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Abstract: In this study, we developed a low-cost, reusable, and highly sensitive analytical platform
for the detection of the human metabolite uric acid (UA). This novel analysis platform combines the
graphene chemoresistor detection technique with a magnetic bead (MB) system. The heterojunction
(single-layer graphene and HfO, thin-film material) of our graphene-based biosensor worked as
a transducer to detect the pH change caused by the specific catalytic reaction between UA and
uricase, and hence acquires a UA concentration. Immobilization of uricase on MBs can decouple the
functionalization steps from the sensor surface, which allows the sensor to be reusable. Our microsen-
sor platform exhibits a relatively lower detection limit (1 uM), high sensitivity (5.6 mV /decade), a
linear range (from 1 uM to 1000 uM), and excellent linearity (R? = 0.9945). In addition, interference
assay and repeatability tests were conducted, and the result suggests that our method is highly
stable and not affected by common interfering substances (glucose and urea). The integration of this
high-performance and compact biosensor device can create a point-of-care diagnosis system with
reduced cost, test time, and reagent volume.

Keywords: graphene; pH detection; uric acid detection; magnetic beads; chemoresistor

1. Introduction

The detection and quantification of biomarkers are essential for medical diagnostics,
environmental monitoring, and bioresearch. Uric acid is a metabolite in whole blood and
is crucial in the diagnosis of many clinical diseases [1], such as pre-eclampsia (PE) [2],
gout [3], Parkinson’s disease (PD) [4], high blood pressure [5], and kidney disease [6].
Currently, the commonly used methodology for UA determination in clinical biofluids
involves phosphotungstic acid colorimetry [7], UV absorbance [8], mass spectrometry
(MS) [9], high-performance liquid chromatography, etc. [10]. Although some conventional
methods provide high performance, they also exhibit some drawbacks, including complex
operating procedures [11], relatively long time for sample preparation and detection, high
cost due to the sophisticated instruments, and the need for professionals to detect [12]. Due
to the aforementioned limitations of these conventional methods, there is an urgent need
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to develop low-cost, high-performance, and portable uric acid sensors for point-of-care
detection [13].

Graphene-based nanomaterials are used as transducers of biosensors, which are
involved in converting the interactions between the receptor and the target molecules into
detectable measurements [14,15]. The graphene is exposed to enable functionalization
of the graphene surface and binding of receptor molecules to the channel surface. The
surface of the graphene channel is functionalized by binding receptors for the specific
target of interest. Graphene biosensors exhibit the advantages of miniaturization, a low
limit of detection, high sensitivity, and simplicity of design. Several research groups have
reported the use of graphene sensors for the measurement and detection of chemical and
biological components and target biomarkers for diseases, including cancer markers, DNA,
and glucose [16,17]. However, the above-mentioned applications directly immobilize
and functionalize receptor molecules on the graphene surface. In cases of multiple-target
detection, the graphene surface of the sensor needs to be modified repeatedly and hence
can severely affect the performance of the sensor. Especially, if the receptor binding is
irreversible, sensor devices may not be reusable; as a result, the cost for each single detection
can be significantly increased.

In the past decades, the combination of MBs with conventional biological assay
techniques has achieved great success due to the excellent properties of MBs, which include
scalable and reusable capabilities, a high specific surface area, less toxicity, powerful
magnetism, and high loading of the sensitive matrix [18]. In the field of biosensing,
intensive work on the application of magnetic beads in biosensors has been carried out, the
majority of which employ magnetoresistive, Hall, thin-film transistor (TFT) nanoribbon [19],
and surface plasmon resonance (SPR) sensors [20]. For example, biosensing based on MBs
recently reported for clinical diagnosis of the inflammatory biomarker c-reactive protein
(CRP) detects antibodies to disease vectors at clinical levels [21].

Here, we first proposed combining MBs and graphene chemoresistors as a microsensor
platform for uric acid detection. This method overcomes the aforementioned drawbacks of
the traditional sensor method. First, the proposed uric acid sensor is portable, reusable,
and simple and has a low-cost fabrication process. Based on our calculation, the cost
was approximately 10 USD. As it is reusable, the cost of each single test could be much
lower. Second, the receptor functionalization step is achieved on the MB surface, breaking
the main limitation of performance degradation caused by repeated modification of the
graphene channel surface. Test results showed that the analysis platform exhibits excellent
performance for the detection of uric acid. Miniaturization of the micro-biosensing platform
endows itself with a promising prospect of application in a portable real-time instrument
for point-of-care diagnostics.

2. Materials and Methods
2.1. Sensing Mechanism of Uric Acid Detection

The mechanism of our graphene-based biosensor detection of uric acid is shown
in Figure 1. Uric acid is converted to allantoin, hydrogen peroxide, and carbon dioxide
during the catalytic reaction of uricase and leads to local pH shifts in the reaction channel.
_|_
2
pH decreases or deprotonated to be O~ as the pH increases [22]. Therefore, according
to the configuration of the electrical double layer at the graphene/electrolyte interface,

Hydroxyl groups on the surface of the channel can be protonated to be OH | as the

OH ; make graphene n-doped and O~ make graphene p-doped; n-doped and p-doped

graphene is able to modulate the channel conductance by doping holes or electrons, which
is consistent with other graphene studies [23-25].
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Figure 1. Working principle of the graphene-based biosensor for ultrasensitive detection of UA.

2.2. Materials

Iron chloride hexahydrate (FeCls) and hydrochloric acid (HCI), which corrode copper
foil, were purchased from Aladdin Reagent Co, Ltd. (Shanghai, China). Deionized water
used in this work was purified using Milli-Q water purification. Buffer formulation
ingredients, sodium sulfate (Na;SOj), sulfuric acid (H,SOy4), sodium dihydrogen phosphate
(NaHPOy), sodium hydrogen phosphate (Na,HPOy), sodium bicarbonate (NaHCO3), and
sodium carbonate (NapCOs3) included, were bought from Sinopharm Chemical Reagent Co,
Ltd. (Shanghai, China). Dynabeads M-280 Tosylactivated (MBs), bovine serum albumin
(BSA), and uricase, which was used to modify MBs, were purchased from Thermo Fisher
Scientific. Phosphate-buffered saline (PBS) needed for this assay was purchased from
Aladdin Reagent Co, Ltd. (Shanghai, China).

2.3. Equipment and Setup

An H-600 Hitachi scanning electron microscope (Tokyo, Japan) was used to character-
ize the scanning electron micrographs of the graphene morphology. Samples were imaged
under the high-vacuum mode at magnifications of 800x. A Keysight 34465A digital multi-
meter was used to measure the source-drain voltage (V) of the graphene chemoresistor.
A Raman spectrometer (RamTracerTM-200 Raman Spectrometer) was performed to obtain
Raman spectra to characterize the quality, layer number, and uniformity of graphene.

2.4. Biosensor Preparation
2.4.1. Graphene Growth

The single-layer graphene films in our experiment were grown on copper foils by low-
pressure CVD (LPCVD). First, copper substrates were pretreated by an annealing process,
and the surface morphology of the copper substrate significantly improved. Then, copper
foils were pre-cleaned in acetic acid at 35 °C for 10 min to remove the surface oxide [26].
Subsequently, methane (CH;) was introduced into the chamber with a flow rate of 35 sccm
for 10 min to initiate the growth of graphene; at the same time, 35 sccm of hydrogen gas
was added to the chamber (pressure of ~100 mTorr, temperature of ~1000 °C).

2.4.2. Fabrication of the Graphene Biosensor

Figure 2a shows a schematic diagram of etching Cu substrates. Polymethyl methacry-
late (PMMA) was spin-coated on top of graphene on a copper foil at 3000 rpm for 40 s.
After coating, the sample was annealed at 135 °C for 15 min. To etch the copper foil,
the PMMA-graphene-copper sample, with the copper side down, was placed in iron
chloride hexahydrate solution (0.2 g/mL in deionized water) at room temperature. A
PMMA /graphene block was immersed in dilute hydrochloric acid and deionized water
to remove metal ions and bulk etchants. Figure 2c shows a schematic illustration of the
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manufacturing process of a graphene chemoresistor. In the first step, sapphire substrates
were used after being cleaned with acetone and deionized water then we deposited elec-
trodes by electron beam evaporation onto the substrate. In the second step, the obtained
PMMA /graphene membrane was transferred to the Cr/Pt electrode substrate. The PMMA
layer was removed by dipping in acetone for 30 min, and then the block was immersed in
ethanol and isopropanol for 3 min each. Finally, HfO, (20 nm) was deposited by atomic
layer deposition (ALD).
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Figure 2. (a) Photograph of the sensor composed of a graphene chemoresistor with a reaction chamber. (b) Schematic
diagram of etching monolayer graphene on Cu substrates. (c) Schematic illustration of the fabrication process of the

graphene biosensor.
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2.4.3. Magnetic Bead Functionalization with Uricase

Figure 3 shows a schematic diagram of the MB modification process. Uricase
(0.1 mg/mL in PBS) was mixed with the prepared beads in a tube for 2 h to conduct
a modified reaction. The primary amine group of uricase can be covalently coupled with
the p-toluene-sulfonyl group of the magnetic beads without any coupling agent. After that,
the uricase-coated beads were blocked with bovine serum albumin (BSA, 20 ug/mL in PBS)
solution to avoid nonspecific binding of uricase. The beads were collected using a hand-
held magnet, and the unreacted uricase in glycine-NaOH buffer was rinsed repeatedly.
Finally, functionalized magnetic beads were stored in glycine-NaOH buffer at 4 °C. When
it was necessary to replace the modifying materials, we used a small hand-held magnet to
clean them three times.

BSA

@ Uricase functionalized MBs

Glycine-NaOH solution

MBs solution is stored

Figure 3. Schematic illustration of the MB modification process.

2.5. pH Value Measurement

To study the effect of pH on the performance of the graphene chemoresistor, acqui-
sition of electrical signals was performed through a Keysight 34465A digital multimeter
at a constant source and drain current () of 1 mA at different pH values of the solutions
(from pH = 1.7 to pH = 4.1, from pH 6.0 to pH 8.0, and from pH 9.17 to pH 10.83). The pH
change of the solutions was regulated by adjusting the proportion of buffer compositions.
Respectively, neutral buffers of different pH values (from pH 6.0 to pH 8.0) were prepared
by mixing 0.2 mol L~! of NaH,PO, and 0.2 mol L™! of Na,HPOy, while acidic buffers
of different pH values (from pH 1.7 to pH 4.1) were prepared by mixing 0.01 mol L1 of
Na,SO; and 0.01 mol L1 of H,SO4, and alkaline buffers of different pH values (from pH
9.17 to pH 10.83) were prepared by mixing 0.1 mol L' of Na,CO3 and 0.1 mol L~! of
NaHCO;.
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MBs functionalization with uricase

2.6. Uric Acid Test Based on Beads

Figure 4 shows a schematic diagram of the steps in the magnetic-bead-based detection
of uric acid. For measuring the response of different concentrations of uric acid, the change
in the electrical signal was monitored using a computer-aided multimeter by applying a
constant current of 1 mA [27]. First, MBs modified with uricase (40 uL, in glycine-NaOH
solution at pH 8.5) were pipetted into the reaction chamber of the graphene sensor, and the
signal remained stable with time. After 300 s, uric acid (20 puL, in glycine-NaOH solution at
pH 8.5) at five different concentrations (0-1000 uM) was added and mixed (point UA on
the graph), and the electrical signal was monitored (for typically 10 min).

Uric acid

J The measurements last for 300s

‘The measurements last for 600s

Figure 4. Schematic diagram showing the steps in the magnetic-bead-based detection of uric acid.

The bead-based graphene biosensor was washed using deionized water when each
test was finished, and the previously used MBs were cleaned out and refilled with new
MBs and prepared for other sample detection. This biochemical analysis platform can
not only detect the same UA in batches but also perform multiple analyses for different
samples.

2.7. Studies of Interferences and Sensing Repeatability

Studies of interference were conducted. MBs modified with uricase were added to
cover the reaction chamber with a micropipette. After 400 s, the electrical signal was
stabilized, and 20 pL of urea and glucose solution of 1 mM concentration were added to
the reaction chamber. Then, 20 pL of uric acid solution with a concentration of 1 mM was
added, and the voltage change of the solution was measured using the sensor.

The sensing repeatability of the graphene-based biosensor was estimated through
three consecutive measurements with the same sensor following the same procedure
described above. In the pH repeatability value test, the pH change of the solution was
regulated by adjusting the proportion of glycine-NaOH buffer compositions (from pH = 2
topH =11).

3. Results
3.1. Graphene Characterization

Scanning electron microscope (SEM) analysis was used to determine the morphology
of graphene. SEM photomicrographs made at 800 x magnification of graphene on a glass
substrate are shown in Figure 5a. Graphene on a transferred sapphire substrate was a
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continuous film with a few scratches on the surface. These scratches formed during the
transfer. SEM photomicrographs made at 2500 x magnification of graphene on a sapphire
substrate are shown in Figure 5b. Except for a small number of wrinkles, no resides were
observed, which indicates that the graphene surface is clean. The quality of the graphene
on a sapphire substrate was further measured by the Raman spectrum. As shown in
Figure 5c, the three main peaks of graphene, such as D, G, and 2D peaks, were located near
1350 cm ™!, 1590 cm ™!, and 2700 cm ™!, respectively. The related assignments of spectral
peaks to chemical bonds can be found in our previously published works [28-30]. By
comparing the intensities of G and 2D peaks, the I,p/Ig ratio was about 2, and more than
90% of the graphene film was determined as a single layer. In addition, the relatively
weak D peak and the large 2D peak indicated the high quality and low defect density of

graphene.
b

det f— L] — | B [spot| WD [ mag)| HAW | det
ETD | Quanta FEG250 % | 500k | 3.5 | 11.2mm | 2500x | 166 ym | ETD Quanta FEG250

60

40

1 N 1 . T T
1000 1500 2000 2500 3000
Raman Shift (cm™')

Figure 5. (a) SEM image of graphene on a transferred glass substrate (800 x magnification). (b) SEM image of graphene on a
transferred glass substrate (2500 x magnification). (c) Raman spectra of graphene on a transferred sapphire substrate.
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3.2. The Study of the Effects of pH

We evaluated the performance of our biosensor in acidic, neutral, and alkaline solu-
tions (pH = 1.74.1, pH = 6-8, and pH = 9.17-10.83, respectively). Figure 6a,c,e clearly
illustrates the significant changes in the source-to-drain voltage (V},,;). Measurements of
the source-to-drain voltage (Vyy,)as a function of time demonstrated stepwise increase
along with the discrete change of the buffer’s pH. The results are shown in Figure 6b,d f.
It was observed that our graphene sensor possesses superb linearity for pH dependence
characteristics. Besides, the sensitivities of our sensor was calculated as 67 mVpH~! for
the neutral solution, 81 mVpH™! for the acidic solution, and 70 mVpH~! for the alka-
line solution. The standard deviations of the test were 2.29% (for pH = 6-8), 4.52% (for
pH =1.7-4.1), and 2.69% (for pH = 9.17-10.83).

To conclude, our biosensor exhibits good corresponding linearity and sensitivity
performance in buffer solution, which suggests that our graphene chemoresistor is a
microscale pH sensor. The testing results above also prove the feasibility using the biosensor
to detect highly efficient reactions of uric acid and uricase.

3.3. Uric Acid Test Based on Beads
Uricase is immobilized on beads to specifically catalyze the oxidation of UA. Uricase
hydrolyzes free uric acid according to Equation (1) below [31]:

Uricase

Uric acid + H,O + O, Allantoin 4+ H,O, + CO», 1

As shown in Figure 7a, measurements indicated that the source—drain voltage (V1)
of the graphene sensor decreased to varying degrees with the addition of different con-
centrations of uric acid. Figure 7b shows a similar standard curve extracted from the
endpoint voltage (after 800 s) change. Experiments proved that a graphene chemoresistor
based on magnetic beads can operate over a wide sensing range of uric acid concentra-
tions (0 pM-1000 uM), which includes the clinically relevant range of uric acid in human
serum (178 to 715 pM) [32]. In this study, the sensitivity of the sensor to detect UA was
5.6 mV/decade, and a good linear relationship (R? = 0.995) was obtained when the UA
concentration was changed from 0 M to 1 mM, as shown in Figure 7c.

3.4. Studies of Interferences and Repeatability Test

Selectivity is the ability of a biosensor to generate a positive result only from inter-
actions. Figure 8a confirms the specificity of the uric acid sensor, and several common
interfering substances in serum were used for interfering tests, including urea (UR) and
glucose (GL) [33]. Adding UA did result in significant voltage changes. On the contrary,
when urea and glucose were added, the average change in signal was 0.4 mV. The source-
to-drain voltage slightly changed, which can be ignored. The results of the test prove that
our biosensor is unaffected by interfering substances.

The graphene biosensor was then subjected to a repeatability test. Figure 8b,c shows
that three independent tests of UA and pH were conducted. Before each test, the previously
used MBs were cleaned out and refilled with new MBs. The resulting readouts of electric
signals for most conditions (Figure 8b,c) only fluctuated at small ranges, and statistically,
no significant differences were observed, except for the first and third tests at 1000 pM
concentration (p < 0.01, N = 3). The above testing results demonstrated similar behaviors
with voltage-time plots, which is similar to what was shown in Figures 6 and 7, and also
proved the acceptable reusability and stability of our biosensing system.

Compared with the traditional methods for UA detection, our system demonstrated
better performance in terms of the detection range and limit of detection. The results are
summarized in Table 1.
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a b C

4 0

2
9 1mM UA — Average of three measurcments 0 = PSS 1 iod mesiranet
_50- )
N 01 = B st test -21 Bl ist test
= 2 E ~1001 [ 2nd test = 4 ‘ B 2nd test
— 4 — I 3rd test =
= 1 MBs  1mM UR IuM CL = 1507 = -5 e
= 61 o =
L Z oy )
= -10; = 250 =
_12-
4] -300
-161 -3501
0 200 400 600 800 1000 23 45 678 91011 0 1 10 100 1000
time(s) pll Concentration (uM)

Figure 8. (a) Effect of potentially interfering substances on sensor response upon adding 1 mM glucose (GL) and 1 mM urea
(UR) to 1 mM uric acid solution. (b) The three consecutive measurements of changes in pH at pH = 2-11. (c¢) Repeatability
test of the UA sensor.

Table 1. Comparison of the state-of-the-art analytical performance of different biosensors for the

detection of UA.

Linear Range Sensitivity
Method (@mM) (@V-dec—1.cm-2) Ref
MPx-11/Au 0.005-0.15 NR [34]
ZnO nanowires/Au 0.001-1 29+5 [35]
Sm,TiOs/Si 0.01-0.04 18.6 [36]
Trp-GR/GCE 0.01-1 NR [34]
ZnO nanoflakes/glass 0.0005-1.5 66 + 8 [35]
MWCNT-NH2/AuNPs 0.001-0.2 NR [37]
KCM 0.004-0.8 NR [38]

Graphene/HfO, 0.001-1 89.6 This work
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4. Conclusions

In summary, by atomic layer deposition, 20 nm of HfO, was deposited on the surface
of high-quality graphene to improve the pH response of the graphene sensor. After
verifying the feasibility of the graphene biosensor to detect the change in pH in acidic and
alkaline environments, it was combined with magnetic beads for the detection of uric acid.
The low-cost and scalable analysis platform exhibited excellent performance for detecting
uric acid, including a lower detection limit (1 pM), good sensitivity (5.6/dec), and excellent
linearity (0.995). The sensor showed good real-time detection performance, good stability,
simple operation, and specificity for uric acid. Furthermore, this proposed method can
potentially be applied to biological sample detection in whole blood and serum in the
future after optimization. All of these features suggest that our platform has the potential
to be a competitive method in the field of healthcare monitoring and clinical diagnosis.
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