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Abstract: For the first time, single-entity electrochemistry (SEE) was demonstrated in a hydrogel ma-
trix. SEE involves the investigation of the electrochemical characteristics of individual nanoparticles
(NPs) by observing the signal generated when a single NP, suspended in an aqueous solution, collides
with an electrode and triggers catalytic reactions. Challenges associated with SEE in electrolyte-
containing solutions such as signal variation due to NP aggregation and noise fluctuation caused
by convection phenomena can be addressed by employing a hydrogel matrix. The polymeric hy-
drogel matrix acts as a molecular sieve, effectively filtering out unexpected signals generated by
aggregated NPs, resulting in more uniform signal observations compared to the case in a solution.
Additionally, the hydrogel environment can reduce the background current fluctuations caused by
natural convection and other factors such as impurities, facilitating easier signal analysis. Specifically,
we performed SEE of platinum (Pt) NPs for hydrazine oxidation within the agarose hydrogel to
observe the electrocatalytic reaction at a single NP level. The consistent porous structure of the
agarose hydrogel leads to differential diffusion rates between individual NPs and reactants, resulting
in variations in signal magnitude, shape, and frequency. The changes in the signal were analyzed in
response to gel concentration variations.
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1. Introduction

In recent years, single-entity electrochemistry (SEE) has gained significant attention as
a powerful approach to studying the characteristics of nanomaterials at the individual level,
rather than averaged properties as ensembles [1-6]. SEE has found application in various
fields, including the investigation of electrocatalytic properties or mechanisms of metal [7-9]
and metal oxide [10,11] nanoparticles (NPs), studies on soft NPs like emulsions [12,13], and
examination of single biomaterials such as enzymes or cells [14,15].

Among the various nanomaterials, metal NPs have been widely used in many research
fields owing to their attractive properties, which include a large surface-to-volume ratio,
chemical reactivity, and size-dependent optical and electronic properties [16-18]. These
enhanced characteristics of NPs compared with bulk materials can be applied to various
modern scientific applications, such as electronic devices, sensors, medicine, spectrometry
(such as Raman scattering enhancers), and catalysts [19-22]. Among these applications of
NPs, its electrocatalytic effect has received a tremendous amount of attention. Because elec-
trocatalysis is an essential key to the improvement of energy conversion and energy storage
(such as oxygen reduction reaction (ORR)/oxygen evolution reaction (OER)/hydrogen
evolution reaction (HER)), batteries, chemical synthesis, and electrochemical sensing sys-
tems [23-25]. It has been shown that the electrochemical activities of NPs are greatly altered
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depending on their size, shape, composition, and orientation. Therefore, numerous research
efforts have been made to understand the electrocatalytic properties of NPs at the level of
individual NPs and optimize them for practical applications.

In the SEE method, an electrode applying a predetermined voltage is immersed in
a solution containing nanomaterials such as NPs. The NPs diffuse within the solution
and eventually collide with the electrode, leading to the observation of a signal triggered
by a specific electrochemical reaction induced by the NPs. However, the small current
generated by a single NP is often challenging to distinguish from noise signals. Therefore,
to obtain distinguishable signals, in other words, to enhance the signal-to-noise (5/N)
ratio, fast electrochemical reactions or small electrodes such as ultramicroelectrodes (UMEs)
are commonly employed. Although use of the UMEs has significantly reduced noise
levels, residual fluctuations in noise current ranging from a few to tens of pA still exist.
These fluctuations can be attributed to various physical and electrical factors, including the
natural convection of the electrolyte solution [26,27].

Hydrogel, a three-dimensional crosslinked network polymer, has the ability to absorb
and retain a significant amount of water while maintaining its structural solidity. It consists
of a hydrophilic polymer chain with a high water content, typically ranging from 90%
to 99% [28]. Recently, hydrogel has emerged as a valuable material in electrochemical
applications due to its distinctive properties, such as large water content [29], biocom-
patibility [30,31], tunable swelling behavior [32,33], and easy integration with electrodes
and active components [34-36]. Hydrogels serve as a sensing platform in electrochemical
sensors, enabling selective detection of analytes [37-39]. Additionally, they provide useful
applications in energy storage devices as electrodes or separators, facilitating enhanced
charge storage and rapid ion diffusion [40,41]. In the realm of electrochemical actuators,
hydrogel acts as an artificial muscle, responding to electric potential and generating me-
chanical work [42,43]. Moreover, hydrogel is employed in electrocatalysis, providing a
supporting matrix for electrocatalytic materials to enhance various reactions [44,45]. The
hydrogel is applied not only in the electrochemical field, but also in various fields such as
drug delivery system [46], mechanics [47,48], and environmental fields [49].

Recent studies by Park et al. have demonstrated that, when hydrogel is used as solid
electrolytes in electrochemical experiments, the influence of convection can be reduced,
simplifying the mass transfer of reactants [35,36]. This finding suggests that it holds
potential for improving the S/N ratio in the SEE by mitigating noise from convection in
electrochemical measurements and simplifying the mass transfer model.

If the SEE is performed in a hydrogel matrix instead of a conventional solution media, it
can offer several advantages. Colloidal NPs may exhibit decreased stability in the electrolyte
solution caused by the agglomeration of each particle [50]. Although stabilizing agents
(capping agents) are used in the synthetic process of NP to control the growth and to prevent
aggregation, excessive use of these capping agents can affect the catalytic ability of the NP
surface. In addition, NPs are often agglomerated together in the electrolyte solution. In such
cases, even with the use of uniform NPs, the magnitude of the signal, which is proportional
to the size of the NPs, can be interrupted due to the NP’s aggregation. However, the
hydrogel matrix acts as a molecular sieve, effectively filtering out the aggregated NPs. This
results in a more uniform signal that accurately represents the size distribution of the NPs.
Additionally, the gel environment minimizes background current fluctuations caused by
other factors, such as impurities, thereby facilitating easier signal analysis and increasing
the S/N ratio.

In this paper, for the first time, the SEE of a single NP was observed in a hydrogel
matrix. We investigated the effects of hydrogel incorporation on the mass transfer of
NPs in the context of SEE. By examining the changes in magnitude, shape, and frequency
of SEE signals depending on the composition of the hydrogel matrix, we elucidated the
potential of hydrogel-based SEE for enhanced signal analysis and improved understanding
of individual nanomaterials.
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2. Results and Discussion

The hydrogel can be considered as a network of cross-linked polymer chains which
possess a wide-spreading “pore size” or “mesh size” ranging from 1 to 900 nm depending
on the agarose concentration [51]. Such porous structures can affect the mass transfer rate
of materials or cause additional overvoltage, which may affect the rate of electrochemical
reactions. Thus, to validate the electrochemical behavior within the agarose gel and
determine the optimal potential for single-entity electrochemistry (SEE), electrochemistry
for hydrazine oxidation at various electrodes was investigated in the agarose hydrogel.

First of all, cyclic voltammetry (CV) experiments were conducted using Pt and Au
ultramicroelectrodes (UMEs) in both aqueous solution and 0.5 wt% agarose hydrogel to
assess the electrocatalytic properties depending on the electrode materials and diffusional
properties between the two media (Figure la,b). The CV results revealed that the Pt
UME exhibited a lower onset potential for hydrazine oxidation compared to the Au UME,
irrespective of the medium employed. At a potential around 0V (vs. Ag/AgCl), the Pt UME
demonstrated an electrocatalytic current resulting from the hydrazine oxidation, while the
Au UME did not. This difference in electrocatalytic behavior motivated the selection of
this potential for subsequent SEE analyses. For SEE of metal NPs using electrocatalytic
amplification, it should be noted that the appropriate electrode potential needs to be
selected. This potential should give rise to the maximum current for the particle material,
while the electrode exhibits a minimum current response at the given electrocatalytic
reaction.
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Figure 1. Cyclic voltammograms of the hydrazine oxidation using Au (black solid) and Pt (red
dashed) UMEs in (a) solution or (b) 0.5 wt% agarose hydrogel. Cyclic voltammograms of the
hydrazine oxidation using (c¢) Au and (d) Pt UME:s at various concentrations of the agarose hydrogel
(from 0.5 to 2.0 wt%). Both electrolytes contain 50 mM PB (pH 7.0) and 5 mM hydrazine. The scan
rate was 50 mV.

In terms of steady-state currents, a noticeable disparity was observed between the
aqueous solution and the agarose hydrogel. While the onset potentials remained similar,
the steady-state current levels in the agarose hydrogel were lower compared to those
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in the aqueous solution. The steady-state current at an UME is directly proportional to
the diffusion of reactants to the electrode surface, suggesting reduction in the diffusion
coefficient and subsequent decrease in current within the gel matrix. This observation
was further supported by the gradual decline in steady-state current with increasing
concentration of the agarose hydrogel (Figure 1c,d).

The steady-state current in the disk-type UME is obtained as follow [52,53]:

Ls,ume = 4F DpyaCpyarume ¢y

where Dy, is the diffusion coefficient of hydrazine, Cp, is the concentration of hydrazine,
and rype is the radius of UME. These results can be derived from the hindered mobility
of the redox molecule in agarose gel, which is assumed to be caused by steric interaction
between solutes and agarose gel fibers [54]. The diffusion coefficients of hydrazine, calcu-
lated from the steady-state current, were summarized in Table 1. Notably, the diffusion
coefficient of hydrazine in the 0.5 wt% agarose hydrogel was lower (approximately 84%)
than that of in aqueous solution.

Table 1. Calculated diffusion coefficient of hydrazine at various concentrations of agarose hydrogel.

Concentration of Steadv-State Current Calculated Diffusion
Agarose Hydrogel y Coefficient of Hydrazine 2

(Wt%) (nA) (x10-6 cm?/s)
0 (solution) 33.8 8.75
0.5 28.4 7.37
1.0 255 6.59
15 20.3 5.25
2.0 18.5 4.79

2 Calculated by Equation (1).

In conclusion, it is considered possible to perform SEE in agarose gel due to significant
differences in catalytic properties between Au and Pt despite a slight decrease in the
diffusion coefficient observed in agarose gel.

As depicted in Scheme 1, SEE of Pt NPs was conducted in both aqueous solution
(liquid electrolyte) and agarose hydrogels (solid electrolyte). To enable the SEE within a
hydrogel matrix, it is imperative that nanoparticles (NPs) can readily penetrate the hydrogel
structure. The pore size of the prepared hydrogel is expected to range from tens to hundreds
of nanometers, depending on the concentration, ranging from 2.0 to 0.5 wt%, as reported
in the literature [51]. Therefore, it is thought that the ~50 nm of Pt NPs may or may not
penetrate the hydrogel depending on the pore size of the hydrogel.
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Scheme 1. Schematic illustration of difference diffusion pathway of Pt NP in (a) aqueous solution
(b) agarose hydrogel.

The magnitude and frequency of the current signal of the SEE were investigated at
various concentrations of agarose hydrogel, compared to the result in aqueous solution.
(Figure 2). Owing to the slow diffusion within the agarose hydrogel compared to the
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solution, the agarose hydrogel pre-equilibrated with a high concentration of Pt NP solution
and hydrazine was used for the SEE. Specifically, the Pt NP concentration was 0.8 pM in
the solution and 20 pM in the agarose hydrogel.
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Figure 2. Chronoamperometric curves for single Pt NP collision at the Au UME with different
concentrations of the agarose hydrogel (a) 0 wt% (solution) (b) 0.5 wt% (c) 1.0 wt% (d) 1.5 wt%
(e) 2.0 wt%. All electrolyte solutions contained 50 mM PB (pH 7.0) and 5 mM hydrazine. The Pt NP
concentration was 0.8 pM at solution, and 20 pM at agarose hydrogel. The data acquisition time was
50 ms.
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As shown in Figure 2a and consistent with previous studies, the SEE of Pt NPs
exhibited a staircase current signal in the aqueous solution. Each current step implies a
steady state current generated by individual Pt nanoparticles collided onto the Au electrode.
The magnitude of the current signal and collisional frequency were calculated using the
equations of previous studies [52,53]:

Iss,np = 47(In2)nF DyyqCpyarnp 2)

and
fp = 4DnpCNpPrumE 3)

where ryp is the radius of NP, the Dyp is the diffusion coefficient of NP, and Cyp is the
concentration of NP.

The theoretical expectations and experimental observations of the signal magni-
tudes and frequencies are summarized in Table 2. The estimated values obtained from
Equations (2) and (3) were 330 pA for the current step and 0.104 s~ ! for the frequency in the
liquid electrolyte. The experimentally obtained values were 495 (+338) pA and 0.028 s 1,
respectively. The two values roughly coincide, but the experimentally observed data was
slightly larger in current magnitude and lower in frequency, which is believed to be due to
the occurrence of NP aggregation in the solution. It has been reported that the aggregation
of Pt NPs in hydrazine solution [50]. Therefore, the aggregation can lead to inconsistent
signal magnitudes and a large coefficient of variation (68%). As a result, when attempting
to predict the real size distribution of NPs based on the magnitude of the current signal,
accurate predictions are challenging due to signal distortion caused by such aggregation in
an electrolyte solution.

Table 2. Current magnitude and frequency of SEE signal.

Concentration of Calculated Experimental Calculated Experimental Normalized
Agarose Hydrogel Current Current Magnitude Frequency P Frequency Frequency
(Wt%) Magnitude 2 (pA) (pA) (£SD) (s7) (s~1) (£SD) (s71.pM~1) (£SD)
0 (solution) 330 495 (£338) 0.104 0.028 (£0.003) © 0.035 (£0.004)

0.5 278 27 (£13) - 0.066 (£0.026) ¢ 0.003 (£0.001)
1.0 249 13 (+4) - 0.028 (£0.012) 4 0.001 (£0.001)
1.5 198 12 (£5) - 0.011 (+0.003) 4 0.0005 (£0.0001)
2.0 181 - - 0d 0

2 Calculated by Equation (2); ® Calculated by Equation (3); ¢ Observed at 0.8 pM of Pt NP; ¢ Observed at 20 pM of
Pt NP; SD: standard deviation.

In the 0.5 wt% agarose hydrogel (Figure 2b), a current step of 27 (£13) pA was ob-
served. Considering only the decrease in the diffusion coefficient of hydrazine in the
agarose hydrogel (84% from Table 1), the expected current magnitude in the solid elec-
trolyte should be 278 pA. Hence, it is suspected that additional factors contribute to this
phenomenon. Furthermore, triangular-shaped current responses were observed in the case
of 0.5 wt% agarose hydrogel, which deviates from the staircase response in the solution
electrolyte. This triangular shape implies that the mass transfer of hydrazine is diminishing
and ultimately restricted due to some reason. We speculate that this limitation is due to the
blocking effect of the N, gas, which is a product of the oxidation reaction of hydrazine. The
oxidation reaction of hydrazine can be represented as follows:

NoH; — Ny + 4H' + 4e”

Therefore, the generated N gas has greater difficulty in escaping from the NP surface
within the solid electrolyte compared to the liquid electrolyte. As a result, it is hypothesized
that the N, gas hinders the mass transfer of the reagent, leading to a decrease in the current

signal.
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The pore size of the prepared hydrogel may decrease as the concentration of hydrogel
increases. As a result, the magnitude of the SEE signal was gradually reduced, and small
signals resembling spike shapes were observed at 1.0 and 1.5% (Figure 2c,d). Finally, no
observable signal was obtained at concentrations above 2.0 wt% (Figure 2e). Previous
studies on the pore size of agarose gel show that when it reaches 2.0 wt%, the pore size
decreases a lot compared to when it is 0.5 wt% (Table 3) [55-58]. Consequently, since the
pore size of 2.0 wt% is similar to or smaller than the Pt NP size of 50 nm, the Pt NPs are
difficult to move freely in the gel network, resulting in the disappearance of the signal.

Table 3. Previous studies of pore size of agarose hydrogel as a function of concentration.

Pore Diameter (nm)

Method Based Ref
ethod Pasedon 05wt%  1.0wt%  15wit% 2.0 wt% eherence
DNA mobilities change 250 100 60 40 [55]
absorbance change 450 150 70 45 [56]
surface fraction change 280 85 71 6 [57]
Cryo-SEM 330 230 190 150 [58]

Furthermore, in the 0.5 wt% agarose hydrogel, the collision frequency decreased to less
than 1/10 compared to that in the solution electrolyte. As the concentration of the agarose
hydrogel increases, this reduction continues. This indicates that the diffusion of NPs is
hindered within the agarose hydrogel, resulting in a slower rate of diffusion (Figure 3a)
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Figure 3. (a) Normalized collisional frequency and (b) current magnitude of the SEE signal as a
function of agarose hydrogel concentration.

Despite the reduction in current signal magnitude due to the decreased diffusion
coefficient, the uniformity of signals was relatively improved in the agarose hydrogel since
NP aggregation was less pronounced in the agarose hydrogel.

The appearance of aggregation results in the formation of larger NPs, and the average
particle size increases while the NP concentration decreases. Consequently, an increase in
the average signal magnitude and a decrease in collisional frequency in SEE are observed.
As listed in Table 4, in the aqueous solution, the current magnitude and frequency during
the 200400 s time range decreased and increased from 330 to 1050 and from 0.075 to 0.015,
respectively, compared to the values in the 0-200 s time range. This observation aligns
with the expected effect of the NP aggregation mentioned earlier. On the other hand, in
the 0.5 wt% agarose gel, there was no significant change in the current magnitude and
frequency between the 200-400 s and 0-200 s time range.
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Table 4. Average current magnitude and frequency of SEE signal at every 200 s range.

0 wt% (Solution) 0.5 wt%
. Experimental . Experimental .
Time Range Experimental Experimental
(s) Current Frequency Current Frequency

Magnitude s-1) Magnitude s-1)

(pA) (£SD) (pA) (£SD)
0~200 330 (£180) 0.075 31.8 (£15) 0.13
200-400 1050 (£1140) 0.015 32.2 (£18) 0.12

Therefore, the uniformity of the current signal can be assessed by the coefficient
of variation of the current magnitude, which increased to 47% in the agarose hydrogel
compared to 68% in the solution (Figure 3b). In this regard, it is noteworthy that the
entangled network fibers of the hydrogel not only affect the diffusion properties but also
serve as a molecular body that prevents NPs aggregation inside the hydrogel.

In the agarose hydrogel environment, mass transport is reduced, especially that due
to convection, and background current fluctuations caused by factors such as impurities
are minimized, leading to a decrease in the magnitude of noise. As shown in Table 5, the
actual magnitude of noise significantly decreased in the agarose hydrogel, resulting in
an enhanced signal-to-noise (S/N) ratio. The S/N ratio was calculated by dividing the
magnitude of the current response by the background current fluctuation. The improved
S/N ratio can benefit the detection of NPs, especially small ones with low signal levels.

Table 5. Comparison of the signal-to-noise ratio at various concentrations of agarose hydrogel.

Concentration of Experlment.al Noise Level ? Signal to Noise Ratio
Agarose Hydrogel Current Magnitude (pA) (S/N Ratio)
(wt%) (pA)
0 (solution) 495 53 7.8
0.5 27 0.65 42
1.0 13 0.79 16
15 12 0.85 15

2 Estimated from the background current fluctuation.

3. Conclusions

For the first time, the single-entity electrochemistry (SEE) of Pt nanoparticles (NPs)
was conducted in a solid electrolyte, such as agarose hydrogel. In the 0.5 wt% agarose
hydrogel, the diffusion of NPs and reagent was slower compared to that in the liquid
electrolyte, resulting in a decrease in signal magnitude and frequency. However, it can offer
several advantages. The agarose hydrogel matrix excludes signals generated by aggregated
NPs, resulting in more uniform signals. By minimizing background current fluctuations
caused by factors like natural convection and impurities, the signal-to-noise (S/N) ratio is
increased, making signal analysis more convenient. These change in current response was
investigated as a function of agarose hydrogel concentration.

This study demonstrates that the improved S/N ratio and uniformity of signal in solid
electrolytes can be utilized for the observation of SEE of NPs with small signal magnitudes,
which are difficult to observe in liquid electrolytes. It also provides inspiration for future
investigations into the electrochemical behavior of NPs in various solid electrolytes such as
a hydrogel.

4. Materials and Methods
4.1. Reagents

All chemicals used as received. Agarose (Low Electroendosmosis), platinum nanosphere
(Pt NP, 50 nm), hydrazine (N,Hy), potassium phosphate monobasic (KH,POj), potassium
phosphate dibasic (K;HPO,) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
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Ultrapure water (>18 M(), Millipore, Darmstadt, Germany) was used in all experiments.
Gold (Au, 99.99%, diameter 10 um) and Pt (99.99%, diameter 10 um) were purchased from
Alfa Aesar (Ward Hill, MA, USA).

4.2. Characterization of Pt NPs

The size of the Pt NPs was characterized using Transmission Electron Microscopy
(TEM) images and dynamic light scattering (DLS) analysis. As shown in Figure 4, the
analyzed metal part size of Pt NP by TEM was 45 (£5) nm and the hydrodynamic diameter
of Pt NP by DLS was 57 (£14) nm in diameter. The diameter from the DLS analysis was
larger than that measured from the TEM images. This difference seems to be due to the
hydrodynamic environment during DLS measurements and the dry environment at TEM
measurements. The concentration of Pt nanoparticles (NPs) was estimated by dividing the
concentration of the Pt precursor by the number of Pt atoms present in the average size of
NP from the TEM image. The estimated concentration of the stock solution of Pt NP was
80 pM.
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Figure 4. (a) Transmission Electron Microscopy (TEM) image, (b) size distribution of Pt NP measured
with TEM, (c) size distribution of Pt NP measured with Dynamic Light Scattering (DLS) analysis. The
average diameter (+standard deviation) is 45 (+5) nm with TEM and 57 (£14) nm with DLS.

4.3. Preparation of Agarose Hydrogel

Various concentrations (0.5, 1.0, 1.5, and 2.0 wt% in water) of agarose solutions were
prepared in a flask connected to the reflux tube. Agarose solutions were heated up to
90 °C for complete dissolution. The agarose solutions were put into a vacuum chamber to
remove air bubbles. After, the solution was placed in a silicone mold and slowly cooled
to room temperature to harden it. The hardened gel was cut into 1 cm cubes and stored
in distilled water. The pore size of agarose hydrogel can be measured in the various
methods previously studied such as DNA mobilities [55], absorbance change [56], surface
fraction change [57], and scanning electron cryo-microscopy (Cryo-SEM) [58]. According
to these methods, The pore diameter of 0.5~2.0 wt% agarose hydrogel can be estimated to
be 250~40 nm [55], 450~40 nm [56], 280~6 nm [57], or 330~150 nm [58], as listed in Table 3.

Fourier transform infrared (FT-IR) measurements were conducted at various concen-
trations of agarose hydrogel (Figure 5). A thinly sliced and dried agarose hydrogel was
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used as a sample for measurement. As shown in Figure 5, peaks were obtained at the same
location regardless of agarose concentration. The broad absorption band at 3306 cm™!
was attributed to the stretching vibration mode of -OH groups. The band at 2898 cm !
was related to the stretching vibration mode of -CH, groups. The band at 1660 cm ! was
attributed to the stretching vibration of the bound H,O. Peaks at 1470 cm~! and 1378 cm ™!
were related to the bending vibration of the -CH; and -CHj groups, respectively. The
vibration of the covalent sulfate group is indicated by the weak band at 1244 cm~?. Broad
bands at 1160 cm ! and 1077 cm~! were related to the vibration of C-O-C groups about the
glycosidic linkage. These peaks correspond with the known peaks for agarose gel [59,60].
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Figure 5. FT-IR spectra of various concentration of the agarose hydrogel with (a) 0.5 wt%, (b) 1.0 wt%,
(c) 1.5 wt%, and (d) 2.0 wt%.

For electrochemical measurement, a cubic agarose hydrogel was soaked in 1 mL of
Pt NP stock solution for 72 h until the Pt NPs were reached in equilibrium between the
agarose hydrogel and solution. The concentration of Pt NPs in agarose hydrogel was
estimated at ~40 pM, which is half the concentration of the stock solution. Then, the
agarose hydrogel containing Pt NPs was immersed in 1 mL 100 mM phosphate buffer (PB)
solution containing 10 mM hydrazine for 8 h. After two equilibrium steps, for example, the
0.5 wt% agarose gel is considered to contain ~20 pM Pt NP, ~5 mM hydrazine, and 50 mM
PB [37,38]. The hydrogels before and after equilibrium with Pt NPs and hydrazine solution
are shown in Figure 6a.
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Figure 6. (a) 0.5 wt% agarose hydrogels before (left, white) and after (right, black) equilibrium with
Pt NPs and hydrazine solution. (b) electrochemical cell setup with hydrogel.

4.4. Preparation of UMEs

UMEs were fabricated as previously reported [7,10,61]. First, one side of the borosili-
cate glass tube was sealed with a torch. A 10 um diameter of metal (Au or Pt) wire was put
into a sealed borosilicate glass. The opposite side of the glass tube was connected to the
vacuum pump. The sealed side of the glass tube was sealed using nichrome wire under
vacuum. Next, the remained metal wire was connected to the lead line using silver epoxy.
The sealed glass was ground with sandpaper to expose the metal surface, and polished
with alumina powder for the mirror surface of the electrode.

4.5. Instruments

The electrochemical experiments were performed by using a CHI 750e potentiostat
(CH Instruments, Austin, TX, USA) with three electrode cells placed in a Faraday cage.
The three-electrode system consisted of UME as a working electrode, Pt wire as a counter
electrode, and Ag/AgCl 1 M KCl as a reference electrode. TEM images were obtained
using a JEM-3010 (JEOL Ltd., Tokyo, Japan). DLS analysis was performed using a Zetasizer
Nano Z590 (Malvern, Worcestershire, UK). FT-IR was preformed using a Nicolet 6700 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).

4.6. Electrochemical Cell

All electrochemical measurements were performed in a three-electrode cell system.
A 50 mM phosphate buffer (PB) solution containing 5 mM hydrazine was used for an
electrolyte solution. Agarose hydrogel was placed in electrolyte solution and the working
electrode connected to the agarose hydrogel. Pt counter electrode and Ag/AgCl 1 M KCl
reference electrode were placed outside agarose hydrogel in solution as shown in Figure 6b.

When the measurement in 0 wt% agarose hydrogel, we used 50 mM PB containing
5 mM hydrazine solution for the electrolyte, and all three electrodes were placed in the
electrolyte solution without agarose gel, and the Pt NPs were injected into the solution after
chronoamperometric measurement had started.
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