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ABSTRACT: Diabetes mellitus is a chronic disease, and its
management focuses on monitoring and lowering a patient’s
glucose level to prevent further complications. By tracking the
glucose-induced shift in the surface-enhanced Raman-scattering
(SERS) emission of mercaptophenylboronic acid (MPBA), we
have demonstrated fast and continuous glucose sensing in the
physiologically relevant range from 0.1 to 30 mM and verified
the underlying mechanism using numerical simulations.
Bonding of glucose to MPBA suppresses the “breathing”
mode of MPBA at 1071 cm−1 and energizes the constrained-
bending mode at 1084 cm−1, causing the dominant peak to
shift from 1071 to 1084 cm−1. MPBA−glucose bonding is also
reversible, allowing continuous tracking of ambient glucose
concentrations, and the MPBA-coated substrates showed very stable performance over a 30 day period, making the approach
promising for long-term continuous glucose monitoring. Using Raman-mode-constrained, miniaturized SERS implants, we also
successfully demonstrated intraocular glucose measurements in six ex vivo rabbit eyes within ±0.5 mM of readings obtained
using a commercial glucose sensor.

Diabetes is a global chronic disease with no cure,1

requiring frequent monitoring and active management
of glucose levels to prevent complications and improve patient
outcomes.2,3 Presently, the glucose level in a body is
commonly measured using disposable enzymatic sensors that
measure changes in current generated by glucose oxidation in a
small sample of blood.4,5 However, in addition to short shelf-
lives because of the intrinsic instability of enzymes and
dependence on environmental conditions, the major drawback
of these sensors is the painful and inconvenient extraction of
blood required for testing.6−9 Less painful approaches using
microneedles for blood extraction or measuring glucose in
sweat or the interstitial fluid of skin provide less accurate
measurements because of the small sample size or the
significantly lower glucose levels in interstitial fluid and sweat
compared with in blood.10−15 Nonenzymatic electrochemical
approaches have also been explored to overcome the instability
of enzymes; however, these approaches lack specificity for

glucose,16 and the sensing electrodes develop surface fouling
caused by glucose oxidation.16−18

Alternatively, optical approaches have been investigated for
implementing minimally invasive or noninvasive intensity-
based glucose sensing,19−26 but their use in practical
applications has been severely limited by their insufficient
sensitivity and low repeatability19,20 (see the Supporting
Information). Raman spectroscopy is no exception because
glucose naturally exhibits weak Raman signals as a result of its
small Raman scattering cross-section, measuring only 5.6 ×
10−30 cm2 per molecule per steradian, which is about 14 orders
of magnitude smaller than its fluorescence, and glucose’s
Raman emission is easily overshadowed by strong background
noises from the surrounding environment.25−27 To increase
the Raman emission, researchers have employed nanostruc-
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ture-based surface-enhanced Raman scattering (SERS), which
amplifies weak Raman signals by a factor of 106 to 108.28−32

Because glucose molecules do not possess chemical affinity for
SERS-substrate materials such as gold or silver, researchers
used decanethiol (DT), mercaptohexanol (MH), and bisbor-
onic acid as SERS-linker molecules and reported glucose
detection down to 1 mM.33−37 However, large linker
molecules keep the glucose molecules away from the nearfield
enhancement of the substrate surface and make it difficult to
achieve more sensitive and consistent measurements.38−40

Glucose concentrations have also been estimated by detecting
increases in the Raman emission of the linker molecule
mercaptophenylboronic acid (MPBA) or by comparing relative
intensity changes between two adjacent peaks of MPBA when
glucose molecules are attached to MPBA.40,41 The former
approach showed little increase in Raman emission, whereas
the latter approach was valid only in a highly acidic
environment with a pH level close to 1.40,41

Here, we demonstrate quantitative, continuous, and rapid
sensing of glucose at physiologically observed levels by tracking
the shifts in MPBA surface-enhanced Raman-emission peaks.
The peak shifts directly result from the bonding of glucose
molecules onto the hydroxyl group of MPBA (Figure 1a,b),
and we designed the SERS substrates to provide a broad
enhancement over the wavelength range of interest (Figure
2).40 We also identified the underlying mechanism of the
Raman-peak shift caused by glucose bonding onto MPBA
using numerical simulations (Figure 3) and experimental
measurements. Bonding of glucose significantly influences the
elasticity of an MPBA molecule, which changes the molecular

geometries and Raman-scattering cross-sections of two C-ring
vibrational modes (Figure 3). When a glucose molecule binds,
the MPBA-C-ring mode at 1071 cm−1 (Figure 3e) becomes
suppressed, while the weakly active C-ring mode at 1098 cm−1

(Figure 3f) changes its vibrational geometry to highly active
constrained bending, and shifts its peak location to 1084 cm−1

(Figure 1b). As a result, the position of the hybridized peak
between 1071 and 1084 cm−1 shifts as a function of the glucose
concentration, and using this approach, we measured glucose
from 0.1 to 30 mM and, in ex vivo rabbit-eye measurements,
demonstrated an accuracy within ±0.5 mM of readings
obtained using a commercial glucose sensor.
To our knowledge, Raman-peak shifting has previously been

utilized for several sensing applications,42−46 yet tracking a
Raman-peak shift that results from Raman-mode constraining
has not been used for glucose sensing. Furthermore, tracking
the SERS-peak shift proves to be a more reliable and consistent
method to measure glucose concentrations than intensity-
based SERS-sensing approaches.44 SERS-emission intensity is
directly influenced by the enhancement factors of the SERS
substrates, which typically show large spatial and chip-to-chip
fluctuations, whereas the positions of the Raman-emission
peaks are determined by the vibrational states of the molecules
and are highly independent of the enhancing performance of
individual substrates.46 Moreover, boronic acid is a biocompat-
ible molecule,47−49 and its covalent bonding with glucose is
rapid and also reversible,50,51 making our approach potentially
promising for an in vivo continuous sensing applications.

Figure 1. Glucose-detection mechanism based on SERS-peak shifting. (a) Schematic illustrations of MPBA (left) and glucose-bound MPBA
(right). (b) Shift in the dominant Raman peak of MPBA from v1 to v1′ resulting from glucose binding to MPBA. (c) Schematic illustration and
SEM of highly uniform surface-enhanced Raman scattering using 3D Au-NP clusters stacked in a vertical-pillar arrangement.
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■ RESULTS AND DISCUSSION

For SERS-substrate fabrication, we selected a fabrication
process previously developed for strong Raman enhancement
and excellent spatial uniformity52,53 and further engineered the
process to produce substrates optimized for this glucose-
sensing application, providing excellent broadband SERS
response over the relevant spectral range from 785 nm (the
excitation-laser wavelength) to 858 nm (or 1084 cm−1, the
target glucose Raman emission).28 The fabrication was
performed in a two-step process: (1) hydrothermal synthesis
of ZnO nanowires (NWs, Figure 2a) and (2) liquid-phase
deposition of Au nanoparticles (NPs) on the ZnO NWs
(Figure 2b).52 The ZnO NWs produced in the first step serve
as skeletal frames for Au-NP deposition, determining the
periodicity, width, and height of the final Au-NP pillars and
gradually dissolving away during the second processing step,
leaving hollow, vertical perforations that serve as light passages
(Figures 2c,d and S1c). To find the optimal geometry for the
SERS substrates, we varied the concentration of zinc nitrate
hexahydrate in the presence of the nanowire-growth-limiting
hexamethylenetetramine (HMTA) in the precursor solution
during the first processing step; synthesized ZnO nanowires of
four different diameters, 50, 90, 180, and 230 nm (Figure S1a);
and performed the near-infrared-absorption spectroscopy and
finite-element simulations (Figure 2e−g). The results show
that the substrates with 50 nm ZnO NWs provide almost
constant broad absorption (>85%) over the relevant spectral
range between 785 and 858 nm, which can also be confirmed
by the pitch-black appearance of the processed wafer (Figure

S1d).28,52 The fabricated substrate also exhibited a high
Raman-enhancement factor of around 9.31 × 109 and excellent
uniformity, indicated by the low relative standard deviation
(RSD) below 4% over a 1 × 1 mm area (see the Supporting
Information and Figure S1e,f).52

Using the fabricated substrates, we measured SERS spectra
of 1 mM MPBA in pure phosphate-buffered-saline (PBS)
solution and PBS containing 10 mM glucose (Figure S2a). In
both cases, two major peaks were observed between 1070 and
1075 cm−1 and between 1570−1580 cm−1. The former is the
“breathing” mode assigned to C−S stretching coupled with C-
ring expansion, and the latter is a mode assigned to B−C
stretching coupled with C−C in-ring stretching.41,54 For the
double-peak structure between 1570 and 1580 cm−1, the low-
and high-frequency peaks correspond to MPBA with three and
two hydroxyl groups, respectively (Figure S2b,c). MPBA
naturally has two hydroxyl groups. When MPBA is exposed to
mildly basic (alkaline) conditions (e.g., pH 7.4 PBS solution),
the molecule acquires an additional hydroxyl group to form a
(OH−)-MPBA ion, which has been reported to have a higher
affinity for bonding with glucose.41,55 Our numerical
simulations showed that the two forms of MPBA behave
similarly with regard to the glucose-detection mechanism
reported in this work, and we consider the three-hydroxyl-
group structure for the following discussions. When the
MPBA-assembled substrate was immersed in the 10 mM
glucose solution, the measured peak at 1071.5 cm−1 shifted to
1072 cm−1 (Figure S2d) because of changes in the dominant-
peak intensities.

Figure 2. Fabrication and properties of the SERS substrate. (a) ZnO NWs fabricated on a Si substrate using hydrothermal synthesis. (b) 3D Au
NPs deposited in a pillar-array format using liquid-phase deposition. (c,d) SEM images of (c) ZnO-NW template and (d) 3D Au-NP clusters. (e)
Electric-field norm (|E|) of the 3D-stacked-Au-NP-cluster SERS substrate with various diameters of ZnO-NW templates. (f) Experimental and (g)
simulation results of the absorption of the SERS substrates made with ZnO NWs of four different diameters.
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The peak-shifting mechanism can be explained by perform-
ing a series of numerical simulations of the SERS spectra of
MPBA with and without bonding glucose (Figure 3). MPBA or
(OH−)-MPBA attaches to the Au substrate using a thiol group
(Figure 3a), and glucose bonds to the hydroxyl group of
MPBA through a dehydration reaction (Figure 3b). Two of the
three hydroxyl groups of (OH−)-MPBA bond with glucose,
and the third is left unoccupied. Figure 3c,d shows SERS
spectra of (OH−)-MPBA and glucose-bound (OH−)-MPBA
obtained using density-functional-theory (DFT) simulations.
For both MPBA and (OH−)-MPBA without glucose, two large
peaks were observed at 1071 and 1098 cm−1. The peak at 1071
cm−1 is dominant in this scenario and originates from the
coupled C−S-stretching and the C-ring-breathing motions
shown in Figure 3e. The peak at 1098 cm−1 is assigned to the
C−S stretching coupled with the C-ring-bending motion
(shown schematically in Figure 3f). In the case of glucose-
bonded (OH−)-MPBA, the peak assigned to the C-ring-
breathing mode becomes negligible, while the C-ring-bending-

mode peak becomes dominant and redshifts to 1084 cm−1,
because of the constraint imposed by glucose (Figure 3g).
Overall, the bonding of glucose shifts the dominant Raman
peak from 1071 toward 1084 cm−1. The molecular structures
in Figure 3e−g and the Supplementary Video show the three
motions discussed: (1) C−S-stretching-coupled C-ring-breath-
ing mode of (OH−)-MPBA, (2) C−S-stretching-coupled C-
ring-bending mode of (OH−)-MPBA, and (3) C−S-stretching-
coupled C-ring-constrained-bending mode of (OH−)-MPBA
bound with glucose.
The theoretical results matched the experimental results;

however, the magnitudes of the peak shift in the simulations
were larger than in the experimental data because of the
inherent approximations of the DFT method. In the
experimental-measurement environment, unoccupied MPBA
molecules are expected to coexist with glucose-bound (OH−)-
MPBA molecules in the laser-probing spot, and the location of
the peak will be an average of the unoccupied-MPBA-molecule
and glucose-bound-(OH−)-MPBA-molecule peaks. If the ratio

Figure 3. Analysis of SERS-peak shifts using numerical simulations based on density functional theory (DFT). (a,b) DFT-simulation geometries
used for studying (OH−)-MPBA’s Raman-peak-shifting mechanism (a) before glucose binding and (b) after glucose binding. (c) DFT-simulation
of (OH−)-MPBA and (OH−)-MPBA−glucose SERS spectra in mildly basic (pH 7.4) PBS. (d) SERS spectra of MPBA showing the C−S-
stretching-coupled C-ring-breathing mode at 1071 cm−1, the C−S-stretching-coupled C-ring-bending mode at 1098 cm−1, and the glucose-bound
C−S-stretching-coupled C-ring-constrained-bending mode at 1084 cm−1 along with molecular structures indicating the vibrational motions. (e−g)
Schematic diagrams showing the in-plane C-ring vibrational modes of (OH−)-MPBA: (e) breathing mode at 1071 cm−1, (f) bending mode at 1098
cm−1, and (g) constrained-bending mode of glucose-bound (OH−)-MPBA at 1084 cm−1.
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of glucose-bound (OH−)-MPBA to unoccupied MPBA
increases, the peak will shift closer to the theoretical value of
1084 cm−1.
Glucose bonding can also affect the B−C-stretching-coupled

C−C-stretching mode of MPBA near 1580 cm−1 in a highly
acidic environment with a pH close to 1.40 We have verified,
however, that this change does not occur in our mildly basic
environment using pH 7.4 PBS solution (Figure S2e). In
addition, we also verified that it is difficult to directly observe
the SERS peaks of glucose molecules. As shown in Figure
S2f,g, no peaks were observed at the expected locations
indicated by the blue arrows up to 10 mM glucose.35

Collectively, these results supported tracking the 1071 cm−1

MPBA SERS peak to provide a more accurate and reliable
method to detect glucose concentrations.
In order to experimentally correlate peak-shift behavior to

glucose concentration, SERS spectra of MPBA were measured
in the presence of 0.1−30 mM glucose in PBS. This
measurement range covers low glucose concentrations found
in the aqueous humor of healthy adults as well as high
concentrations observed in diabetic blood samples.56−58 The
measurements were performed inside the polydimethylsiloxane
(PDMS) chamber as shown in Figure S3. The plots in Figure
4a,b show the positions of the hybridized SERS peak as a
function of glucose concentration varying from 0.1 to 30 mM
in PBS. As discussed earlier, this hybridized peak results from
MPBA’s C−S-stretching-coupled C-ring-breathing and -bend-
ing modes that are significantly influenced by glucose bonding
and are easily observed because of their large combined
emission intensity. Figure 4a shows SERS spectra of MPBA in
the presence of glucose concentrations ranging from 0 to 30
mM. The spectra were normalized with respect to the highest
peak around 1071.5 cm−1. The initial peak position of MPBA
in PBS was 1071.5 cm−1, and it shifted toward larger wave
numbers as the glucose concentration was increased (Figure
4b). Figure 4c shows the peak position of MPBA logarithmi-
cally increasing with increasing glucose concentrations.
Figure 4d shows the initial dynamic response of our peak-

shifting approach when measured in PBS with 0.1, 1, and 10
mM glucose. We applied an additional Savitzky−Golay filter in
the time domain (see the Materials and Methods section and
Figure S5). Upon injecting the glucose solution into the
measurement chamber, the hybridized peak began to shift to
the right, and its position approached the saturation point over
a period. For higher glucose concentrations, the peak shifting
and saturation occurred more rapidly when the concentration
reached 10 mM.
The reaction between MPBA and glucose and the

relationship between the peak wavenumbers follow the first-
order reaction-rate equation:49

τ= + − −W W A t(exp( / ) 1)n 0 (1)

where Wn, W0, A, t, and τ represent the peak wavenumber in
glucose solution, the peak wavenumber in PBS solution, the
real constant, time, and the time constant, respectively. As the
glucose concentration increases, the rate of peak shift increases.
We formulated an analytical glucose-sensing model to predict
the device response at various concentrations ranging from 0−
30 mM (see the Supporting Information and Figure S5 for
more details).
The standard way to estimate the glucose concentration

using Raman-mode constraining is to measure the peak shift
directly after the reaction has reached an equilibrium and the

peak position has almost been finalized. The measurement
speed of this method requires approximately 10 to 30 min
depending on the glucose concentration (Figure S5a−c).
Predicting the concentration from the initial slope of the peak
shifting is accurate and fast, which can be completed within 1
min. For systems that start from a standard baseline or where
the initial glucose concentration (Cinitial) is known, the slope
method can be as accurate as the peak-position shift, as shown
in Figure S5. A stand-alone-slope method has not been tested
for dynamically changing environments because it requires
prior knowledge of Cinitial to improve the estimation of Cfinal.
Extensive comparisons between the final-peak-shift and initial-
slope methods as well as a combination of these two methods
in dynamically changing environments will be pursued in the
future, building upon the work presented in this manuscript.

Figure 4. Measuring glucose concentrations by tracking Raman-peak
positions. (a) Normalized SERS spectra of MPBA in the presence of
glucose concentrations ranging from 0 to 30 mM. (b) Magnified view
of SERS peaks near 1071 cm−1 for glucose concentrations from 0 to
30 mM. (c) SERS-peak position vs glucose concentration for glucose
concentrations between 0 and 30 mM. (d) Initial dynamic shifting of
SERS-peak positions vs time when 0.1, 1, and 10 mM glucose
solutions are applied at t = 0. Initial slopes are a function of glucose
concentration and are distinct at each concentration.
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Next, we tested our approach for its reversibility and ability
to track ambient glucose concentrations, important factors for
continuous monitoring. The weak association constant of
phenylboronic acid with glucose (4.6 M−1 at pH 7.4)59 is
advantageous for real-time continuous sensing of concen-
trations of glucose. Glucose molecules maintain a dynamic
equilibrium between association and disassociation with
MPBA, allowing continuously changing glucose concentrations
in solution to be monitored. We performed dynamic-response
testing by placing an MPBA-coated chip in the PDMS test
chamber and alternating the ambient solution between PBS
and 10 mM glucose PBS solutions. When the glucose solution
was injected into the chamber, the peak shifted to a larger
wavenumber, and when the glucose line was turned off and the
PBS solution line was turned on, the peak returned to the
initial location. Because of the relatively weak bonding force
between MPBA and glucose, our approach showed reversible
peak shifting and continuous monitoring of the glucose
concentration, as shown in Figure S5g.49−51,59

Achieving reliable and stable measurements over an
extended period is an important criterion for the practical
application of sensors, especially implantable devices. Hence,
we tested the long-term usability of our approach by measuring
the SERS-peak locations in a 10 mM glucose PBS solution for
one month. As shown in Figure S6, the device produced a very
stable sensing result during the test period. The average daily
drift of the peak position over this period was −0.0006 cm−1

per day, which is highly encouraging for long-term continuous
glucose monitoring.
Fructose, which has five hydroxyl groups, can also bond with

MPBA in a similar manner and shift MPBA’s Raman peak.60,61

However, the concentrations of fructose observed in aqueous

humor, urine, and blood are typically 10−3 to 10−2 times those
of glucose,56,62,63 and thus, its influence on our glucose
measurement is considered negligible.
As a feasibility study, we measured glucose concentrations in

the aqueous humor of fresh ex vivo rabbit eyes using the
Raman-mode-constraining approach. Eyes are light-friendly
biological structures suitable for optical sensing. In addition,
we used polydimethylsiloxane (PDMS) to fabricate the
implant mount for our SERS disks. PDMS is a biocompatible
material64,65 and has been utilized for the fabrication of
implantable medical devices as well as ocular implants in the
past.66−68 In the ciliary body, the aqueous humor is produced
by diffusion and ultrafiltration of blood plasma through the
ciliary body.69 As a result, the glucose concentration in the
aqueous humor follows the blood glucose level more
consistently and closely than other bodily fluids such as
tears.56−58,69,70 The glucose range of 0.1−30 mM in the
aqueous humor corresponds to 0.1−60 mM in blood, which
covers the physiologically relevant glucose levels observed in
normal and diabetic conditions.
The anterior chambers of human eyes have emerged as the

optimal site for compact, minimally invasive medical implants,
providing easy optical accessibility for convenient and remote
monitoring of various aspects of human health.71 For ex vivo
measurements, we fabricated C-shaped PDMS implants
mounted with SERS disks (see Figure 5a−c and the Materials
and Methods section). The C-shaped PDMS, measuring 1 mm
in width, is elastic and flexible, it can be folded in half as shown
in Figure 5d. This allowed for insertion through a small
incision in the cornea, and when released, the folded implant
self-restored back to its original C shape and positioned itself
inside the anterior chamber as shown in Figure 5e (see the

Figure 5. Measuring glucose concentrations in the aqueous humor of ex vivo rabbit eyes. (a) Photo of the SERS-disk-mounted C-shaped implant
made of PDMS. The loop diameter is 10 mm, the circular-shaped beam is 1 mm wide, and the mounting region is 1.5 mm wide. (b) Photographic
image of a SERS disk. (c) SEM image of 3D-stacked Au-NP clusters fabricated on the SERS disk. (d) Photo of the folded SERS-disk-mounted
implant. (e) Photo of the implant inserted inside the anterior chamber of an ex vivo rabbit eye. (f) Schematic illustration of the glucose
measurement made using the SERS implant inside the anterior chamber of an ex vivo rabbit eye. (g) Glucose-concentration measurements made
using our Raman-mode-constraining approach (blue) in comparison with readouts concurrently obtained using a commercial electrochemical
glucose sensor (red). The first two measurements (1 and 2, blue) made using Raman-mode constraining served as references to calculate the other
four measurements (3−6), and the corresponding glucose concentrations are displayed in blue over the bars in the histogram. (h) Clarke-error-grid
analysis of the glucose measurements using our Raman-mode-constraining approach in ex vivo rabbit eyes.
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Materials and Methods section and Figure S7). We performed
the ex vivo eye measurements as shown in Figure 5f. The SERS
implants were positioned about halfway between the center
and the edge of the cornea (Figure 5e), and the optical
transmittance of a fresh rabbit cornea is over 90% between 520
and 870 nm.72 The laser light passes through the cornea and
reaches the SERS disk placed off the optical axis of the eye,
mainly exposing the cornea to the laser light. Risk of thermally
damaging the cornea is minimal because the cornea has high
transmittance (over 95% at 785 nm), and the tissues show
minimal absorption at 785 nm.72 We measured the glucose
concentrations of the rabbit aqueous humor using the SERS
implants, and compared the values with concurrently obtained
readouts from a commercially available electrochemical glucose
sensor, finding an accuracy of ±15% in 99% of the
measurements for glucose concentrations above 4 mM (Figure
5g). All of the data measured by the implanted sensor were
located in region A of the Clarke error grid (Figure 5h). Our
SERS sensors produced robust Raman peaks with high
intensities and positions that were easily tracked. Our
Raman-mode-constraining approach produced measurements
that matched the readouts concurrently obtained from the
commercial sensor within 0.5 mM. This error range is
acceptable for use with diabetic patients,73 whose glucose
concentrations typically vary on the order of 10 mM.

■ MATERIALS AND METHODS

Chemicals. Chemicals used in this work include zinc
acetate dihydrate (Zn(CH3COO)2·2H2O, Sigma Aldrich, ≥
98%), ethanol (CH3CH2OH, Sigma Aldrich, 200 proof), zinc
nitrate hexahydrate (Zn(NO3)2·6H2O, Sigma Aldrich, 98%),
polyethyleneimine (PEI, (C2H5N)n, Sigma Aldrich, average
MW ∼800), hexamethylenetetramine (HMTA, C6H12N4,
Sigma Aldrich, ≥ 99%), sodium tetrachloroaurate(III)
dihydrate, (NaAuCl4·2H2O, Sigma Aldrich, ≥ 99%), sodium
citrate dihydrate (HOC(COONa)(CH2COONa)2·2H2O,
Sigma Aldrich, ≥ 99%), sodium hydroxide (NaOH, Sigma
Aldrich, ≥ 98%), 4-mercaptophenylboronic acid (MPBA,
HSC6H4B(OH)2, Sigma Aldrich, 90%), and phosphate-
buffered saline (PBS, Sigma Aldrich, pH 7.4).
Design and Fabrication of Broadly Enhancing 3D-

Stacked Au-NP SERS Substrates. The SERS substrates
were fabricated by performing two sequential wet-chemical
processes described in detail by Yang et al.52 A bare silicon (Si)
substrate was coated with a ZnO seed, and the seeded
substrates were then dipped into the ZnO precursor solutions
and heated in a convection oven at 95°C for 2.5 hours (Figure
2a). The ZnO nanowire substrates were dipped into the Au-
NP precursor solution and heated for 1 hour at 90 °C in a
convection oven. The Au-NP deposition process was repeated
five times to achieve densely formed 3D-stacked Au-NP
clusters. During these iterations, the ZnO nanowires initially
served as 3D frames for Au-NP deposition and gradually
dissolved (Figure 2b, see Section 1 of the Supporting
Information).
Optical Simulations of the SERS Substrates. Two-

dimensional (2D) modeling of the SERS devices (Figure 2e)
was performed using the finite-element-method (FEM)
software COMSOL Multiphysics. The effective dimeters and
periods of the devices were extracted from the scanning-
electron-microscopy (SEM) images. The periodic boundary
condition and normal incidence for transverse magnetic (TM)

polarization were used (see Section 1 of the Supporting
Information).

Near-Infrared Spectroscopy of the SERS Device. A
customized optical microscope operating in bright-field (BF)
mode was used for the absorption measurement of the
fabricated samples. A halogen lamp was used as a light source
with a 50× objective, and reflected light (R, %) was collected
in a confocal configuration using a 1000 μm core optical fiber
and analyzed using a mini spectrometer (Maya200 Pro, Ocean
Optics). The absorption (A, %) was calculated from the
reflected light (100 − R) considering null transmission.

Density-Functional-Theory (DFT) Simulation for
Raman Peak Shift. Raman calculations were carried out
using the Gaussian ‘09 software package.74 All calculations
were performed using the DFT method with the hybrid B3LYP
exchange correlation functional.75 The 6-311++g(d,p) and
Stuttgart−Dresden (SDD) basis sets were used for the
molecule−metal systems. The SDD numerical basis was used
to treat more accurately the core electrons of gold via the
effective core potentials (ECP), which included relativistic
effects76 (see Section 1 of the Supporting Information).

Assembly of Linker Molecules on the SERS Substrate.
The substrates were incubated in a 1 mM 4-MPBA solution for
5 hours. Then, the substrates were fully rinsed with ethanol
and dried using a nitrogen gun.

Bench-Top Measurement of Glucose Concentration.
The substrates were placed inside a chamber made of
polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning),
and the chamber (with inner dimensions of 2 mm in height, 2
mm in width, and 8 mm in length) was covered with a fused-
silica cover slip (S1-UV, ESCO Products Inc.) that served as a
measurement window (Figure S3). Various concentrations of
glucose−PBS solutions were delivered by using a syringe-pump
system (NE-500, New Era Pump Systems Inc.). SERS signals
were measured using a Raman spectrometer (inVia confocal
Raman microscope, Renishaw) with a 5× objective and a 785
nm laser operating at 0.8 mW (see Section 1 of the Supporting
Information).

Raman-System Spectral Resolution and Data Pro-
cessing. To improve the spectral accuracy, we employed the
well-established data-processing method used in plasmonics.
We applied the fifth order Savitzky−Golay filter with a nine-
frame length and the Gaussian fitting process in MATLAB
(R2016a, MathWorks) to reduce noise and determine more
accurate peak positions (see Sections 6 and 7 of the Supporting
Information and Figures S4 and S5).

Fabrication of Implantable SERS Disks. Silicon disks
with a diameter of 1 mm and a thickness of 300 μm were
patterned and etched from a Si wafer using the Bosch deep-
reactive ion-etch process and attached onto a handling Si wafer
using double-sided polyimide tape for further processing. 3D-
stacked Au-NP clusters were fabricated on the disks using the
same method described earlier. After processing, the SERS
disks were detached from the Si-handling wafer and incubated
in 1 mM MPBA solution for 5 hours. Then, we cast a C-
shaped, 10 mm diameter PDMS platform in a plastic mold
created using a 3D printer. Finally, the bottom of each SERS
disk was attached onto a C-shaped PDMS platform, with the
SERS active surface facing upward, using uncured PDMS,
which was then cured at 40 °C for 2 days. The arm width of
the PDMS platform measured approximately 1 mm.

Ex Vivo Measurements of Glucose Concentrations in
Rabbit Eyes. Six ex vivo eyes of New Zealand white rabbits
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with diameters of approximately 2 cm were obtained from
Sierra for Medical Science. A 2 mm corneal incision was made
using Castroviejo scissors (Figure S7). A folded PDMS implant
with a SERS disk was inserted into the anterior chamber and
released, allowing it to unfold back to its original C shape. For
reference measurement using a commercial electrochemical
sensor (Accu-Chek Aviva Plus, Roche Diabetes Care Inc.), 5
μL of aqueous humor was extracted from the anterior chamber
of each ex vivo rabbit eye. The accuracy of the commercial
sensor is ±15% in 99% of the measurements for glucose
concentrations above 4 mM.77 The 2 mm corneal incision was
sealed using medical-grade superglue. SERS signals were
measured using the same Raman spectrometer under the
same measurement conditions as the bench-top measurement.
The measurements on the first two eyes were used for
calibration.

■ CONCLUSION
We have investigated Raman-mode constraining of MPBA
resulting from glucose bonding; identified its underlying
mechanism in simulation studies; and demonstrated quantita-
tive, accurate glucose sensing in an on-chip microfluidic
environment as well as in ex vivo rabbit eyes. Glucose−MPBA
bonding modifies two of MPBA’s Raman modes, resulting in a
peak shift whose magnitude can be correlated to the ambient
glucose concentration.
Our approach overcomes the naturally weak SERS signals of

glucose, shows good resistance against enhancement variations
that are inherent to SERS substrates, and could potentially
allow monitoring of continuously changing glucose concen-
trations at levels observed in the aqueous humor and blood.
Future studies will focus on developing implantable devices
with improved Raman enhancement, signal-to-noise ratios, and
concentration-readout speeds to pursue measurements in
living animals and ultimately in humans. With further
improvements, these results may open up a path for practical
SERS-based in vivo glucose sensors.
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