added
to independent Ag nanoparticles utilizing 3-amino-6-ethynylpi-
colinonitrile (AEPO) and APBA. Ag on polyamide film is modi-
fied with boronic acid in order to selectively capture com-
pounds with a cis-diol structure. On the one hand, as a Raman
reporter, AEPO exhibits a unique Raman peak at 1977 cm−1 in
a biologically silent region (1800–2800 cm−1) where the
majority of endogenous molecules, including glucose, do not
exhibit Raman scattering, resulting in a higher sensitivity than
other SERS glucose sensing methods.36,37 On the other hand,
the Raman reporter exhibits exceptional Raman scattering,
which significantly improves the sensitivity of glucose deter-
mination. Meanwhile, simple C≡C compounds were used
instead of complex compounds, simplifying the detection
conditions. Additionally, Ag loaded on polyamide has a high
degree of uniformity, which eliminates the issues associated
with Ag nanoparticles aggregating in solution and the hot spot
being non-uniform. This straightforward, sensitive and selec-
tive glucose sandwich assay based on SERS has the potential
to be evolved into a glucose diagnostic tool. More importantly,

Scheme 1 Schematic illustration of selective glucose detection mechanism via the developed sandwich SERS assay.
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the Raman peak location can be adjusted by changing the
marker molecule, hence facilitating glucose detection.

2. Experimental section
2.1. Materials

Hydrochloric acid (HCl), sodium hydroxide (NaOH), polyamide
6 powder, ammonium hydroxide, ethanol, urea, potassium
chloride (KCl), sodium chloride (NaCl), sodium sulfate
(Na2SO4), ammonium chloride (NH4Cl), potassium dihydrogen
phosphate (KH2PO4), calcium chloride dihydrate (CaCl2·2H2O),
creatinine, ovalbumin, sodium borohydride (NaBH4), silver
nitrate (AgNO3), formic acid, albumin from human serum,
hemoglobin from bovine and trisodium citrate dihydrate were
obtained from Sinopharm Chemical Reagent Co., Ltd.
(3-Aminopheyonyl) boronic acid (APBA) and 3-Amino-6-ethy-
nylpicolinonitrile (AEPO) were acquired from Bide Pharmatech
Ltd. Galactose, ribose, arabinose, rhodamine 6G (R6G) and
polyvinyl pyrrolidone K30 (PVP) were purchased from Sigma-
Aldrich. Maltose, fructose, rhamnose and D-glucose were
bought from Shanghai Macklin Biochemical Co., Ltd. All solu-
tions were prepared in Milli-Q ultrapure water and all chemi-
cals were used without further purification.

2.2. Instrumentation

A Quanta 250 FEG microscope (Thermo Fisher Scientific, USA)
was used to perform field emission scanning electron
microscopy (FE-SEM) and energy dispersive spectrometry
(EDS) measurements on the samples. The contact angles were
measured by DSA30 (Krüss, Hamburg, Germany). X-ray photo-
electron spectroscopy (XPS) measurements were conducted
using a Thermo ESCALAB 250.

2.3. Synthesis of 30 nm Ag NPs

First, 4 nm Ag seed solution was synthesized according to pre-
vious reference. Malini Olivo et al.29 quantify the concentration
of glucose by utilizing its capacity to form a bidentate glucose-
boronic complex. This technology was further improved by
substituting an alkyne-functionalized boronic acid for the
boronic acid, which offers a novel glucose binding mechanism
on a highly sensitive SERS substrate, overcoming obstacles
associated with detecting specific glucose in bio-fluids.38 A
citrate solution of 0.2 g was dissolved in 95 mL of deionized
water and incubated at 70 °C for 15 minutes. After that,1.7 mL
of AgNO3 (1 wt%) was added, followed by 2 mL of freshly pre-
pared NaBH4 (1 wt%) aqueous solution, which was quickly
added and constantly stirred at 70 °C for 1 hour. After cooled
to room temperature, deionized water was added to bring the
dispersion volume to 100 mL. For the preparation of 30 nm Ag
NPs, 2 mL of citrate solution was added to 75 mL of deionized
water and heated for 15 minutes at 130 °C. The solution was
then vigorously stirred for 1 hour at 125 °C with 10 mL of the
prepared 4 nm seed solution and 1.7 mL of fresh aqueous
AgNO3. The solution was then added 2 mL of citrate solution
and 1.7 mL of AgNO3, stirred for 1 hour, and then repeated.

Finally, it was cooled to ambient temperature before adding
deionized water to make the dispersion volume 100 mL.
The concentration of synthesized nanoparticles was around
4.75 × 10−9 M.39

2.4. Fabrication of an ordered polyamide-Ag flexible thin film

The pH of Ag nanoparticles solutions was adjusted to
pH 6.0 using 0.1 M HCl. The polyamide flexible thin films
were immersed in a prepared Ag nanoparticles solution for
18 hours to complete the self-assembly process. Following
that, the polyamide-Ag flexible thin film was immersed in
0.l M PVP for 6 hours to ensure that Ag remained stable on
the film substrate and to avoid non-specific adsorption. They
were cleaned and cut into a specific size for the next
experiments.

2.5. Modified Ag nanoparticles with APBA/AEPO

To fabricate a modified probe, 100 μL of 0.1 mM APBA and
100 μL of 0.1 mM AEPO were added to 9.8 mL of 30 nm-Ag
nanoparticles solution, and the mixed solutions were allowed
to stir for 6 hours at room temperature before aging for
12 hours without stirring in dark. Finally, the unbound APBA
and AEPO molecules were removed from the APBA/AEPO-
modified Ag nanoparticles by centrifugation at 6000 rpm for
3 minutes and rinsed with deionized water twice.

2.6. SERS measurements

Rhodamine 6G (R6G) was chosen as the probe molecule. To
evaluate the SERS performance of manufactured polyamide-Ag
flexible thin film, a series of R6G solutions (10−9 M) have been
used. The polyamide-Ag flexible thin films were immersed in
3 mL of aqueous R6G solutions at various concentrations for
R6G detection. The SERS substrates were removed six hours
later and dried with high purity nitrogen.

The glucose concentration was determined using the same
protocol. To complete the adsorption process, the flexible thin
film was immersed in glucose solution for six hours and then
rinsed with ultrapure water to remove unbound glucose mole-
cules. Subsequently, the flexible thin film was then immersed
in a solution of APBA/AEPO-modified Ag nanoparticles that
had been pre-adjusted to a pH of 8.50 by 0.1 M HCl or NaOH.
Six hours later, the substrate was rinsed with water to remove
any residual Ag nanoparticles, and they were detected using a
Raman spectrometer. For comparison, the same procedures
were used for other saccharides.

Raman spectra were acquired using a confocal Raman
spectrometer (Aramis, Horiba, Japan) excited with a 532 nm
Ar-ion laser excitation at a power level of 0.54 mW at the exci-
tation port. The laser beam was precisely focused using a 50×
long-focus objective, and the laser spot was 1 μm, the data
acquisition time for glucose and R6G was 10 seconds. The
error bar is calculated from the measurement data collected
from six different randomly chosen points on the target
substrates.
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2.7. Reusability

Put the thin film of the synthesized sandwich structure into an
aqueous solution with a weak acidic pH (pH = 5) and incu-
bated at room temperature for 6 h to relieve the binding of
glucose and APBA on the film. The remaining polyamide-Ag-
APBA would be washed and reused.

3. Results and discussion
3.1. Characterization of polyamide-Ag flexible thin film

Polyamide-Ag and polyamide-Ag-APBA film were synthesized
and characterized by SEM, as shown in Fig. S1.† A uniform dis-
persion of nanoparticles with a diameter of around 30 nm was
observed, and the Ag morphology remained unchanged after
APBA functionalization. Then, X-ray energy dispersive spec-
troscopy (EDS) was used to analyze the components of polya-
mide-Ag and polyamide-Ag-APBA film, as illustrated in
Fig. S2.† A uniform distribution of boron elements was
observed in polyamide-Ag-APBA, indicating that the APBA was
successful in bonding with Ag nanoparticles. By comparison, it
was determined that the number of Ag nanoparticles increases
significantly after the sandwich structure is formed, which is
due to the interaction between Ag-APBA/AEPO and glucose. The
polyamide-Ag-APBA was further analyzed by XPS (Fig. S3†).
According to the survey scan spectrum of polyamide-Ag-APBA,
there are distinct peaks of C 1s, O 1s, B 1s, and Ag 3d evident
further demonstrating that APBA is successfully bonded to the
Ag nanoparticles surface. The contact angles reveal that polya-
mide-Ag, polyamide-Ag-APBA, and polyamide-Ag-APBA-PVP have
a high degree of hydrophilicity (Fig. S4†). To summarize, the
polyamide-Ag-APBA preparation was indeed successful.

3.2. Self-assembled polyamide-Ag-APBA film and Ag NP-
based SERS tags

APBA was self-assembled on a polyamide-Ag thin film. Strong
SERS signals at 698, 787, 996, 1019, 1070, and 1552 cm−1 were
observed, which were attributed to the characteristic
vibrational modes of APBA (Fig. S5†). The bands at 698, 787,
996, 1019, 1070, 1552 cm−1 are attributed to C–C ring bending,
C–H out-of-plane bending, C–C in-plane bending, C–H in-
plane bending, C–C in-plane bending coupled with non-totally
symmetric ring stretching, and totally symmetric ring stretch-
ing, respectively.

Fig. S6† shows the SERS spectra of Ag nanoparticles modi-
fied with APBA, AEPO, and their combinations. The SERS spec-
tral characteristics of the APBA-modified Ag nanoparticles
were virtually identical to those of the polyamide-Ag-APBA
film. The SERS peaks for AEPO-modified Ag nanoparticles
were rather strong at 1468, 1384, 1156, 1226, 1576 and
1977 cm−1. The Raman shifts at 1468, 1384 and 1156,
1226 cm−1 are corresponded to the N=C and N–C stretching
vibrations of AEPO.30 The Raman shifts at 1070 and 1977 cm−1

correspond to the vibrations of AEPO’s totally symmetric ring
stretching and alkynyl stretching, respectively. To prepare the
SERS tags, which produce remarkably intense Raman signals,

as well as the second carbohydrate reporters, Ag nanoparticles
were modified with AEPO and APBA mixture at a molar ratio of
1 : 1 (Ag-AEPO/APBA) then were subsequently applied to the
sample.

3.3. SERS detection of glucose sandwich assay

After incubation with various concentrations of aqueous
glucose solutions, the polyamide-Ag-APBA film was washed to
remove unbound glucose. Through the formation of a cyclic
borate between the boronic acid of APBA and one set of syn-
periplanar diol groups of glucose, the boronic acid of APBA
captured glucose in the polyamide-Ag-APBA film. After
additionally incubation with the colloidal solution of Ag/
AEPO-APBA, the glucose-captured polyamide-Ag-APBA film was
washed to eliminate unbound SERS tags. Ultimately, the polya-
mide-Ag-APBA film captured the SERS tags via the glucose
sandwich structure between them, resulting in the formation
of dual cyclic borates. Raman signals obtained with SERS tags
were predominantly from AEPO, and the intensity of peak at
1977 cm−1 rose with glucose concentration increased.

According to the results shown in Fig. S7,† the limit of
detection (LOD) for histamine was estimated to be 8.34 × 10−12

M (S/N = 3),40,41 with each characteristic peak of the probe
molecule being identified unambiguously. Simultaneously,
10−6–10−10 M glucose was prepared to establish a linear
relationship, and the correlation coefficient was 0.9886,
demonstrating that glucose concentration can be detected
accurately by our substrate.

Glucose monitoring for diabetes is generally performed
using urine or blood samples; the former is not a substitute
for blood glucose monitoring but rather a supplement that can
provide extremely valuable information in situations where
blood glucose monitoring is not accessible, affordable, or
desirable. Due to the complexity of real urine, we formulated
artificial urine spiked with glucose, based on previous litera-
ture with slight modifications, to evaluate the excellent SERS
performance of the polyamide-Ag hybrid substrate. The com-
position of artificial urine is shown in Table S1.†

Fig. 1 illustrate the relationship between various glucose
concentrations and peak intensity of probe molecule in artifi-
cial urine. The LOD was estimated to be 7.62 × 10−12 M (S/N =
3), and each characteristic peak of probe molecule can be
easily identified. Simultaneously, glucose of 10−6–10−10 M was
used to establish a linear relationship, and the correlation
coefficient value was 0.9935, confirming that our substrate
could still capable of accurately determining glucose in actual
samples. When glucose was added at a concentration of
10−6–10−10 M, the peak intensity of probe molecules was not
different from that of in aqueous solution. This means that
the real sample has no effect on the Raman intensity of the
probe within a certain concentration range. The comparison of
specific data was shown in Table S2.†

3.4. Selectivity of glucose assay

For confirming the specific glucose detection properties of this
strategy, a mixture of nine different biomolecules including

Analyst Paper

This journal is © The Royal Society of Chemistry 2023 Analyst, 2023, 148, 4310–4317 | 4313

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

8.
2.

20
26

 0
5:

37
:5

5.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an00481c


monosaccharides (glucose, fructose, galactose, ribose, rham-
nose, arabinose, and maltose) and proteins (albumin, and
hemoglobin) has been added simultaneously to the solution.
In the following, glucose was analysed via the sandwich detec-
tion strategy based on SERS in the presence of these additional
biomolecules (10−6 M of each analyte). For comparison, the
SERS peak intensity at 1977 cm−1 (in the presence of other bio-
molecules) is shown in Fig. S8.† The results indicate that the
SERS signal at 1977 cm−1 was significantly enhanced in the
presence of glucose, whereas the signatures for other bio-
molecules remained at the noise level. Other monosaccharides
and proteins exhibited only modest SERS signals, which is
attributed to their reduced tendency to form dual cyclic
borates and an associated sandwich structure. Although

certain saccharides have a higher affinity for monoboronic
acids and can form 1 : 1 complexes with them, glucose can
form 1 : 2 complexes with diboronic acids. That is, whereas all
of those saccharides interacted with the self-assembled APBA
monolayers, Ag/AEPO-APBA bonded preferentially to the
surface-captured glucose through another set of syn-periplanar
diol groups. These results indicate that the probe performs
well as a specific material for glucose detection and has a
good selectivity for glucose detection.

The SERS intensity of glucose and other biomolecules (10−6

M) in artificial urine at 1977 cm−1 is depicted in Fig. 2(a). The
results indicate that when glucose is present, the SERS signal
at 1977 cm−1 is significantly enhanced, while other bio-
molecules are present, the peak intensity is at the noise level.

Fig. 1 (a) Evolution of Raman spectra with the increase of glucose concentration in artificial urine from 10−11 M to 10−6 M by a factor of 10; (b) cali-
bration function for the Raman signal at 1977 cm−1 as a function of glucose concentration in artificial urine.

Fig. 2 (a) Peak intensities at 1977 cm−1 of 10−6 M glucose, other saccharides (galactose, ribose, fructose, maltose, rhamnose, arabinose, and H2O),
albumin and hemoglobin in artificial urine. Error bars represent RSD from three replicate samples, each of which was measured at six different spots;
(b) recycling of polyamide-Ag-APBA-PVP on glucose detection.

Paper Analyst

4314 | Analyst, 2023, 148, 4310–4317 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

8.
2.

20
26

 0
5:

37
:5

5.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3an00481c


These results demonstrate that the probe remains extremely
selective for the detection of glucose in real samples.

This agreement of all data reveals that the devised method
was effective at avoiding interference from other biomolecules.
Therefore, this facile and sensitive glucose sandwich assay
based on SERS that does not require the use of enzymes has
the potential to be developed into a diagnostic tool for glucose
level assessment.

3.5. Stability and SERS performance of polyamide-Ag hybrid
substrate

To evaluate the stability of the polyamide-Ag, the same batch
of SERS substrate was manufactured for storage and subsequent
detection, and the SERS performance was evaluated after three
weeks of room temperature storage. As illustrated in Fig. S9,†
Raman spectra of 10−9 M R6G were collected, and an average of
at least six spots from each base was randomly selected. After
several weeks of storage, each characteristic band of 10−9 M
R6G was clearly visible and the Raman signal was relatively con-
sistent. The stability of SERS substrate was assessed according
to the intensity of characteristic peak at 609 cm−1, as shown in
Fig. S9(b).† After three weeks of long-term storage, the sub-
strate’s SERS performance remained rather stable, and Raman
signal intensity did not exhibit a noticeable declining trend.

For evaluating the reproducibility of the substrate, Raman
spectra were randomly selected for 10−9 M R6G from 30
different locations at the polyamide-Ag substrate. As illustrated
in Fig. 3, the intensities of the characteristic R6G Raman
peaks were relatively consistent at different locations. An evalu-
ation of the characteristic 609 cm−1 spectral band was per-
formed, and the relative standard deviation (RSD) of the
Raman intensity at 30 randomly selected sites at the same sub-
strate was 8.73%, which indicates that the fabricated SERS sub-
strate was sufficiently reproducible. According to equation
(S1†), the enhancement factor (EF) was 3.95 × 105 (details of
the calculation are provided in Table S3†). As shown in
Fig. S10,† the intensity of AEPO Raman characteristic peaks

measured at various locations were relatively consistent. The
characteristic spectral bands of 1977 cm−1 were evaluated, and
the RSD of Raman intensity of 20 randomly selected sites on
the same substrate was 5.32%. These advantages are a result
of the preparation strategy we designed. Firstly, a polyamide
polymer film was employed to transport Ag nanoparticles in
order to avoid stacking or aggregation caused by the dis-
ordered self-assembly of Ag nanoparticles during the reaction
process. Secondly, the long-chain molecular structure of polya-
mide also contributes to the monolayer distribution of seeds
on the surface of nanorods, hence limiting variation in the dis-
tribution hot spots over the substrate.

3.6. Reusability

Further investigation was conducted on the reusability of man-
ufactured polyamide-Ag, and the results are illustrated in
Fig. 2(b). The peak intensity decreased slightly (20%) after four
cycles. These results proved the stability and reusability of the
synthesized polyamide-Ag during the detection process.

3.7. Comparison with other adsorbents

In addition, Table S4† compares the developed method to pre-
viously reported SERS methods for glucose detection (in ESI†).
The data indicated that the LOD of this study was superior to
that of other reported Raman methods. Most importantly, the
method is unique in its identification of the cis-diol com-
ponent due to the introduction of the boronic acid compound.
Furthermore, glucose can be recovered by adjusting the pH
without altering other variables or adding additional sub-
stances. On the other hand, simple C≡C compounds were
used instead of complex compounds, which simplifying the
detection conditions.

4. Conclusions

We demonstrated the utility, specificity and sensitivity of
SERS-based glucose sandwich assays by uniquely utilizing

Fig. 3 (a) SERS spectra of and (b) peak intensities at 609 cm−1 of 10−9 M R6G obtained from 30 random points on the same substrate.
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polyamide-Ag-APBA films and SERS tags at Ag nanoparticles
modified with AEPO and APBA. This straightforward sandwich
assay demonstrates superior selectivity for glucose vs. other
saccharides. AEPO at the Ag nanoparticles surface during the
SERS measurements exhibited significantly stronger character-
istic SERS peaks that were distinct from those of APBA, and
therefore served as the actual Raman reporter. The Raman
reporter significantly increased the sensitivity of the glucose
detection while eliminating interferences from other similar
biomolecules. Simultaneously, the polyamide-Ag-APBA film
exhibits excellent stability, reproducibility, and reusability.
After three weeks of long-term storage, the SERS performance
of the substrate remained constant, and the Raman signal
intensity did not exhibit a discernible decline. The relative
standard deviation of the Raman intensity at 30 random loci
using the same base was 8.73%. After four cycles, the peak
intensity of the Raman reporter decreased somewhat at
approx. 20%. In summary, this simple, selective, and sensitive
non-enzymatic SERS-based glucose sandwich assay has the
potential to be evolved into a diagnostic tool for detecting rele-
vant glucose concentrations in biofluids.
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