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ABSTRACT: This paper demonstrates the direct sensing of glucose
at physiologically relevant concentrations with surface-enhanced
Raman spectroscopy (SERS) on gold film-over-nanosphere
(AuFON) substrates functionalized with bisboronic acid recep-
tors. The combination of selectivity in the bisboronic acid
receptor and spectral resolution in the SERS data allow the
sensors to resolve glucose in high backgrounds of fructose and, in
combination with multivariate statistical analysis, detect glucose
accurately in the 1−10 mM range. Computational modeling
supports assignments of the normal modes and vibrational
frequencies for the monoboronic acid base of our bisboronic
acids, glucose and fructose. These results are promising for the use
of bisboronic acids as receptors in SERS-based in vivo glucose
monitoring sensors.

■ INTRODUCTION

Diabetes is acknowledged as one of the great health problems
facing the 21st century with more than 420 million adults
worldwide living with this metabolic disorder.1 It is estimated
that by the year 2050, one in three American adults will be
diagnosed with diabetes. With the increasing incidence of
diabetes, there is also a large economic cost, due to direct costs
of treatment, as well as indirect costs, such as time lost from
work. Management of healthy blood glucose levels and
minimizing complications will benefit from accurate, passive,
and continuous glucose monitoring systems. The gold standard
for blood glucose monitoring is the electrochemical test strip
and meter system. This method, which relies on indirect
detection of enzymatic byproducts, requires frequent monitor-
ing of blood glucose using fingersticks to obtain the blood
sample. It is recommended that patients test their blood sugar
8−10 times per day; but due to the pain and inconvenience
associated with fingersticks, patient compliance is low.
Additionally, a drawback of discrete measurement of blood
glucose levels at a few selected times is the possibility for
patients to simply miss hypo- or hyperglycemic episodes
occurring between two blood checks.
Two challenges facing diabetes researchers are the develop-

ment of continuous glucose monitoring (CGM) and non-
invasive testing methods. On the United States market, the
Food and Drug Administration (FDA) recently approved two
continuous glucose monitors for human use.2,3 These devices,

however, are somewhat invasive, still require two to four
fingerstick calibrations per day,2,3 and the technology is limited
as a result of the enzymatic nature of the sensors, which
requires them to be replenished after a given amount of time,
and results in indirect measurement of glucose levels.
An alternative technique that has shown great promise for

development of an in vivo glucose sensor is surface-enhanced
Raman spectroscopy (SERS). SERS is a highly sensitive and
selective vibrational spectroscopy that can easily detect analytes
at low concentration, including small biologically relevant
molecules.4−11 The enhancing effect of SERS is accomplished
through an optical frequency electric field generated by the
collective oscillation of the surface conduction electrons of
noble metal nanoparticles after photoexcitation. This electric
field decays rapidly from the substrate surface, thus creating a
distance dependence for SERS, where the molecule being
detected typically has to be within 2 nm of the nanostructured
substrate surface.12 Additionally, for molecules that do not
naturally adsorb to the surface, a capture layer can be used to
bring the molecule within the sensing volume.
We previously developed a SERS glucose sensor based on a

substrate functionalized with a mixed monolayer of decanethiol
and mercaptohexanol (DT/MH) as the capture layer.13

Through combining SERS with a technique known as spatially
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offset Raman spectroscopy (SORS), we also demonstrated with
this sensor in vivo, transcutaneous detection of glucose in rats
for 17 days.14,15 These SERS-based glucose sensors detected
hypoglycemia with high accuracy actually exceeding the current
International Organization Standard (ISO/DIS 15197) require-
ments for hypoglycemic detection limits.14 While the DT/MH
sensor shows great promise for in vivo glucose sensing, the
capture layer lacks selectivity for glucose over other sugars and
the speed necessary for a quick sensing response (>5 min).
Boronic acid molecules are known to covalently bond with

saccharides by way of their diol moieties. This interaction is
rapid and reversible, resulting in the formation of cyclic
boronate esters.16 Many groups have adapted boronic acids for
glucose sensing in combination with fluorescence, colorimetry
and surface plasmon resonance.17 In addition, it has been found
that scaffolds incorporating a second boronic acid group enable
selectivity for glucose over fructose.17,18 We have incorporated
these elements in designing a boronic acid−based SERS sensor
capable of binding glucose selectively and at physiological pH.
Though the previously synthesized boronic acid scaffolds are
incompatible with SERS due to larger Raman scattering cross
sections of the molecules themselves and the large distance
between the nanoparticle surface and boronic acid, we
determined that 4-amino-3-fluorophenylboronic acid satisfies
the necessary requirements for a suitable SERS-based glucose
receptor. First reported by Asher and co-workers, this boronic
acid displays a pKa of 7.8, making it optimal for in vivo glucose
sensing, and contains an amine functional group for facile
immobilization.19 This manuscript describes the synthesis and
characterization of gold film-over-nanosphere (AuFON)
substrates functionalized with bisboronic acid receptors
incorporating two 4-amino-3-fluorophenylboronic acid units
for direct and selective SERS detection of glucose under
physiological conditions.

■ EXPERIMENTAL METHODS
Materials. All the chemicals were reagent grade or better and used

as purchased. Glucose, fructose, and 4-amino-3-fluorophenylboronic
acid were purchased from Sigma-Aldrich (St. Louis, MO). All samples
and substrates were prepared using ultrapure water (18.2 MΩ·cm)
from a Millipore system (Marlborough, MA).
SERS Substrates and Instrumentation. For these measure-

ments, we utilized gold film over nanosphere (AuFON, also described
as immobilized nanorod assembly) SERS substrates, which were
previously developed in our group and are well characterized.20,21

Briefly, polished silicon wafers (WaferNet Inc., San Jose, CA) are used
as supports for the SERS substrates. Silica microspheres (Bangs
Laboratories, Fishers, IN) are diluted to 5% by volume and are drop-
cast onto the Si wafer where they self-assemble into a hexagonal close-
packed array. A custom thermal vapor deposition system is used to
deposit the Au film (∼200 nm thick) made from gold pellets
(99.999%; Kurt Lesker Co., Clariton, PA) onto the hexagonal close-
packed array.
SERS spectra were recorded on a home-built Raman microscope

system that utilizes a Nikon Ti−U inverted microscope (Nikon
Instruments Inc., Melville, NY) with a Plan Fluor ELWD 20X
objective. SERS spectra were excited at 785 nm (Innovative Photonic
Solutions, Monmouth Junction, NJ), with measured powers at the
sample varying between 17.7 mW (normal Raman measurements) and
222 μW (SERS measurements). The AuFON substrates are incubated
with the boronic acids for 45 min. After incubation, the substrates are
rinsed with deionized water to remove any molecule that is not bound
to the surface. The rinsed substrates are then incubated in either the
glucose or fructose solutions (in phosphate buffer). It has been
previously demonstrated that phosphate buffer does not significantly
affect the binding constants of boronic acids.16 After incubation, the

substrates were again rinsed to remove any sugar molecules that did
not bind with the boronic acid. The samples are briefly air-dried before
measurement of the Raman scattering. The Raman scattered light is
dispersed with an Acton SP2300i monochromator (Princeton
Instruments, Trenton, NJ) and detected using a liquid N2-cooled
CCD camera (Spec10, Princeton Instruments, Trenton, NJ). Laser
line rejection was achieved with a 785 nm RazorEdge ultrasteep long-
pass edge filter (Semrock Inc., Rochester, NY).

Computational Modeling. Calculations of the Raman scattering
of glucose, fructose, and the 4-amino-3-fluorophenylboronic acid were
performed using density functional theory as implemented in the
Amsterdam Density Functional (ADF) software package.22 The
structures of glucose and fructose were taken from Mayes et al.23,24

The initial geometries underwent further relaxation25 using the Slater
type, triple ζ with polarization (TZP) basis set and the Becke-Perdew
(BP86) exchange-correlation (XC) functional.26,27 Vibrational fre-
quencies were calculated numerically using the harmonic approx-
imation.28 The BP86 XC functional was chosen because it results in
harmonic vibrational frequencies that more closely match experimental
results without incorporating a scaling factor.29 (At all steps, the
COSMO-RS implicit solvent parameters for water were used.30,31)

The resonance Raman scattering spectra were calculated using the
AOResponse module in ADF22,32,33 following the method described
by Jensen et al.34 This method uses the approximations proposed by
Lee35−37 to the Kramers, Heisenberg, and Dirac formulation of
Resonance Raman scattering.

The resonance Raman scattering cross section for any particular
vibrational mode p is calculated as
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Each vibrational transition was broadened with a Lorentzian function
that had a 20 cm−1 full width at half-maximum, which is consistent
with previous work.38,39

Principal Component Analysis and Hierarchical Cluster
Analysis. Principal component analysis (PCA) is a multivariate
statistical analysis used to identify relationships between objects and to
classify similar objects. The results of PCA provide an approximation
to the data set in terms of variable and object patterns. The application
of PCA in this example involves the data set containing N spectra of
varying concentrations of glucose-bound bisboronic acid. These N
spectra are referred to as the objects and each object has K variables
containing information about the Raman scattering intensity between
500 and 1800 cm−1.40 The PCA method is an orthogonal
transformation that uses singular value decomposition on the data
set, X:

= · ·X U S VT

The matrix U is a column orthogonal, N × K matrix, S is a diagonal K
× K matrix, the product U·S, when ordered from largest to smallest,
contains the principle component eigenvalues of the transformation.
The matrix VT is an orthogonal K x K matrix. The rows of V are
referred to as the eigenvectors and contain information about the
spectral patterns observed.40,41 To rigorously identify which spectra
are similar and to what degree, hierarchical cluster analysis (HCA) was
performed on the first six principle components of U·S. The Ward
cosine definition of distance was used in the HCA algorithm to
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identify spectra that have eigenvalues that are most similar and to
create the dendrogram diagram showing the degree of similarity of the
spectra.41

■ RESULTS AND DISCUSSION

Our approach to developing a physiologically relevant glucose-
selective SERS sensor combines the design and synthesis of
receptor molecules, computational modeling of the SERS
spectra, and surface-enhanced Raman spectroscopy. Before
beginning the SERS measurements of glucose and fructose with
the boronic acid capture ligands, we first characterized the
vibrational modes of these saccharides via normal Raman
spectroscopy. As expected, the Raman spectra of solid
crystalline sugars and solutions of the sugars (0.5 M) matched
the DFT calculated Raman spectra quite well (Supporting
Information (SI), Figures S4 and S5). These normal Raman
and theory-based calculated spectra allowed us to assign the
experimentally observed peaks to specific vibrational modes and
to provide some insight into why certain modes of glucose and
fructose are visible in the sugar-bound bis-boronic acid
spectrum.

In general, sugars do not adsorb to metal surfaces. Therefore,
we utilized a receptor to bring them within the sensing distance,
i.e., less than 1−2 nm away from the SERS substrate surface.12

Initially, we used the commercially available monoboronic acid,
4-amino-3-fluorophenylboronic acid to confirm we can detect
glucose via a monoboronic acid. We collected SER spectra
(Figure S6) of the boronic acid with binding of glucose and
fructose. We did not observe discernible changes in the SER
spectra of the boronic acid upon binding of the sugars nor did
we observe distinct peaks from glucose or fructose. We also
used UV−vis spectroscopy to measure the binding affinities of
glucose (Kgluc ∼ 10 M−1) and fructose (Kfruc∼ 200 M−1) for the
boronic acid. The binding reached equilibrium in less than 1
min (Figures S1 and S2). Considering blood glucose
concentrations are ten times that of fructose (5 vs 0.5 mM)
and, the binding constant of fructose is 20 times greater than
that for glucose, the 4-amino-3-fluorophenylboronic acid
molecule does not have any selectivity for glucose over fructose.
To improve the glucose binding affinity and selectivity over

fructose, we designed a panel of bisboronic acid sensors with
variable length linkers. Shinkai et al. previously demonstrated

Scheme 1. Bisboronic Acid Synthesisa

a(A) Synthesis scheme for 1, 2, and 3 carbon linker bisboronic acid molecules. (B) Synthesis scheme for bisboronic acids with asymmetric carbon
linkers (1, 2 and 2, 3). The bisboronic acid molecules contain a chromophore for studying binding with glucose using UV-vis spectroscopy and a
thiol for immobilization on SERS substrate.
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that two boronic acid receptor units are required for achieving
specific saccharide selectivity.18 The high selectivity of bis-
boronic acids for glucose over other sugars has been further
demonstrated by Stephenson-Brown et al., using a surface
plasmon resonance-based sensor.17 Therefore, we employed
tertiary amine scaffolds containing two boronic acid arms with
variable lengths and a thiol arm for surface immobilization
(Scheme 1; full synthesis materials, methods, and character-
ization in the SI). Importantly, we could construct these sensors
expeditiously from sequential alkylation of a protected
cysteamine precursor and subsequent 1-ethyl-3-(3-
(dimethylamino)propyl) carbodiimide (EDC)-promoted cou-
pling of 4-amino-3-fluorophenylboronic acid. Using the various
pairs of readily accessible alkyl bromides allowed us access to
the full complement of bisboronic acid analogues.
We again measured the relative glucose and fructose binding

affinities via UV−vis spectroscopy for the bisboronic acid
analogues (Figure 1, Table 1). Using a phosphate-buffered

saline solution having 4% methanol, at a pH of 7.6, we found
that the n,n = 2,2-bisboronic acid provided the largest Kglu (167
M−1) and also the highest selectivity of glucose versus fructose
(0.37).
Our finding that the bisboronic acid analogue with the

highest selectivity and affinity contains seven atoms separating
the amide carbonyls of the receptor units is consistent with
earlier reports by the James and Gibson groups, who separately
identified, with their bisboronic acid sensors, that the 6- carbon

or 7-carbon linker provides the optimal binding pocket for
glucose.42,43 Finally, all the bisboronic acid analogues displayed
higher glucose affinities compared to the 4-amino-3-fluorophe-
nylboronic acid, confirming the cooperative effects of two
boronic acid receptor units. We selected the n,n = 1,1-
bisboronic acid (1,1-BBA) molecule for our SERS studies (for
n,n = 1,1, Kglu/Kfru = 0.10).
To support the assignment of Raman bands in the SER

spectra of the bisboronic acid analogues, we used computa-
tional modeling of the component 4-amino-3-fluorophenylbor-
onic acid. These DFT calculations22 elucidated the character-
istic peaks that demonstrate the interaction of the sugar
molecules with the boronic acid molecule.
The vibrations of the boronic acid molecule are outlined in

Table 2, and include the predominant vibrations at 1645 cm−1

for the in-plane ring stretch (st) with H−N−H bending (b);
1355 cm−1 C−B st, ring st, NH2 rock; 1322 cm−1 in-plane ring
st, N−C st, O−B−O asymmetric st; 906 cm−1 ring st; and 787
cm−1 ring st.
The physiological levels of glucose concentrations include:

hypoglycemia (<4 mM), normal (4−8 mM), and hyper-

Figure 1. UV−vis absorption spectra of the concentration dependent
binding of 1,1-BBA with (A) fructose and (B) glucose in 10% MeOH/
PBS buffer (pH 7.6). The calculated binding constant for fructose is K
= 465 M−1 and for glucose is K = 48 M−1.

Table 1. Glucose and Fructose Selectivity of Bisboronic Acid
Analogues

Table 2. Calculated and Experimental Vibrational Modes
and Frequencies for 4-Amino-3-fluorophenylboronic Acid

calcd
(cm−1) exptl (cm−1) mode assignments

1645 1615 in-plane, ring st, H−N−H b
1447 1434, 1436 asym. ring b (very weak in calculation)
1355 1371

(shoulder)
C−B st, ring st, NH2 rock

1346 1344 C−B−O asym. st, ring st, NH2 rock
1322 1339 in-plane ring st, N−C st, O−B−O asym. st
1187 weak activity H (ring) in-plane wave, F−C st
1098 weak activity H−O−B b; H (ring) in-plane wave
906 909 ring st
787 773 ring st
684 687 C−B st; ring st, O−B−O b
575 600−590

(shoulder)
amine umbrella mode, ring planarity distortion

565 600−590
(shoulder)

O−B−O b with amine umbrella mode; out of
plane distortions

538 571 O−B−O b, NH3 umbrella; out of plane
distortions

528 487 O−B−O b, NH3 umbrella
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glycemia (>8 mM). To initially test our bisboronic acid sensor,
we acquired SER spectra on AuFONs functionalized with the
1,1-BBA molecule, incubated in fructose and glucose at 10 mM
concentration (Figures 2 and 3, respectively). Visual inspection

of the SER spectra for 1,1-BBA in the presence (Figure 2, blue
spectrum) or absence of fructose (Figure 2, red spectrum) as
well as that for the receptor in the presence and absence of
glucose (Figure 3, blue and red spectra, respectively) revealed
little difference between the spectra of the mixed sugar-
bisboronic acid spectrum and the bisboronic acid alone. The
third spectrum in both figures (green) is a difference spectrum,
where the spectrum of 1,1-BBA (red) is subtracted from the
spectrum of the sugar with 1,1-BBA (blue).

Difference spectroscopy is a common technique in Raman
spectroscopy to elucidate differences in spectra not easily seen
by eye. The first remarkable difference is in the boronic acid
peak at ∼1620 cm−1. In the difference spectrum, this peak has a
first derivative shape. This distinctive line shape indicates that
upon binding of the sugar to the 1,1-BBA, the in-plane ring st,
H−N−R b vibration is significantly perturbed, resulting in a
shift of the representative bisboronic acid peak by ∼5 cm−1.
Similarly, the derivative-like feature at 1342 cm−1 is also
attributed to a perturbation of the bisboronic acid (Table 2).
Additionally, when comparing the difference spectrum to the
spectrum of a saturated sugar solution (pink), it is clear that the
∼1095, 1070, and 840 cm−1 peaks (highlighted by the dashed
lines in Figures 2 and 3) arise directly from the sugar itself. The
solid, saturated solution, and calculated spectra of glucose
allows us to accurately assign experimentally determined
Raman peaks (Table S1). While indirect sensing of glucose is
commonly demonstrated with Raman spectroscopy,13−15,44,45

this is the first direct measurement of low concentration sugars
demonstrated with SERS.
We further determined that the AuFON 1,1-BBA function-

alized glucose sensor is able to detect glucose concentrations in
the normal physiological range, as well as hyper- and
hypoglycemic concentrations. For difference spectroscopy of
each concentration between 1 and 10 mM, we observed both
the ∼1620 cm−1 derivative peak and the characteristic glucose
peaks present in the difference spectra (Figure 4). Figure 4

clearly demonstrates a direct correlation between the intensities
of the 1070 and 840 cm−1 peaks and the glucose concentration.
Similarly, the amplitudes of the derivative-like features at 1620
and 1342 cm−1 are directly correlated with the glucose
concentration. When we plot the log concentration dependence
of the glucose versus integrated intensity of the 1070 cm−1 peak
in the difference spectra, which arises from the glucose, we
obtain a linear plot with a Pearson’s product-moment
correlation coefficient r = 0.92, suggesting a strong correlation
between the glucose concentration and SERS integrated
intensity (Figure 5).

Figure 2. SERS spectra of 10 mM (blue) fructose bound to 1,1-BBA
on a AuFON, 1,1-BBA on AuFON (red), difference spectrum of
(fructose +1,1-BBA) − (1,1-BBA) (green). SERS spectra excited at λex
= 785 nm, t = 5 s, P = 222 μW; normal Raman spectrum excited at λex
= 785 nm, t = 30 s, P = 17.7 mW.

Figure 3. SERS spectra of 10 mM (purple) glucose bound to 1,1-BBA
on a AuFON, 1,1-BBA on AuFON (red), difference spectrum of
(glucose +1,1-BBA) − (1,1-BBA) (green), and the normal Raman
spectrum of saturated glucose (pink). SERS spectra excited at λex =
785 nm, t = 5 s, P = 222 μW; normal Raman spectrum excited at λex =
785 nm, t = 30 s, P = 17.7 mW.

Figure 4. SERS difference spectra of 10 mM (blue), 5 mM (red), and
1 mM (green) glucose bound to 1,1-BBA on AuFONs; glucose peaks
are indicated by the black dashed lines. SERS spectra excited at λex =
785 nm, t = 5 s, P = 222 μW.
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A necessary feature for any glucose sensor is the ability to
discriminate between hypoglycemia, hyperglycemia, and normal
blood sugar levels. By incorporating principal component
analysis (PCA) with our SERS data, we can demonstrate this
important capability with our bisboronic acid sensor. PCA is a
multivariate statistical method used to classify similar objects.
For comparing complicated Raman spectra with small changes
in features, such as slight shifts in peak position, PCA is useful
in establishing the relationships between spectra. The results of
PCA provide an approximation of patterns found between
samples probed. We applied PCA to the data set containing N
spectra of varying concentrations of glucose-bound bisboronic
acid and find that in a comparison of the first principal
component (PC1) and the second (PC2) (Figure 6, top left),
we obtain clustering of the data into distinct groups. The
clustering, however, does not divide the data into discrete
concentration groups. To rigorously identify which spectra are
similar and to what degree, hierarchical cluster analysis (HCA)
was performed on the first six principle components. The HCA
algorithm identifies which spectra have highly similar
eigenvalues and groups them into a dendrogram diagram that
shows the degree of similarity between the spectra. It is
important to emphasize that the PC and HC analyses are
conducted without incorporating the a priori knowledge of the
glucose concentrations of the sample and clustering is due to
only the similarity between spectra. The HCA diagram clearly
breaks down the data into distinct groups of no glucose,
hypoglycemia, normal blood sugar, and hyperglycemia. The
combined PCA/HCA method can be used to categorize the
spectrum of an unknown sample as hypoglycemic, normal, or
hyperglycemic. These data indicate the robustness of the
AuFON functionalized with 1,1-BBA in sensing different
concentrations of glucose.
Finally, to demonstrate the selectivity of our sensor for

glucose over fructose we measured the SERS spectra of an
equimolar (5 mM) mixture of glucose and fructose. We
compared the difference spectrum with the normal Raman
spectra of saturated solutions of glucose and fructose (Figure
7). We again observe the distinctive derivative peak centered at
1620 cm−1, which is indicative of the sugars binding to the 1,1-
BBA (Figure 7, circled peak). We also find that the peaks

present in the difference spectrum that arise primarily from
glucose, with three peaks that can be attributed to an overlap
between glucose and fructose vibrations.
We demonstrated the proof-of-concept and feasibility of a

bis-boronic acid−based glucose sensor in the physiologically

Figure 5. Log scale glucose concentration (1−10 mM) versus
integrated SERS intensity of the 1070 cm−1 peak from concentration
dependent SERS difference spectra.

Figure 6. PCA comparison of PC1 vs PC2 for varying concentrations
of glucose (1−10 mM). Greater distinction between spectra can be
found when we couple HCA with PCA. With the HCA we can
distinguish between hypoglycemia (1−3 mM), normal (4−8 mM),
and hyperglycemia (>8 mM).

Figure 7. SERS difference spectrum of a 5 mM glucose and 5 mM
fructose mixture (purple), the normal Raman spectra of a saturated
glucose solution (red) and fructose (green). The dashed lines indicate
peaks in the SERS spectrum that arise from glucose or fructose. SERS
spectrum excited at λex = 785 nm, t = 5 s, P = 222 μW; normal Raman
spectrum excited at λex = 785 nm, t = 30 s, P = 17.7 mW.
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relevant range using SERS. This is the first step toward
translating this nanosensor to a platform enabling in vivo, real-
time glucose readings. To do so, we plan to collect more data
points to define the glucose response, particularly in the low
concentration range, and to perform more studies on the
selectivity toward glucose, particularly in complex biofluids.
Finally, evaluating the long-term response behavior in stringent
ex vivo media in preparation for in vivo SERS measurements
will be paramount in translating this nanosensor to preclinical
studies in small animals.

■ CONCLUSIONS

We designed and tested multiple bisboronic acid analogues for
increased sensitivity in sensing glucose over fructose with SERS.
Based on UV−vis absorption data, we determined that the 1,1-
BBA analogue was the most well-suited among other analogues
(mono- and bisboronic acids with symmetric or asymmetric
linkers) for increased glucose sensitivity. Using SERS difference
spectra, we showed for the first time, direct sensing of glucose
with SERS in the physiologically relevant concentration range.
Applying multivariate statistical analysis methods to our data
provided increased evidence for the robustness of our sensor in
glucose sensing, with clear distinction of the spectra into
hypoglycemic, normal, and hyperglycemic ranges. These results
are promising for the further development of an in vivo SERS-
based glucose sensor.
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