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Background: Diabetes is a complex metabolic disorder known to induce a high blood
glucose level that fluctuates outside the normal range. Diabetes affects and damages the
organs in the body and causes heart issues, blindness and kidney failure. Continuous
monitoring is mandatory to keep the blood glucose level within a healthy range.
Materials and Methods: This research was focused on diagnosing diabetes mellitus on
zeolite nanoparticle-polyethylene glycol complex-immobilized interdigitated electrode sen-
sor (IDE) surfaces. Zeolite nanoparticles were extracted from the fly ash of a thermal power
plant by alkaline extraction. The surface morphology of the synthesized nanoparticles was
observed by field-emission scanning electron microscopy and transmission electron micro-
scopy, and the presence of certain elements and the particle size were determined by energy-
dispersive X-ray spectroscopy and particle size analysis, respectively.

Results: The crystalline PEG-zeolite nanoparticles were synthesized with a size of 40+10
nm according to high-resolution microscopy. A particle size analyzer revealed the sizes of
the fly ash and PEG-zeolite particles as 60+10 um and 50£10 nm, respectively. The IDE
surface was evaluated for its ability to display antifouling properties and sense glucose levels
on the abovementioned nanoparticle-modified surface. Glucose oxidase was probed on the
PEG-zeolite-modified IDE surface, and glucose was detected. PEG zeolite performed well
with excellent antifouling properties on the IDE sensor surface and improved the glucose
detection limit to 0.03 mg/mL from 0.08 mg/mL, as determined by linear regressions [y =
5.365x - 6.803; R? = 0.9035 (zeolite surface) and y = 5.498x + 5.914R? = 0.9061 (PEG-
zeolite surface)]. This enhancement was ~3-fold, and sensitivities were found to be 0.03 and
0.06 mg/mL glucose for the PEG-zeolite- and zeolite-modified surfaces, respectively, show-
ing a 2-fold difference.

Conclusion: The excellent biocompatible surface modified by PEG zeolite exhibited high
performance and is useful for medical diagnosis.
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Introduction

The World Health Organization has predicted that the number of diabetes cases will
rapidly increase in the upcoming years. Controlling the blood glucose level is
currently challenging, and continuous monitoring is mandatory to keep diabetes
in a controlled state." Improving the performance of blood glucose sensing systems
by using a nanotechnological approach has helped improve the accuracy of diabetes
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diagnoses.” The present investigation introduces a new
strategy with a polyethylene glycol (PEG)-zeolite nano-
particle complex-modified interdigitated electrode (IDE)
surface to quantify the level of glucose efficiently. IDE is
one of the potential sensing systems that has been used
widely and  operates based on  current-volt
measurements.” © IDEs have di- or tri-electrodes that can
be operated by AC or DC currents, making them suitable

for industrial 71

and point-of-care  applications.
Furthermore, the surface of IDEs can be modified physi-
cally or chemically, and under physical modification,
nanoparticles have been widely applied and demonstrated
high-performance detection capabilities.®'?"'” These sur-
face modifications play a crucial role in the dipole moment
that occurs with molecular immobilization. Upon high
biomolecular attachment due to the enhanced surface
area created by the nanoparticle, an increased amount of
interactions between the probe and target can occur.
Therefore, pathways for the direct current flow are gener-
ated, and the resistance is steadily enhanced. The forma-
tion of a molecular complex induces vibrations and causes
displacement of the charge between the dielectrode gaps.
The created charge displacement with a potential confine-
ment is called a “dipole moment”.

A handful of metallic and nonmetallic nanoparticles
have been reported, and among these, zeolite particles
have a unique composition.>'®!" Zeolite nanoparticles
exhibit hydrophobicity and are porous with a crystalline
nature of aluminosilicates and a high pore volume and
surface area. Due to the nontoxic effect of zeolite nano-
particles on human cells, zeolite nanoparticles have gained
increasing attention in the area of medicinal applications,
such as bioimaging and drug delivery.®® In biosensing
applications, the signal-to-noise ratio is high due to the
ease pf protein adsorption onto the surface of zeolites.
Rahimi et al*' analyzed the affinity of plasma proteins to
zeolite nanoparticles and found high adsorption of apoli-
poprotein and fibrinogen on the surface of the zeolite
nanoparticles. Moreover, when zeolite nanoparticles were
injected into the blood serum, the proteins quickly bound
to the surface of the particle. To overcome this issue, this
research synthesized polyethylene glycol (PEG)-modified
zeolite (PEG-zeolite) to make the nanoparticles more bio-
compatible with antibiofouling properties.

PEG is a chemically inert, inexpensive, water soluble,
coiled polymer with repeating units of ethylene and is
considered to be a versatile material as approved by the
Food Administration ~ for  several

and Drug

applications.”*** PEGylated nanoparticles have proven to
have resistance to biofouling proteins due to their flexible
and hydrophilic nature. Hossain et al** observed limited
binding of bovine serum albumin on PEG-modified silica
surfaces. More specifically, the combination of short and
long polymers showed a greater impact on preventing
nonspecific protein adsorption on the sensor surfaces
than when using a polymer of one length.>> Additionally,
PEG-modified surfaces were found to improve specific
biomolecular interactions.”® Lakshmipriya et al*’ used
a black copolymer, poly(ethylene glycol)-b-poly(acrylic
acid), on (3-aminopropyl)triethoxysilane-modified silica
surfaces to enhance the detection of blood clotting factor
IX protein. In addition, the construction of PEG and
a ligand on gold surfaces improved the detection of throm-
bin protein.”® The hydrophilic outer area of PEG has
potential for application in receptor-mediated gene and
drug delivery systems, bioassays and imaging
processes.”’ Considering all these positive points of
PEGylated particles, this study synthesized PEGylated
zeolite nanoparticles (PEG-zeolite) from waste coal fly
ash from a thermal power plant (India), which was desir-
able due to the enriched alumina and silica contents of this
particular coal fly ash. Several studies are ongoing with the
utilization of flashes from various sources for downstream
applications.>® Since silica and alumina are the major
compounds in coal fly ash, the synthesized zeolite and
PEG-zeolite nanoparticles were modified on the IDE sen-

sor surface and utilized for glucose sensing.

Materials and Methods

Reagents and Biomolecules

The coal fly ash was collected from the Thermal Power
Plant, Tamil Nadu, India. Sulfuric acid and sodium hydro-
xide were purchased from Sigma Aldrich (USA).
Whatman filter paper was purchased from Thermo Fisher
(USA).
(APTES), bovine serum albumin (BSA), glucose oxidase

Scientific 3-(Aminopropyl)-tryethoxysilane
(GOx), glucose, glutaraldehyde, polyethylene glycol and
phosphate buffered saline (PBS, pH 7.4) were obtained
from Sigma Aldrich (USA).

Synthesis of Zeolite and PEG-Zeolite
Nanoparticles

Sodium aluminosilicate was extracted from the coal fly ash
to synthesize the zeolite nanoparticles. Before extracting
sodium aluminosilicate, the fly ash was first acid leached

submit your manuscript

6620

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

to remove minerals and other contaminants. For acid
leaching, 500 mL of 10% H,SO, was mixed with 50
g of fly ash and heated at 100° C with constant stirring.
Then, the residue was separated by filtration and washed
several times with water until it reached pH 7. The acid-
leached fly ash was used to extract sodium aluminosilicate.
The acid-leached ash was dissolved in 1 L of 2.5
M sodium hydroxide and heated at 100° C for 4 h to
properly dissolve the silica and alumina. Then, the mixture
was filtered through Whatman filter paper, and the solution
of sodium aluminosilicate was used to synthesize the zeo-
lite nanoparticles.

1 L of
extracted sodium aluminosilicate was titrated by 2 M H,

To synthesize the zeolite nanoparticles,

SO, at 60°C under constant stirring until it reached pH 7.
At pH 7, formation of a clear gel was observed, and the gel
was stirred continuously for 18 h to obtain uniform zeolite
particles. Then, the gel was separated, washed with water
several times, and dried at 60°C to obtain zeolite nanopar-
ticles. Finally, the dried particles were calcinated at 400°C
for 2 h to obtain the desired zeolite nanoparticles. To
synthesize PEG-zeolite nanoparticles, 0.5% PEG was sus-
pended in the extracted sodium aluminosilicate and then
titrated by H,SO,4. The subsequent procedures were the
same as those mentioned above to obtain the PEG zeolite.

Characterization of Synthesized
PEG-Zeolite Nanoparticles

The morphological and compositional elements of the
synthesized particles were studied by field emission scan-
ning electron microscopy (FESEM, Hitachi, S-4300 SE,
Japan) and transmission electron microscopy (TEM,
Transmission JEOL JEM 2100F). The FESEM/EDX spec-
trum was used to find the compositional elements of the
synthesized PEG zeolite. Further confirmation experiments
were conducted by a particle size analyzer.

Interdigitated Electrode Fabrication

Process

Interdigitated electrode (IDE) fabrication was performed
by utilizing the traditional wet-etching method.'® The IDE
base was a silica wafer was cleaned by utilizing the solu-
tions of RCA1 and RCA2 to reduce unnecessary deposits
on the wafer surface. Furthermore, the wafer was pro-
cessed at 500°C (thermal oxidation) for 1 h to oxidize
the wafer layer, and a silicon dioxide layer was formed.
On the oxidized layer, an aluminum coil was used to

deposit aluminum using a thermal evaporator. The conven-
tional photolithography method was used to create the
electrode pattern on the aluminum substrate.
Furthermore, the substrate was exposed to UV light to
transfer the IDE pattern onto a photoresistor. The unex-
posed area of the IDE was eliminated by dipping the
substrate in the photoresistor developer, and the moisture
content was removed by baking the substrate at 110°C (1
min). In the final step, the unexposed layer of aluminum
was etched by dipping the IDE in an etchant solution. The
prepared IDE was cleaned with acetone followed by dis-
tilled water and kept in a desiccator. The IDE surface
profile was monitored under a 3D nanoprofiler and with

high-power microscopy for confirmation.

Blocking Effect of PEG Zeolite on the
Amine-GLU-Modified IDE Surface

To evaluate the blocking effect of PEG zeolite on the
amine-GLU-modified IDE surface, the sensor surface
was initially modified with the amine by using APTES.
Before this modification, the sensor surface was treated
with an alkaline solution (KOH) for 1 min. Then, 2%
APTES diluted in ethanol was added to the sensor surface
and kept for several hours to modify the surface with
amine groups. Then, 2.5% glutaraldehyde (GLU) diluted
in water was added to the amine-modified surface by
incubating for 1 h. These modified surfaces were placed
on a two-pointed probe station for the current measure-
ment. Then, PEG-zeolite nanoparticles (I mg/mL) were
added to the surface, and the changes in the current were
recorded. For comparison, BSA (1 mg/mL), commercial
SiO, (1 mg/mL) and synthesized zeolite were used in
different experiments on APTES-GLU-modified surfaces.

Specific Detection of Glucose on
PEG-Zeolite Modified Surfaces

After analyzing the attachment of nanoparticles on the IDE
sensor, glucose was quantified on the IDE surface with PEG-
zeolite and compared with the zeolite-modified surface. The
following processes were performed to determine glucose on
the PEG-zeolite-modified IDE surface: (i) the IDE surface
was modified with amine by 2% APTES diluted in ethanol;
(i1) 2% GLU was added to the APTES-modified surface; (iii)
1 uM GOx diluted in PBS buffer was allowed to bind to the
GLU surface; (iv) the remaining surface was blocked by
1 mg/mL PEG zeolite, which covered the remaining amine
and GLU sites; and (v) finally, glucose was determined on
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G the Ox-modified surfaces. For comparison, a similar experi-
ment was carried out with zeolite instead of PEG zeolite.

Glucose Detection Limit and Specificity
on PEG-Zeolite-Modified IDE Surface:
High-Performance Analysis

To check the glucose detection limit, first, the IDE surface
was modified with amines, GLU, and then GOx. Then, the
remaining sensor surface was blocked by PEG-zeolite or
zeolite nanoparticles as described above. Different concen-
trations of glucose (0.03 to 0.5 mg/mL) were then passed on
the surface independently, and the changes in current were
recorded to observe the differences after glucose immobili-
zation. Similar experiments were conducted at 0.5 mg/mL
using fructose and galactose instead of glucose at the desired
concentration to determine the detection specificity.

Results and Discussion

This study was performed to analyze glucose levels to diag-
nose diabetes mellitus. An interdigitated electrode (IDE)
sensor was used for this diagnosis by modifying the surface
with the synthesized nanoparticles along with chemical func-
tionalization (Figure 1). Upon immobilizing the molecules,
the operating current-volt of the system change due to
changes in the dipole moment (Figure 1; inset). Coal fly

ash is an abundant residue from thermal power plants and
is utilized to extract zeolite nanoparticles. Zeolite nanoparti-
cles can be used for application as catalysts and in gas
separation and adsorption processes.’’ In this work, zeolite
nanoparticles were used for surface modification in biosen-
sing applications to determine and quantify the level of
glucose for diagnosing diabetes. The zeolite particles were
isolated by the alkaline extraction method from coal fly ash
using a multistep process. The sodium silicate solution
obtained from this process was used as a silica-aluminum
precursor to synthesize zeolite via a sol-gel method using
polyethylene glycol (PEG) as the surfactant and sulfuric acid
as the catalyst. During this process, the participation of PEG
in the hydrolysis reaction and condensation along with
sodium aluminosilicate led to the production of PEG-
grafted zeolite nanoparticles. Before starting the main set of
experiments, the produced nanoparticles were characterized.

Characterization of PEG-Zeolite

Nanoparticles

For the purpose of enhanced site blocking with high anti-
biofouling properties, PEG was complexed with zeolite
nanoparticles produced from coal fly ash by extracting
sodium aluminosilicate. The morphological and elemental
characteristics of the raw fly ash, synthesized zeolite and
PEG zeolite were studied by different analyses.
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Figure | Schematic representation of glucose detection on a PEG-zeolite-modified IDE sensor. PEG zeolite was deposited on APTES-GLU-modified IDE surfaces after GOx
was bonded with GLU. This surface was utilized to detect glucose. PEG zeolite was used as the blocking agent and provided proper orientation to GOx for improving

glucose detection. The figure inset displays the dipole moment on the surface.

submit your manuscript

6622

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Chen et al

Field-Emission Scanning Electron
Microscopy (FESEM) and
Energy-Dispersive X-Ray Spectroscopy

(EDX) Analyses

Figure 2A shows the FESEM image of the raw fly ash,
and from this figure, it was noticed that the raw fly ash
particles had a spherical shape with a smooth surface,
and the diameter was found to be in the range of 40+20
um. The sizes of the particles were estimated by com-
paring the scale bar generated during the measurements.
Moreover, some agglomeration of small particles was
noticed within the fly ash. Figure 2B displays the
synthesized PEG-zeolite nanoparticles and shows uni-
form spherical shaped particles with an average size in
the range of 40+10 nm. Figure 2C is the image and
EDX spectra for the PEG zeolite. The EDX spectra
reveal the presence of silica and alumina in the PEG-

Intensity (a.u.)

zeolite nanoparticles. The presence of sodium (Na)
might originate from the purification process of alkali

extraction.

Transmission Electron Microscopy (TEM)
The PEG-zeolite nanoparticles were also analyzed by
TEM to observe the surface morphology. Figure 2D repre-
sents the TEM image of the PEG-zeolite nanoparticle, and
it was noticed that uniformly sized PEG-zeolite nanopar-
ticles at the nanometer level were generated and that the
pores of the PEG-zeolite nanoparticles were loosely
arranged in a regular array, all connected with each other
with a uniform orientation. The predicted size from TEM
matched the size measured by FESEM analysis. The char-
acterized particles were attached on the IDE surface to
minimize biofouling and enhance the performance of the

sS€nsor.

0 2 4
Energy (KeV)

Figure 2 (A) FESEM image of raw fly ash particles. Particles show spherical shapes with different diameters within the range of 60+ 10 um. (B) FESEM image of the extracted
PEG-zeolite nanoparticles. Particles show a spherical shape with a uniform distribution, and the size of the particles is in the range of 50+10 nm. (C) EDX analysis of PEG-
zeolite nanoparticles. The presence of silica and alumina indicates the formation of zeolite nanoparticles. (D) TEM image of PEG-zeolite nanoparticles. Nanoparticles are

clearly distributed with uniform size.
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Figure 3 Particle size analysis. (A) Fly ash; (B) PEG-zeolite. Both fly ash and PEG-zeolite particles were yielding the average sizes of 60£10 pm and 50+ 10 nm, respectively.

A drastic size reduction of the particles from the micro- to nanoscale was noticed.

Particle Size Analysis

A particle size analyzer was also used to test the size of fly
ash and the prepared PEG zeolite, which presented aver-
age sizes of 60+10 um and 50+10 nm, respectively. Based
on these results, it seems that agglomeration did not truly
occur (Figure 3A and B). Furthermore, there was a drastic
size reduction in particles from the micro- to nanoscale
after the alkaline extraction performed in this study.

Fabrication and Surface Analysis of the
IDE

Fabrication of the IDE surface was performed by the wet-
etching method as described in the Methods section, and the
important process steps are displayed in Figure 4A. The
surface dimensions of the IDE surface were designed by
AutoCAD and have a length of 7500 pm, a width of 4100
um, 20 finger-gap pairs, a gap size of 10 um, an electrode

Figure 4 (A) Mask design and fabrication process. Important procedures are displayed. (B) 3D nanoprofiler image on the IDE surface. (C) High-power microscopy image of
the IDE surface. (D) 3D nanoprofiler image of the IDE surface immobilized with PEG-zeolite nanoparticles.
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size of 10 um, an electrode thickness of 40 nm, and a finger
length of 4000 um. The properly arranged finger and gap
regions were observed under the 3D nanoprofiler, confirm-
ing the uniformity (Figure 4B). Supporting confirmation was
carried out by high-power microscopy, which attested to the
presence of finger and gap regions 10 pm in size (Figure
4C). With these confirmations, further experiments were
conducted by attaching nanoparticles on the IDE surface.

Antibiofouling Effect of PEG Zeolite on
Amine-GLU Modified IDE Surfaces

An improved antibiofouling sensor is mandatory to improve
biomolecular identification. The use of a suitable blocking
agent has been found to reduce the signal-to-noise ratio and
improve the limit of detection of sensors.***> In the current
investigation, PEG zeolite was used as the antifouling agent
on the amine-GLU-modified IDE sensor surface to detect the
level of glucose to diagnose diabetes mellitus. To evaluate
the antifouling effect of PEG zeolite, the binding affinity of
the synthesized zeolite on our chemically modified surfaces
was tested. For that, PEG zeolite was immobilized on amine-

GLU-modified IDE surfaces, and the obtained results were
compared with those of zeolite (synthesized from fly ash),
commercial SiO,, and the common blocking agent BSA
immobilized on the surface. As shown in Figure 5SA-D,
PEG-zeolite binding was strong on the amine-GLU-
modified surface and showed the highest difference in current
compared with those of the zeolite-, BSA-, and commercial
SiO,-modified surfaces. In the case of BSA, the current
difference was 3.97 times that of the base surface (Figure
5A), whereas that of commercial SiO, was 1.84 times
(Figure 5B), that of zeolite was 8.1 times (Figure 5C) and
that of PEG zeolite was 20 times that of the base surface
(Figure 5SD). Compared with that of commercial SiO,, PEG-
zeolite binding was found to be 10 times higher, and zeolite
binding was 2.5 times lower than that of PEG zeolite. These
differences in binding were due to the strong binding affinity
of PEG =zeolite on the amine-GLU surfaces. The strong
attachment of PEG zeolite was confirmed by observation
under a 3D nanoprofile imager (Figure 4D). Previously, it
was proven that the polymer [poly(ethylene glycol)-b-poly
(acrylic acid)] PEG-b-PAAc binds on amine-GLU-modified

2-5806 —Zrresam A 8.606 — 5w
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Figure 5 Comparison of blocking efficiency on APTES-GLU-modified IDE surfaces. On APTES-GLU-modified surfaces, different molecules/particles were placed, and the
blocking efficiency was checked. (A) BSA; (B) Commercial SiO,; (C) Zeolite; (D) PEG zeolite. PEG zeolite shows a higher current response than that of the other surface
modifiers, indicating its strong binding affinity on APTES-GLU-modified surfaces. Figure insets display the diagrammatic representations.
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silica surfaces, reduces nonspecific protein and gold nano-
particle binding and enhances the detection limit of human
clotting factor IX.?’

Determination of Glucose on
PEG-Zeolite- and Zeolite-lmmobilized
IDE Surfaces

Since zeolite and PEG zeolite showed a strong binding
affinity on the chemically modified IDE sensor surfaces,
this study initially detected 0.25 mg/mL glucose on PEG-
zeolite and zeolite-modified IDE surfaces. For this study,
GOx was immobilized on the APTES-GLU-modified sur-
face (APTES-GLU-GOx), and then zeolite or PEG zeolite
was allowed to bind (block) the remaining sites on the
sensing surfaces. Then, glucose was allowed to interact
with GOx. Before passing the glucose over the GOx, just 1
nM BSA was passed over the sensing surface to check the
remaining available sites on the sensing surface. By compar-
ing Figure 6A and B, PEG-zeolite binding was higher than
zeolite binding, and BSA blocking showed a significant
change in current with the zeolite-modified surface, whereas
into change could not be observed on the PEG-zeolite-
modified surface. This difference was due to the binding of
BSA on the free GLU sites, few of which were present in the
case of PEG zeolite. Moreover, PEG may have covered the
free GLU spaces so that BSA could not bind to any open
sites. This result confirmed the effective antibiofouling of
PEG-zeolite compared with that of zeolite alone. In addition,
0.25 mg/mL glucose showed a higher current increment on

1.4E-04
2.0E-05
1.2 E-04 N 15E_05 - ~
N

g 1.0E-04 - 1.0E-05 + %@%
s 06 - v
c 8.0E05 "™ >
< 0.0E+00 ‘ot | /O
3 6.0E-05 - 0 030609121518 /&

4.0E-05 -

2.0E-05 ~

0.0E+00 - T T T T T T T 11

0 0.20.40.60.8 1 1.214161.8 2
Voltage (V)

the PEG-zeolite-modified surface than on the zeolite-
modified surface. Moreover, in the process of glucose immo-
bilization, a 5.6 times current (from 8.44E > to 4.77E* A)
increment was noticed in the case of PEG-zeolite modifica-
tion; on the other hand, in the case of zeolite modification,
the current increased to 5.1 times (from 2.55E > to 1.31E*
A) that prior to glucose immobilization. Even though the
increasing currents in both cases were close, the surface with
zeolite may have given a false positive response due to the
binding of glucose on GLU surfaces, and additional block-
ing agents, such as BSA, may need to be used to cover the
remaining GLU surfaces. In the case of the PEG-zeolite-
modified surface, the clear binding of glucose on GOx with
the confident increment in current without any nonspecifi-
city was apparent. This might have been due to the proper
orientation of PEG zeolite on the amine-modified surface
allowing for the proper and stable interaction of glucose on
the GOx surface.

Limit of Glucose Detection on
PEG-Zeolite-Modified Surfaces

After finding the optimal antifouling effect of zeolite and
PEG zeolite, to check the limit of detection, different
concentrations of glucose (0.03 to 0.5 mg/mL) interacted
on GOx-modified surfaces in the presence of zeolite or
PEG zeolite. As shown in Figure 7, in both cases, with
the
increased. In the case of zeolite, the glucose levels of

increasing glucose concentration, current also

0.03 and 0.06 mg/mL did not show a prominent increment

5.E-04
8.E-05 4
4.E-04 H6e05 |
3 2 .04 4E-05 1
‘g E- 1 2.E-05 A
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Figure 6 Comparison of glucose detection on (A) zeolite- and (B) PEG-zeolite-modified IDE surfaces. On APTES-GLU surfaces, GOx was added and bonded with GLU.
The excess IDE surfaces were blocked by zeolite or PEG zeolite, and then glucose was added. The PEZ-zeolite surface shows a higher current response than that of the
zeolite-modified surface with a similar concentration of glucose. Figure insets display the diagrammatic representations.
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Figure 7 Comparison of the limits of glucose detection on (A) zeolite- and (B) PEG-zeolite-modified IDE surfaces. Glucose concentrations from 0.03 to 0.5 mg/mL were
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in current; however, from 0.12 mg/mL, the current
increased (Figure 7A). However, in the case of PEG zeo-
lite, even a glucose concentration of 0.03 mg/mL showed
a clear difference in the current (from 2.42E > to 1.64E*
A). Moreover, the saturation of the glucose and GOx
interaction showed similar current levels at 0.25 and
0.5 mg/mL glucose (Figure 7B). This result indicated
that PEG zeolite not only mitigated biofouling but also

improved the detection limit.

High-Performance Analysis: LOD and
Selectivity

From the above results, a comparison analysis was con-
ducted and found that PEG-zeolite-modified surface was
able to perform better than the zeolite-modified surface
(Figure 8A). Furthermore, the differences between the
subsequent concentrations tested were subjected to linear
regression analysis, and the outputs were y = 5.365x
—6.803; R? = 0.9035 (zeolite surface) and y = 5.498x +
5.914R2 = 0.9061 (PEG-zeolite surface) (Figure 8B). The
limits of glucose detection were calculated to be 0.03 mg/
mL and 0.08 mg/mL for the zeolite- and PEG-zeolite-
modified surfaces, respectively. The limit of detection
was estimated to be the lowest concentration of the target
that was detectable against the background signal (S/N =
3:1; LOD = standard deviation of the baseline + 3c. This
showed an ~3-fold enhancement with the addition of PEF,
and the sensitivities were found to be 0.03 and 0.06 mg/
mL for the PEG-zeolite- and zeolite-modified surfaces,
respectively, displaying 2-fold differences. The specificity
for the detection of glucose was determined by testing the
detection of similar sugars, namely, fructose and galactose.
Neither of these sugars (at 0.5 mg/mL) showed significant
signal changes when utilizing the surface modified with
PEG zeolite. By comparison, glucose displayed a clear
current change and was successfully distinguished from
the other sugars (Figure 8C). The p-value was calculated
by applying the null hypothesis with 6 observations, and
the obtained p-value was 0.04.

Conclusion

Improving biosensors with nanoparticles is attractive for
diagnosing various diseases and biosensing. This work
was focused on extracting zeolite nanoparticles from the
coat fly ash and conducting PEGylation (PEG zeolite) to
utilize the nanoparticles for sensing surface (silicon diox-
ide with an aluminum electrode) modification to diagnose

diabetes by detecting the level of glucose. Characterization
of the nanoparticles revealed the formation of zeolite with
a crystalline nature and a size of 40+10 nm with the
appropriate elemental composition. The synthesized of
PEG-zeolite-modified interdigitated electrode surfaces
shows great antibiofouling properties and the improvement
in the detection of glucose on the diclectrode sensor sur-
face. The designed interdigitated electrode system had
a 4100 pm width, 7500 pm length, a 10 pm gap size, 20
finger-gap pairs, a 10 pm electrode size, a 4000 um finger
length and a 40 nm electrode thickness; the electrode was
operated by current-volt measurements that reflect the
mechanism of the dipole moment. With this surface, the
limit of detection of glucose was found to be 0.03 mg/mL.
Overall, the sensing surface performance was greatly
improved by incorporating nanoparticles and polymers
that drastically reduced the biofouling of the electrode.
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