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ABSTRACT

This study presents a straightforward and non-enzymatic approach for glucose detection utilizing aggregated gold nanorods
(GNRs) based on surface plasmon resonance (SPR). The GNRs exhibited enhanced sensitivity toward glucose concentrations
of up to 10 mM. The LSPR-based glucose detection method demonstrated superior sensitivity, stability, ease of use, and a
convenient readout. Moreover, the LSPR detection technique can be seamlessly integrated with various sensing platforms,
offering the potential to expand the sensor's range and applicability. This study highlights the promising prospects of LSPR-
based non-enzymatic glucose detection and its potential for integration into diverse sensing systems. For the 10 mM glucose
solution, the addition of 5.85x10° GNRs caused a 136 nm shift. On the other hand, when 50 mM glucose is added, the shift
amounted to 82 nm, while adding 100 mM glucose resulted in a shift of 71 nm. This implies that at lower glucose
concentrations, the degree of aggregation is greater, suggesting a heightened sensitivity to smaller concentrations. TEM images
depicted the formation of the gold nanorod aggregates upon the introduction of 10 mM glucose.
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1. INTRODUCTION

Low-cost, easy-to-use biosensors based on metal hanoparticles are proposed as new technology devices
for the rapid detection of desired analytes providing high sensitivity and stability due to specific
properties of metal nanoparticles called surface plasmon resonance (SPR) [1-3]. Namely, the optical
response of nanoparticles, resulting from the collective oscillation of free conduction electrons in the
metal surface under light irradiation at a resonance frequency, gives rise to SPR [4] in the light spectrum.
The frequency of this oscillation is found generally in the visible region of UV-Vis spectra for materials
like gold, silver, and copper. By changing the size of the nanoparticles, one can manipulate slightly the
length of the plasmon peak to alter the optical properties of the material [5].

When isotropic nanoparticles are replaced with anisotropic analogs, optical features, and electrical and
magnetic properties can be enhanced considerably with respect to previous cases due to their complex
anisotropic structures. This kind of amelioration makes anisotropic nanoparticles quite desirable over
isotropic ones for biosensing applications [6-8]. The single SPR splits into two different modes in the
anisotropic nanoparticles; a transverse surface plasmon resonance (T-SPR), corresponding to the light
absorption and scattering along the short axis of the particle, and a longitudinal surface plasmon
resonance (L-SPR), corresponding to light absorption and scattering along the long axis of the particles.
The L-SPR is quite dependent on the aspect ratio of the particle.

Such anisotropic nanoparticles can easily be tailored to enhance the capability of future MEMS (Micro-
Electro-Mechanical Systems) devices [9], SERS (Surface Enhanced Raman Scattering) substrates [10],
and state of art analyte sensing biosensors. The quality of the sensing is highly impacted by the variations
in nanoparticle size, morphology, and the concentration of the nanoparticle [11]. To be able to use metal
nanoparticles advantageously on any platform, we need to overcome some critical points such as:
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o Repeatability of the synthesis and high reproducibility of the same results should be attained,
which is challenging for nano production.
e The synthesis should allow scalability for any real-life applications.
[}
It should be noted that reproducibility is challenging for any nanomaterial production, considering that
the production is highly dependent on reaction parameters [12].

There have been many studies on gold nanoparticle-based glucose sensors [3,13-17]. In the fabrication
of such sensing platforms, the mechanism of sensing is based on the oxidation of target glucose to
gluconolactone and producing hydrogen peroxide, which is a strong oxidizing agent, in the presence of
glucose oxidase. The sensing is achieved indirectly by the etching activity of H.O,, released during the
glucose oxidase enzymatic cycle, on the gold nanorods [13]. A schematic representation of the
enzymatic glucose sensing mechanism is given in Figure 1a.
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Figure 1. Schematic representation of a) enzymatic glucose sensing with GNRs based on etching via H,O; activity
b) non-enzymatic sensing with GNRs based on aggregation

There are limited studies unlocking the potential of gold nanorods for non-enzymatic glucose sensing
since the material itself poses significant challenges [17,18]. In these works, agents like Ag(NH3),OH,
and dextran sulfate are introduced to induce aggregation to perform indirect sensing. While these tiny
structures exhibit unique optical properties and demonstrate remarkable stability, their effective
utilization in glucose-sensing applications demands overcoming several hurdles. One major obstacle is
the need for sensitivity. Designing reliable and sensitive detection methods to translate the nanorod's
optical responses into measurable signals necessitates sophisticated instrumentation and signal
processing techniques.

In this work, we have provided a reproducible high-yield large-scale synthesis of gold nanorods via the
chemical reduction method for non-enzymatic glucose sensing (Figure 1b). For the production of
nanomaterials wet chemical synthesis method has been chosen due to the ease of the method and high
reproducibility. Even though, the technique is largely affected by a number of factors (ionic strength of
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water used during production, strict control of medium temperature, stirring efficiency, operator
performing synthesis, etc.) [12], the fact that it does not require complex laboratory set-up and
equipment brings many advantages. A schematic representation of the methodology used has been
summarized in Figure 2.
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Figure 2. Schematic representation of the GNR production and characterization
2. MATERIALS and METHODS

2.1. Materials

Cetyltrimethylammonium bromide (CTAB, 99%), chloroauric acid (HAuCl4, extra pure), silver nitrate
(AgNQsg, extra pure), sodium borohydride (NaBH4, 98%), and L-ascorbic acid were obtained from
Sigma without further purification. All the glassware was cleaned with aqua regia and washed with
distilled water before the experiments.

2.2. Synthesis of Seeds

The preparation of the seeds followed the procedure outlined in Nikoobakht and El-Sayed's study [19].
In this process, a rapid injection of 0.1 mL of an ice-cold 0.0264 M NaBHj, solution is carried out into a
mixture containing 0.025 mL of 0.05 M HAuCI, solution, and 4.7 mL of 0.1 M CTAB solution, at a
temperature of 28 °C. Following the injection, the resulting mixture is stirred for a duration of 2 minutes
and maintained at 28 °C for a minimum of 1 hour to allow excess NaBHj4 to evaporate. The light brown
color of the mixture is indicative of the size of the seeds being smaller than 5 nm [12].

2.3. Synthesis of Gold Nanorods

After the synthesis of seeds, the second step in production is their growth into final anisotropic shapes.
In this stage, a reference growth solution with the following parameters has been prepared (Table 1).
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Table 1 Chemical Parameters used during preparation of growth media

Final Concentration in

. Stock Solution Added Quantity into .
Stock Solution Concentration Growth golutior)ll (mL) Growth S(?]!llj\;[l')on [Cinal]
HAUCIls3H20 0.1M 1.26 0.5
CTAB 0.1M 250 100
AgNO3 0.01 M 3.60 0.140
Ascorbic Acid 0.1M 1.92 0.75
HCI 5M 0.05 -

It should be well noted that a fresh stock solution of silver nitrate and ascorbic acid has been prepared
for each synthesis for reproducibility. After the production of the growth solution, 1.5 mL of as-
synthesized seed is injected rapidly into the growth media. The mixture is mixed over 20 seconds and
kept at 28 °C without disturbance overnight to ensure that the growth is terminated.

2.4. Characterization of Gold Nanorods

UV-Vis spectroscopy experiments are realized by using Thermo Scientific NanoDrop 2000
Spectrophotometer. The UV-Vis spectrums of bare GNRs are recorded before any purification step.
After recording, purification is performed by using a Beckman Culter Allegra centrifuge at 10000 g for
10 minutes in 3 steps. After each centrifugation, the supernatant is discarded and the sediment is washed
with DI water to complete the volume to 10 mL.

Scanning electron microscopy (SEM) experiments are realized at Bogazici University Advanced
Technologies R&D Centre Laboratory via Philips-FEI XL30 ESEM-FEG scanning Electron microscope
at 30 kV. Transmission electron microscopy (TEM) observations are carried out by JEOL JEM 2100
Plus microscope equipped with Gatan US4000 CCD Camera operating at 200 kV. Before observation,
samples are coated with plasma Au/Pd. Obtained images are analyzed via ImageJ software.

2.5. Non-enzymatic Glucose Sensing Experiments

To a series of 2 mL of freshly prepared and aerated glucose solutions, two different numbers of GNRs
are added in scintillation vials. After 20 minutes waiting period, the samples are analyzed via UV-Vis
spectroscopy.

3. RESULTS and DISCUSSION

The UV-Vis spectrum of GNRs, depicted in Figure 1, demonstrates two distinct peaks, one at 553 nm
representing T-SPR and another at 804 nm representing L-SPR. The broad L-SPR peak can be attributed
to the polydisperse nanorods. Via the UV-Vis spectrum, it is possible to characterize produced gold
nanorods quantitatively. Mainly, the aspect ratio of as-produced gold nanorods can be deduced from
simple relation with longitudinal surface plasmon band (AL-spr) [20]:

Amax—478

In our case, we estimated an AR of 3.39. Additionally, it is also possible to calculate the final colloidal
gold concentration as 0.22 mM, converted from Au(l) into Au®(cay) via the following equation;

Agoonm = €bcyy (2)
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where Augonm is the absorption band signal of gold at 400 nm, ¢ is the absorption coefficient (2500M"
em? ref) and b is the cell path length used during measurement (1 mm). The obtained values are
summarized in Table 2.

Table 2 GNR solution parametric data

Symbol Parameter Numeric Value
| Average length of GNR 45.81 nm

d Average diameter of GNR 13.26 nm

r Average radius of GNR 6.63 nm

AR Aspect ratio (obtained by UV) 3.39

P Density of Au atom 19.32 g/cm®
Cau Final Au(0) concentration 2.2x10"* mol/L
Viotal Total volume of GNR solution 256.85 mL
Mwty, Molecular weight of gold 196.97 g/mol

After the deduction of the final gold concentration, it is possible to do a rough estimation of the number
of GNRs by calculating the volume of a single nanorod via:

— 2
Vsingle nanorod — T l (3)

where r is the diameter of the nanorod with an estimation of cylindrical shape for GNRs.
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Figure 1. The UV-Vis spectrum of GNRs solution

The average radius and length of GNRs are obtained via SEM and TEM analysis. Corresponding SEM
and TEM images are given in Figures 2a, b, and c. 50 particles are counted for the analysis. In
microscopy images, GNRs appear more monodisperse in size and morphology. The discrepancy
between the apparent polydispersity observed in the UV-Vis spectrum and the absence of such
variability in microscopy images for GNRs can be attributed to the purification of the samples before
microscopy observations. During the purification, by-products and excess CTAB, forming a thick
organic layer around the nanorods and leading to a reduction in image resolution, are removed. This
explains the difference between the UV-Vis spectrum and the microscopy images.
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Figure 2. a) SEM micrograph of GNRs. TEM micrograph of b) GNRs and c) single GNR at higher magnification

Following that, the total mass of gold atoms in a single nanorod is calculated as 1.84 x10°g via:

My = PVsingle nanorod (4)

where p is the density of gold. From the mass it is possible to calculate the mole of gold atoms in a single
gold nanorod (nau) by using the following equation:

Mgy = Myy/Mwiy, (5)

where Mwita, is the molecular weight of gold. The total number of gold atoms in all gold nanorods (Nau)
would be calculated by multiplying the mole number of gold atoms in a single nanorod with the
Avogadro number (Na).

Nygy = Ng-nyy (6)

Finally, to calculate the total number of GNRs as 2.34x10* in 1 mL solution, we have used the following
equation:

Total number of Aunanorods = (Cay-Viotal)/Mau (7)

L-SPR sensing experiments are conducted using three different concentrations of glucose (10 mM, 50
mM, and 200 mM) and two different numbers of GNRs (5.85x10° and 2.34x10). The number of GNRs
is varied to investigate the impact of nanoparticle concentration on the L-SPR shift. With the addition
of glucose, the L-SPR shows a blue shift, indicating a morphological transformation. In the case of the
10 mM glucose solution, the addition of 5.85x10° GNRs yielded a noticeable augmentation in the blue
shift by 136 nm. Conversely, the introduction of 50 mM glucose elicited a shift of 82 nm, whereas the
addition of 100 mM glucose resulted in a shift of 71 nm (Figure 3a). The observation of such a blue shift
in the UV-Vis spectrum of GNRs upon the addition of glucose could be attributed to aggregation induced
by polar glucose molecules. The hydroxyl groups (-OH) of glucose can interact with the positively
charged CTAB molecules on the surface of the nanorods causing a blue shift in the L-SPR wavelength
due to large aggregates. The aggregation after the addition of glucose is also visible in the corresponding
TEM image depicted in Figure 3b.
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Figure 3. a) UV-Vis Spectrums of bare GNRs and Glucose-GNR mixtures with 10 mM, 50 mM, and 100 mM
glucose concentrations and 5.85x109 number of GNRs ¢) Variation in L-SPR wavelength as an effect
of change in glucose concentration b) Corresponding TEM image of the sample prepared with 10 mM
glucose

A similar blue shift trend is observed when the number of GNRs is increased to 2.34x10%°. However,
apart from a blue shift in L-SPR, a significant decrease in the intensity of the L-SPR leads to a
disappearance, suggesting that the GNRs are undergoing morphological reshaping towards isotropic
shapes (Figure 4). When the concentration of GNRs is increased while keeping the amount of glucose
constant in comparison to the previous case, the nanoparticles are more likely to come into close
proximity and form aggregates. Such aggregation can lead to the coupling of plasmon modes in adjacent
nanorods, resulting in a broadening and eventual disappearance of distinct L-SPR peaks. The interaction
between the nanorods modifies their plasmonic behaviours, leading to a loss of well-defined resonance
peaks.
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Figure 4. UV-Vis Spectrums of bare GNRs and Glucose-GNR mixtures with 10 mM, 50 mM, and 100 mM glucose
concentrations and 2.34x1010 number of GNRs.
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4. CONCLUSION

In conclusion, this study demonstrates a straightforward and non-enzymatic approach for LSPR-based
glucose detection by using GNR aggregates, which exhibited heightened sensitivity towards a glucose
concentration upto10 mM. Sensitivity below 10 mM can be further improved by employing nanorods
with higher aspect ratios. With its superior sensitivity, stability, ease of use, and convenient readout, L-
SPR detection can be combined with different types of sensing platforms to expand the sensor's range
even further.
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