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1. Experimental section

1.1. Materials and equipment

Hydrogen tetrachloroaurate (III) hydrate (HAuCls.3H>0), ascorbic acid (AA, 99.7%), KoFe(CN)e,
uric acid (UA), Ammonium acetate, Glutathione (GSH), urea, N-hydroxysuccinimide (NHS),
dopamine (Dop), cysteine (L-Cys) and bovine serum albumin (BSA) and commercial urate oxidase
from Candida sp. were purchased from Sigma-Aldrich (Darmstadt, Germany). KCI and KH2PO4 were
purchased from Merck (Darmstadt, Germany). D-Glucose was purchased from Fisher. Thioglycolic
acid and N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) were purchased
from TCI Europe. Kz2HPO4 and NaCl were purchase from Carl Roth. All solutions were prepared using
deionized water. The phosphate buffer saline (PBS) contains 0.1 M NaCl and 10 mM phosphate buffer
(pH=17.4).

Square-wave voltammetry (SWV) curves, cyclic voltammetry, and electrochemical impedance
spectroscopy (EIS) were measured with the Reference 600 electrochemical station (Gamry Instruments
Inc, USA). A three-electrode system was made up of a glassy carbon electrode (GCE, 4 mm in diameter)
as the working electrode, an Ag/AgCl electrode (saturated KCl) as reference electrode, and a Pt wire
as the counter electrode. Fourier-transform infrared (FT-IR) spectrum was obtained by the Nicolet™
1S50 FTIR Spectrometer (Thermo Fisher Scientific inc., USA). Scanning electron microscope (SEM)
images were determined by JSM-7001F scanning electron microscope. Energy-dispersive X-ray
spectroscopy (EDS) pictures were obtained by JEOL ISM-IT100. The micro flow SEC-MS setup was
performed on the UltiMate RSLCnano system (Thermo Fisher Scientific, Breda, The Netherlands) and
QExactive-Plus Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen,

Germany).

1.2. Expression and purification of the enzyme variant UOx R298C

The synthetic gene encoding for the urate oxidase variant R298C from Bacillus sp. TB-90'- (in the
main manuscript referred as engUOx) was subcloned into a pET21a(+) plasmid between Ndel and
Xhol restriction sites. The sequence contained a flexible linker (LQNAPAHG) before the Xhol site. E.
coli BL21(DED3) cells were used as the host organism.
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The UOx R298C expression and purification were performed according to the following procedure:
For recombinant expression, 800 mL of lysogeny broth (LB) medium supplemented with ampicillin
(100 pg/mL) were inoculated with 15 mL of an overnight culture harboring the desired plasmid DNA.
Cells were grown at 37 °C until an ODeoo of 0.8-0.9 was reached, and the protein expression was
induced by the addition of IPTG (0.5 mM). Protein expression was carried out overnight at 25 °C. After
harvesting of the cells (4 °C, 8 x 10° rpm, 10 min), the remaining cell pellet was resuspended in lysis
buffer (50 mM KH;PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) prior to cell disruption by
ultrasonication. The protein purification was performed by Ni-NTA affinity chromatography using pre-
packed Ni-NTA HisTrap HP columns (GE Healthcare), previously equilibrated with lysis buffer. After
loading of the filtered lysate, the column was washed with sufficient amounts of washing buffer (50
mM KH>PO4, 300 mM NaCl, 25 mM imidazole, pH 8.0), and bound protein was recovered with elution
buffer (50 mM KH;PO4, 300 mM NacCl, 200 mM imidazole, pH 8.0). After SDS-PAGE, fractions
containing the desired proteins in a sufficient purity (>90%) were pooled and dialyzed against 50 mM
K>HPO4/KH>PO4 buffer (pH 8) overnight and concentrated using Centripreps (Millipore). The purified
enzyme solution was stored at -80 °C as aliquots after shock-freezing in liquid nitrogen. The final
concentration of the protein was determined at 280 nm (€230 = 36390 M'! em™). A typical protein yield

of 75 mg/L cell culture was obtained.

1.3. Activity test for UOx R298C

The enzyme was tested for its activity by following the decrease in the absorbance of uric acid at
291 nm (e = 12200 M"' ¢cm™') as described in reference? at room temperature. The reaction mixture
contained buffer (KPi, 50 mM, pH 8), uric acid (120 uM, added as a 5 mM stock in buffer) and enzyme
(0.92 and 0.46 uM, respectively). The enzyme had a kcat value of 23 min! under these conditions.

1.4. Electrodeposition of gold nanoparticle (AuNPs) on glass-carbon electrode (GCE)

Before modification, the GCE was polished with polishing film and washed by sonication in
ultrapure water and ethanol for 1 min, respectively. The electrodepositing solution was prepared by
using a 0.1 M KCl solution to dilute a 100 mM HAuClse3H>O solution to obtain a I mM HAuClse3H,0O

solution®. Subsequently, the electrodeposition of AuNPs on GCE was performed by cyclic voltammetry
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I in the above

(CV) technique in the range between 0.2 and 1 V with a scan rate of 50 mV s~
electrodepositing solution. Finally, the AuNPs deposited GCE (AuNPs/GCE) was washed by ultrapure

water to remove the residual solution and then dried in air at room temperature.

1.5. Fabrication of the UA biosensing platform under the optimized condition

20 puL of a 2 mM aqueous solution of thioglycolic acid were incubated on AuNPs/GCE at 25 °C for
1 h and then washed with deionized water. Next, 50 puL of a 400 mM EDC solution was mixed with a
100 mM NHS solution, and the resulting mixture was dropped on the thioglycolic acid/AuNPs/GCE at
25 °C for 30 min to activate the carboxylic group of thioglycolic acid. The modified electrode was
washed several times by ultrapure water to remove the residual solution. Then, 20 uL of a 1 mg ml!
UOx R298C solution was dropped on the surface of the modified electrode at 37 °C. After 2 h, the
modified electrode was washed with deionized water to remove the excess of UOx R298C. Finally, 20
puL of a 200 uM GSH solution was dropped on the biosensing interface; then, the electrode was kept

at 37 °C for 60 min. After that, the electrode was washed with deionized water.

1.6. General procedure for electrochemical measurements using UA biosensor

10 uL of a BSA solution was mixed with 10 uL of a UA solution at different concentrations. The
mixture was incubated on the biosensing interface at 37 °C for 2 h. After being rinsed by deionized
water, the resulted electrodes were measured in a 5 mM [Fe (CN)¢]*”* and 0.1 M KCl aqueous solution
by square wave voltammetry (SWV) in the range from -0.2 to 0.6 V with pulse amplitude of 25 mV

and an increased potential of 4 mV.

1.7. Selectivity property of UA biosensor

10 pL of interferent solution and UA solution were dropped on the constructed UA biosensing
platform, respectively. Then, 0.1% BSA solution was incubated with the above solution on the
electrodes for 2 h at 37 °C. The concentrations of interferents were: AA (1 mM), dopamine (1 mM),
Glu (1 mM), GSH (1 mM), L-Cys (1 mM), urea (1 mM) and thioglycolic acid (I mM), respectively.
The mixture contains all these interferents (1 mM, each) and UA (0.1 mM). Finally, the electrochemical
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signal was read out in a 5 mM [Fe(CN)g]*”* and 0.1 M KCl solution by square wave voltammetry
(SWV) in the range from -0.2 to 0.6 V with pulse amplitude of 25 mV and an increased potential of 4

mV. After each incubation steps, the electrodes were washed with ultra-pure water.

1.8. Stability test of UA biosensor

The constructed UA biosensing platform was stored successfully at room temperature (22 °C) for
28 days. After every 7 days, 20 pL of the UA and BSA mixed solution were incubated on the biosensing
interface and the catalytic reactions were processed at 37 °C for 2 h. Finally, the electrochemical signal
was read out in a 5 mM [Fe(CN)s]*"* and 0.1 M KCl aqueous solution by square wave voltammetry
(SWV) in the range from -0.2 to 0.6 V with pulse amplitude of 25 mV and an increased potential of 4
mV.

1.9. Micro-flow SEC-MS to study GSH binding to BSA.

The binding of GSH to BSA under oxidative conditions was studied using native microflow SEC-
MS methods.!'?] The samples were prepared by incubation of aqueous solutions of H2O, (250 pL, 1
mM), BSA (250 pL, 10 mg/mL) and GSH (500 pL, 200 uM) in Eppendorf tubes, at 37 °C, for 2 h and
in an orbital shaker (170 rpm). Therefore, the final volume was 1 mL (final concentrations of BSA,
H>0O> and GSH in the reaction solution were 2.5 mg/ml, 250 uM and 100 uM respectively). A 200 mM
ammonium acetate was employed as the dilution solvent when they were analyzed. For the microflow
SEC part, the measurement was conducted by TSK gel Super SW3000 (1.0 x 300 mm % 4 pm, TOSOH,
Japan) column at a flow rate of 15 pL/min with 200 mM ammonium acetate as mobile phase, and 1 pL
as injection volume. The MS spectrum was acquired with HRM-AIF mode. The parameters were as
follows. Polarity: positive. In-source CID: 50 eV. Microscans: 10. Resolution: 17500. Maximum

injection time: 200 ms. Scan range: 350 to 6000. AGC target: 3x10°. Capillary temperature: 275 °C.
Sheath gas flow: 15. Auxiliary gas flow: 5. Spray voltage: 2.5 kV. S-lens RF level: 200. The MS data

was visualized with FreeStyle 1.6 software (Thermo Fisher Scientific). The deconvolution results were

carried out with UniDec software (University of Arizona, Phoenix, AZ, USA).[!3]
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1.10.

Unfortunately, the amino acid sequence of the commercial UOx from Candida sp. (Sigma-Aldrich) is
not available. Therefore, a structural comparison, even via homology modeling, is not possible.
However, judging from past literature, the amino acid sequence of UOx from Candida sp. (Sigma-
Aldrich) must be similar to the sequence of the UOx from Candida utilis.'¥ An amino acid sequence

alignment between engUOX (i.e., Bacillus sp. TB-90)!!-*) and UOx from Candida utilis"'* reveals a

Sequence alignment between engUOx and commercially available UOx from Candida sp.

very low sequence identity.

Sequence 1 is engUOX (i.e. Bacillus sp. TB-90).

Sequence 2 is UOx from Candida utilis.

The percentage of sequence identity is only 24%.

CLUSTAL O(1.2.4) multiple sequence alignment
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Figure S1. SDS-Page analysis for the expression of UOx R298C (engUOx) and of the purified

protein. Marker: PageRuler™ Unstained Protein Ladder (Thermo Fisher Scientific).
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Scheme S1. The mechanism for the formation of the covalent bond between glutathione (-NHz

group) and thioglycolic acid (-COOH group).
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Figure S2. FT-IR spectrum of deposited AuNPs on the electrode (a), immobilized with engUOx
(b), incubated with blocking agents (c), and incubated with UA and BSA solution (d).
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Figure S3. Comparison of the most abundant charge state MS spectrum (+17) for BSA (bovine
serum albumin) protein: reference BSA, BSA exposed to H2O2, and BSA exposed to both H2O2 and
GSH (A). Deconvoluted MS spectra of pure BSA (B), BSA reacted with H>O (C), and BSA reacted
with H2O2 and GSH (D). In the presence of GSH a peak at 66734.00 Da was observed. With the
deconvolution results, the BSA standard has different proteoforms, among which 66428.20 Da was
the most abundant. After being treated with H>O», the BSA was oxidized, leading to a complex
heterogeneous mixture of oxidized species. In the presence of GSH, a new peak at 66734.00 Da

was observed after the reaction, which confirms the linkage between GSH (mass 307.33 Da) and

Mass (kDa)

Mass (kDa)

BSA. The error in ppm of the GSH assignment is of 7.10 ppm

(error=

Masstheory_Massobserued* 1076= (66428.20+307.33—2)—66734.00

MasStheory

66428.20

=7.10 ppm)

which reflects a good accuracy in the modification of a 66 kDa molecule.
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Figure S4. Effect of the concentration of thioglycolic acid (a), incubation time of thioglycolic acid
(b), incubation time of engUOx (c), concentration of GSH (d), and catalytic reaction time on the

SWYV responses. Error bars represent standard deviations of three experiments in parallel.
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Figure S5. The performance of electrochemical UA biosensor with engUOx. SWV responses of

electrochemical detection for UA (three independent determinations).
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Figure S6. The calibration plot between the Al (-0.251 V vs. Ag/AgCl) and the logarithm values of UA

concentrations for engUOXx (the error bars denote standard deviations for n=3).
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Table S1. Comparison of the detection performance of reported UA biosensor.

Entry Types of sensors Linear range LOD Reference
1 Fluorescent 0.01-400 uM 2.3nM Qu et’.

2 Electrochemical up to 700 pM 0.066 uM Jain et®.

3 Organic electrochemical transistors 50—-1000 uM 4.5 uM Galliani et’.
4 Electrochemical 25-2500 uM 0.023 uM Whag et®.

5 Electrochemical 50-2000 uM 0.019 uM Ahmad et’.
6 Electrochemical 5-100 uM 0.33 uM Shi et'®.

7 Electrochemical 0.01-0.145 pM 6 nM Abbas et!!.
8 Electrochemical 0.05-1000 uM 9.16 nM This work
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Table S2. The current response of interfering chemicals

Interference Con (uM)  Current (pA) Average (LA)  Standard deviation

129.6
Blank 0 128.2 1277 2.139
125.4

113.8
Ascorbic acid 1000 112.9 1133 0.4510
1133

117.3
Dopamine 1000 116.5 117.1 0.5690
117.6

117.9
Glucose 1000 117.7 116.5 2.312
113.8

109.8
Glutathione 1000 110.9 110.7 0.8190
111.4

115.7
L-cysteine 1000 116.4 116.0 0.3510
116.0

108.9
Urea 1000 110.0 110.1 1.358
111.6

107.1
Thioglycolic acid 1000 108.8 109.3 2.597
112.2

62.50
Uric acid 100 64.40 63.97 1.305
65.00

UA 100 65.25
Mix solution Others 63.92 64.16 1.010
1000 63.28
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