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Abstract

MZXene nanosheets of type Ti;C,T, were modified with (3-hydroxybutyrate dehydrogenase and then used as a biosensor for
amperometric sensing of (3-hydroxybutyrate. The MXene and the nanocomposite were characterized by X-ray photoelectron
spectroscopy, field-emission scanning electron microscopy, X-ray diffraction, and Fourier transform infrared spectroscopy. The
MZXene has a layered structure and proved to be an excellent immobilization matrix providing good compatibility with the
enzyme (3-hydroxybutyrate dehydrogenase. The MXene-based biosensor, best operated at a potential of —0.35 V (vs. Ag/AgCl),
displays a wide linear range (0.36 to 17.9 mM), a sensitivity of 0.480 pA mM ' cm 2, and a low detection limit (45 uM). The
biosensor was successfully applied to the determination of (3-hydroxybutyrate in (spiked) real serum samples.
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Introduction

Diabetic ketosis is the term used to denote the condition of the
body of diabetes patients with slightly increased concentration
of ketone bodies. At diabetic ketosis, the normal range of
acidity and alkalinity can be maintained by the body itself.
When ketone bodies further increase beyond the body’s reg-
ulating ability, metabolic acidosis can occur, and the condition
refers to diabetic ketoacidosis occur. During fatal diabetic
ketoacidosis, blood 3-HBA levels can reach up to 20 mM
[1]. Therefore, determination of 3-HBA is crucial in the diag-
nosis and treatment of diabetic ketoacidosis/diabetic ketosis.
The reported incidence of diabetic ketoacidosis is above 20%
in patients of age group 65 years or above [2]. Delays in the
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diagnosis of diabetic ketoacidosis are more often associated
with the risk of morbidity and mortality [3]. The diagnosis of
diabetic ketoacidosis is not easy because 1-8% of the patients
are ketoacidotic without being hyperglycemic [3, 4]. The com-
monly available Bayer Ketostix reagent strips in the market
measure the less prominent urinary acetoacetate and often
produce false-negative results [5]. Also, laboratory measure-
ments of 3-HBA take too long and are not very useful in the
emergency diagnosis of diabetic ketoacidosis [5]. Although
the blood and urine ketone can reveal the concentration of
ketone bodies in the body, however, because of the direct
correlation of ketone bodies with 3-HBA [6], the serum ke-
tone was preferred as the biochemical parameter for the diag-
nosis of diabetic ketosis/diabetic ketoacidosis. In a typical
clinical application, diabetic ketosis/diabetic ketoacidosis is
diagnosed based on two biochemical parameters, which are
blood ketone >3 mM and blood glucose concentration >
13.9 mM [7]. It is essential to measure the ketone concentra-
tion of diabetic patients with a blood glucose concentration
exceeding 13.9 mM to diagnose diabetic ketosis/diabetic
ketoacidosis.

Since the discovery of graphene with outstanding proper-
ties, two-dimensional (2D) materials have attracted research
interest in materials science [8, 9]. The new family of 2D
materials known as MXenes [10, 11] consist of transition
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metal carbides, nitrides, and carbonitrides and are synthesized
from the layered type of carbides known as MAX phases [11]
by the selectively etching the “A” layers, resulting in
graphene-like morphology [12]. MXenes attracted research
interest due to the metallic conductivity, hydrophilic surfaces,
large surface area, layered structure, environmentally friendly
characteristics, and remarkable chemical stability [13—15].
The hydrophilic surface allows easy dispersion of Mxene in
aqueous solutions. The higher conductivity of Mxene com-
pared to solution-processed graphene [16] and the possibility
of easy functionalization during the etching process itself
made them a promising alternative to graphene. MXenes have
already been explored as supercapacitors [13], electrode ma-
terials for Li-ion batteries [17], and biosensors [18—20].
MXene undergoes irreversible oxidation to TiO, in the posi-
tive potential window [21] and remained a challenge for bio-
sensor applications. The proposed sensor utilizes (3-
hydroxybutyrate dehydrogenase (3-HBD) decorated MXene
nanosheets for the selective and sensitive determination of
ketone body 3-HBA at the negative potential —0.35 V (vs.
Ag/AgCl). To the best of our knowledge, MXene or MXene
nanocomposites have never been used for the biosensing of 3-
HBA.

Experimental
Chemicals and reagents

Titanium aluminum carbide powder (TizAlC,, 99.9%) was
purchased from Shanghai Xinglu Chemical Technology Co.,
Ltd. (https://www.xingluchemical.com), hydrofluoric acid
(ACS reagent, 48%), bovine serum albumin (>98%),
hexaammineruthenium(III) chloride (98%), B-
hydroxybutyrate dehydrogenase (from pseudomonas
lemoignei), glutaraldehyde solution, potassium
hexacyanoferrate(Il) trihydrate, and potassium
hexacyanoferrate(I1) were purchased from Sigma-Aldrich
(https://www.sigmaaldrich.com). (3-Hydroxybutyric acid was
procured from the Tokyo chemical industry (https:/www.
tcichemicals.com/en/kr). Phosphate-buffered saline (PBS)
tablets, sodium chloride, and potassium chloride (99%) were
obtained from Sigma-Aldrich. Gold-printed circuit board (Au-
PCB, 2 mm diameter) electrode (Supporting information) was
fabricated in Chung-Ang University, Seoul. Spiral Pt counter
electrode and silver/silver chloride (Ag/AgCl) reference elec-
trodes were purchased from BASi (https://www.basinc.com).
All the chemical reagents used in this experiment were of
analytical grade and were used without further purification.
All the reagents and buffers were prepared using the
deionized water obtained from ACE water purification
system with resistance not less than 18.2 M{2 cm.
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Material characterization

The Ti;C,Tx MXene was synthesized by adopting a previous-
ly reported method [11] (Supporting information). The syn-
thesized Ti;C, T, MXene was characterized by field-emission
scanning electron microscopy (FE-SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and
Fourier transform infrared spectroscopy (FT-IR). FE-SEM
was performed on Carl Zeiss SIGMA field emission scanning
electron microscope. XRD patterns were recorded on a
Bruker-AXS New D8-Advance X-ray diffractometer using
CuK« radiation of wavelength A =0.15418 nm at 40 kV and
40 mA. XPS was performed on the Thermo Fisher Scientific
K-alpha+ X-ray photoelectron spectroscope, and the
deconvolution of the spectra was performed using
XPSPEAK 41 software. FT-IR spectra were recorded on
Bruker ALPHA II FT-IR Spectrometer using the attenuated
total reflection (ATR) module. All the electrochemical mea-
surements were performed using a CHI 660E electrochemical
workstation (CH Instruments, Inc). A standard three-electrode
cell, comprising of custom made 2 mm diameter Au-PCB
working electrode, an Ag/AgCl (3 M NaCl) reference elec-
trode, and a counter electrode (platinum spiral wire) were used
for electroanalysis. PBS (0.1 M) of pH 7.4 was used as the
supporting electrolyte in electrochemical experiments unless
otherwise noted.

Preparation of the enzyme electrode

To investigate the electrochemical behavior of TisC,T,/3-
hydroxybutyrate dehydrogenase nanocomposite, the enzyme
electrode was assembled (Fig. 1). BSA was well reported to
stabilize the enzyme through hydrophobic interactions [22,
23]. In this work, we have used BSA to stabilize the enzyme
by linking to the enzyme through glutaraldehyde. Briefly, an
Au-PCB electrode was sonicated in acetone, ethanol, and wa-
ter successively. The cleaned Au-PCB was then dried in a
purified nitrogen stream. The enzyme electrode was prepared
by a drop-casting method. Firstly, to a 10 uL suspension of
5mgmL " TizC,Ty, 10 uL of B-hydroxybutyrate dehydroge-
nase (0.2 mg uL ™", 318 units) was added and gentle sonicated
for 10 min. To the resulting MXene-3-hydroxybutyrate dehy-
drogenase composite, 10 pL of 2.0% bovine serum albumin
(BSA), 10 puL of 5 mM NAD®, and 15 uL 2.5% of glutaral-
dehyde (GA) was added. The suspension was then sonicated
for 3 min. Finally, 3 pL of the mixture was applied to the
surface of an Au-PCB, which was previously modified with
3 uL of 1 mM Ru(NH;)¢** to prepare the Au-PCB/Ru/
MXene-B-HBD-NAD*-GA-BSA electrode and then stored
at 4 °C in the refrigerator before using. In the control experi-
ment, Au-PCB/Ru/MXene-3-HBD-NAD™*, Au-PCB/Ru/f3-
HBD-NAD*-GA-BSA, Au-PCB/MXene-3-HBD-NAD™-
GA-BSA, Au-PCB/Ru/MXene-B3-HBD-NAD"-GA-BSA
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B-HBD = 3-Hydroxybutyrate dehydrogenase; BSA-Bovine serum albumin; GA-Glutaraldehyde

Fig. 1 Schematic representation of the synthesis and decoration of MXene 2D sheets with (3-hydroxybutyrate dehydrogenase for the amperometric

determination of (3-hydroxybutyric acid

(5%), and Au-PCB/Ru/MXene-B-HBD-NAD*-GA (5%)-
BSA were prepared using the procedure mentioned above.
Before the electrochemical measurements, all the prepared
electrodes were immersed in pH 7.4 (0.1 M) PBS for 30 min
to remove any residual components and unbound enzymes.
The enzyme electrode was then optimized for optimal perfor-
mance (Supporting information).

Results and discussions
Characterization of Ti;C,T, MXene

The morphology of the synthesized Ti;C,Tx MXene was an-
alyzed using FE-SEM. Figure 2 shows the FE-SEM image of
the MAX phase TizAIC,, the synthesized MXene TizC,T,,
and the 3-HBD-MXene nanocomposite. From Fig. 2b and c,
the layered morphology of the synthesized MXene resembled
graphene [24] with the thickness of the individual layers ~
35 nm. The enzyme loading on the MXene is observed in Fig.
2d. The BSA with excellent biocompatibility makes the nano-
composite stable for long-term usage. The layered structure of
the MXene with more inner space can immobilize more en-
zyme. Together with BSA, it provides a protective microenvi-
ronment for the 3-HBD to retain bioactivity. Figure S5a de-
picts the XRD patterns of the MAX phase TizAlC, and the
synthesized Ti;C,T, MXene. The XRD pattern of the HF
etched Tiz;C,T, MXene shows broadened peaks of (002),
(004), and (0010) with low intensity and a shift to lower an-
gles compared to the un-treated MAX phase. The obtained
spectra for the synthesized MXene is consistent with the sim-
ulated spectra for Ti;C,(OH), [11]. The presence of hydroxyl
groups on the prepared MXene is also confirmed by FT-IR
spectroscopy. The FT-IR spectrum of the prepared MXene

Ti3C, Ty is shown in Fig. S6. The peak around 3700 cm’!
and the sharp peak around 1389 cm ' indicates the presence
of free hydroxyl groups. The peak at 1051 cm ™' indicates C-O
stretching [25, 26]. The peak at 651 cm™ ' may be assigned to
the stretching of the Ti-O bond [27].

The XPS survey spectrum of the synthesized MXene con-
firmed the presence of elements Ti, C, F, and O (Fig. S5b,
Supporting information). The core-level spectrum of Ti 2p
region, as shown in Fig. S5c, shows the majority of the Ti
species as Ti*, Ti**, and Ti** due to the surface terminations
C-Ti-Oy, C-Ti-(OH), C-Ti-Fy, and Ti;C,OH-H,0O [28]. Ti-F
bond belongs to the surface termination C-Ti-F. The forma-
tion of Ti3C,T, with oxygen-containing terminations is evi-
dent from the presence of the Ti-C and Ti-O bonds. The core-
level spectrum of O 1s (Fig. S5d, Supporting information) is
fitted by three peaks, assigned to the surface terminations C-
Ti-Oy, C-Ti-(OH)y and adsorbed H,O. The fitted peaks of the
F 1s region (Fig. S5e, Supporting information) are assigned to
Ti-F and C-F bonds. The core-level spectrum of the C 1s
region is fitted by four peaks (Fig. S5f, Supporting
information). The largest peak located at~282.0 eV corre-
sponds to C-Ti-T,. The two other peaks at 284.8 eV and
286.6 eV assigned to the C-C and C-O bonds respectively.
The weak peak at 288.9 ¢V is assigned to the groups O-C=0
and/or C-F [29-31].

Characterization of the modified electrodes

FT-IR spectroscopy is an effective tool for exploring the sec-
ondary structure of the enzymes [32]. The successful immo-
bilization of the enzyme composite on the electrode surface is
also evaluated by the FT-IR spectroscopy. As shown by the
FT-IR spectrum of the enzyme-modified electrode in Fig. S7,
the amide I band (1700-1600 cm ') results from C=0
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Fig. 2 a FE-SEM images of the
MAX phase TizAlC,. b Ti;C,Ty.
¢ Higher resolution image of
Ti;C,Ty. d TizC,Tx-3-HBD-
NAD*-GA-BSA nanocomposite

stretching vibration of the peptide bonds in the protein back-
bone. The amide II band (1620—1500 cm ') is caused by the
combination of C—N stretching and N-H bending.

The electroactive surface area of the electrodes was calcu-
lated at each step of the Au-PCB modification process to ob-
serve the effect of modification on the electroactive surface
area (Fig. S8, Supporting information). The electroactive sur-
face area remained nearly the same after the modification of
Au-PCB with Ru**. However, after modification with the en-
zyme composite, much decrease in the electroactive surface
area was observed (Supporting information).

Cyclic voltammetry is a powerful tool to optimize the sen-
sor parameters. Therefore, we performed cyclic voltammetry
on four electrodes, Au-PCB/Ru/MXene-f3-HBD-NAD"-GA-
BSA, Au-PCB/Ru/MXene-3-HBD-NAD*-BSA, Au-PCB/
Ru/B-HBD-NAD*-GA-BSA, and Au-PCB/MXene-p3-HBD-
NAD*-GA-BSA. As shown in Fig. 3a, Au-PCB/Ru/
MZXene-3-HBD-NAD*-GA-BSA electrode shows a charac-
teristic reduction peak around —0.35 V in the presence of f3-
HBA, which increased with increasing concentration of [3-
HBA (Fig. 3b). The reduction current for the electrode Au-
PCB/Ru/B-HBD-NAD*-GA-BSA without MXene loading is
very poor, showing that MXene can effectively immobilize
the enzyme [3-HBD over the nanolayers. The characteristic
reduction peak around —0.35 V is absent for Au-PCB/
MXene-pB-HBD-NAD"-GA-BSA showing that Ru(IlI)/
Ru(II) redox couple is crucial in the functioning of the sensor,
supporting the cascade of reactions at the electrode/electrolyte
interface (Fig. S9, Supporting information). The 3-HBD oxi-
dized 3-HBA to acetoacetate with the concomitant reduction
of NAD* to NADH. The NADH is then re-oxidized back to
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NAD™ by the redox mediator Hexaammineruthenium(III)
chloride and the current generated in the process is directly
proportional to the concentration of 3-HBA.

Biosensor performance

The biosensor performance for the determination of 3-HBA
on the Au-PCB/Ru/MXene-3-HBD-NAD*-GA-BSA elec-
trode was investigated by amperometry. Figure 4a corre-
sponds to the amperometric responses of the Au-PCB/Ru/
MXene-3-HBD-NAD*-GA-BSA electrode at —0.35 V after
the addition 3-HBA in stirred PBS (pH 7.4). A well-defined
linear relationship between the current and the 3-HBA con-
centration was observed. The calibration plot (Fig. 4b)
showed a linear range from 360 puM to 17.91 mM (R* =
0.990) with a sensitivity of 0.480 pA mM ' cm 2. The limits
of detection (LODs) were calculated using the equation:
LOD =30/m, where “0” is the standard deviation of the re-
duction current from the blank experiment (n=3) and “m” is
the slope (LA mM ") of the calibration plot. The LOD was
calculated to be 44.5 uM. A comparison of the electrochem-
ical performance of various 3-HBA biosensors was listed in
Table S1. It was clear that the performance of Au-PCB/Ru/
MZXene-3-HBD-NAD*-GA-BSA was superior to most of the
reported 3-HBA sensors. The TizC,Ty layers and BSA pro-
vide a suitable environment for the 3-HBD to retain its activ-
ity and stability, also helpful in entrapping the substrate. This
leads to increased effective interaction between the substrate
and the redox protein leading to improved performance [18,
33].



Microchim Acta (2020) 187:277

Page 50f 7 277

a 04
=30
60
Q@ (d)
E 907
< _420/® (a) Au/Ru/Mxene-8-HBD-NAD"-GA-BSA
2 (@ (b) Au/Ru/B-HBD-NAD*-GA-BSA
-150 - (c) Au/Mxene-8-HBD-NAD*-GA-BSA
180- (d) Au/Ru/Mxene-B-HBD-NAD*

04 -03 02 -01

Potential (V)

Fig. 3 a Cyclic voltammograms of Au-PCB/MXene-3-HBD-NAD*-
GA-BSA (red line), Au-PCB/Ru/MXene-B-HBD-NAD™" (black line),
Au-PCB/Ru/fB-HBD-NAD*-GA-BSA (blue line) and Au-PCB/Ru/
MXene-B3-HBD-NAD*-GA-BSA (green line) in the presence of
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The K, value of the Au-PCB/Ru/MXene-3-HBD-NAD™-
GA-BSA electrode was calculated by using the modified Line
weaver-Burk equation [34] proposed by Kamin and Wilson
for electrochemical applications.

1 K
L (Kn)(L) 4l
ISS Imax C Imax
where I is the steady-state current obtained after the addition of substrate
with concentration C, L, is the maximum current observed on the en-
zymatic electrode under the conditions of substrate saturation. A plot of
1/l vs. 1/C will give a straight line with the slope equal to K,,/I,,,.x, and
an intercept equal to 1/I,,,. The K, value for the Au-PCB/Ru/MXene-3-
HBD-NAD*-GA-BSA electrode was estimated to be 8.7 mM (Fig. S10,
Supporting information). This value was higher than the previously re-
ported [35], indicating a lower affinity towards 3-HBA, suitable for the
determination of higher concentrations of 3-HBA.

Stability and reproducibility

The stability of the Au-PCB/Ru/MXene-3-HBD-NAD*-GA-BSA electrode
was investigated by chronoamperometry. Electrode fouling during the amper-
ometric experiment may affect the performance of the biosensor and lead to a
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3.6 mM (3-HBA. b Cyclic voltammograms of Au-PCB/Ru/MXene-[3-
HBD-NAD*-GA-BSA in the presence of varying concentrations of f3-
HBA. The experiments were performed in 0.1 M PBS (pH 7.4) at a scan
rate of 50 mV s ' vs. Ag/AgCl (3 M NaCl)

reduction of the amperometric signal. To observe the electrode fouling effects,
1 mM (3-HBA was added to a stirred 0.1 M PBS (pH 7.4) solution, and the
current change over time on the Au-PCB/Ru/MXene-3-HBD-NAD"-GA-
BSA electrode was measured (Fig. S11, Supporting information). The current
remained constant after the steady-state and lasted longer than 80 min without
significant change. Based on this data, we can conclude that electrode fouling
did not occur from the oxidation products of 3-HBA. The long-term stability
of the biosensor was also evaluated for estimating the performance of the
biosensor. The long-term stability was studied by storing the biosensor dry
at 4 °C and examining the current response after 7 and 30 days. The biosensor
retained about 97.08% of its initial response to 3-HBA after 7 days and
93.20% after 30 days, demonstrating excellent long-term stability (Fig. S12,
Supporting information). The excellent stability may be attributed to the lay-
ered structure of MXene with more inner space in between the layers for the
enzyme and BSA, which can provide the enzyme with a protective microen-
vironment to retain the bioactivity on long-term use [19]. The reproducibility
of the biosensor was investigated by fabricating four biosensors independently
under the same conditions and checking the performance for 3-HBA. The
prepared electrodes independently gave an R.S.D. of 5.89% for the determi-
nation of 3.6 mM (3-HBA, indicating acceptable electrode-to-electrode
reproducibility.

Selectivity of the B-HBA biosensor

Selectivity is an essential parameter in the practical use of any biosensors. The
selectivity of the MXene-(3-HBD-based biosensor was evaluated with twice

b o
2

i(uA) = -0.480 (mM) - 1.18
R2 = 0.990

4
6

-84
:

j (hA.cm™2)

-10 -

12

i % }
0 5 10 15 20 25 30 35 40
Concentration of f-HBA (mM)

Fig. 4 a The amperometry i-¢ curve obtained at the Au-PCB/Ru/MXene-3-HBD-NAD*-GA-BSA electrode at an applied potential of —0.35 V vs. Ag/
AgCl (3 M NaCl) in PBS pH 7.4 b) The corresponding linear calibration plot for the amperometric determination of 3-HBA (n =3)

@ Springer



277 Page 6 of 7

Microchim Acta (2020) 187:277

the concentration of typical interfering substances in serum such as glucose
(Gl), uric acid (UA), and ascorbic acid (AA) by using the amperometric
current-time method. As shown in Fig. S13, the tested substances produced
only a seemingly negligible reduction current, probably due to the dissolved
oxygen in the analytes. This result might be attributed to the intrinsic selectiv-
ity of the enzyme (3-HBD towards its substrate 3-HBA.

Analysis of real samples

In order to evaluate the analytical utility of the electrode in practice, the Au-
PCB/Rw/MXene-B-HBD-NAD*-GA-BSA was applied for the determination
of spiked 3-HBA from real serum samples. Three serum samples were col-
lected and standard 3-HBA was added to the serum samples. The signals were
recorded as amperometric i-# curves. The recoveries of added analyte were
evaluated from the reduction current. As shown in Table S2, the percentage
of recovery of the 3 mM, 4 mM, and 5 mM spiked 3-HBA from the three
different samples were 104%, 103.5%, and 101.8% respectively with the RSD
in the range of 2.1-3.2%. The results confirmed that it is possible to determine
the concentration of 3-HBA from real samples using the reported method.

Conclusions

A novel p-hydroxybutyrate dehydrogenase modified Ti;C,Tx MXene nano-
composite has been synthesized through a simple synthetic route and subse-
quently used to fabricate a biosensor for the determination of 3-HBA from
serum samples. The layer-like morphology of the Ti;C,Tx MXene was bene-
ficial to immobilize and entrap the enzyme, thereby leading to increased sta-
bility and improved performance of the sensor. The excellent biocompatibility
of BSA on the nanocomposite surface provided a microenvironment suitable
for the 3-HBD to retain bioactivity and stability for a long time, as evident
from the long-term stability of the sensor. Due to the above reasons, the pre-
pared biosensors displayed a low detection limit of 44.5 uM, with a wide linear
range of 360 uM—17.91 mM for 3-HBA. This study also indicates that
Ti;C,Tx MXene can be used as a biocompatible matrix for the construction
of direct electrochemical biosensors. Although the reported method is advan-
tageous to the previously reported literature methods in many aspects, research
in this area still needs much more improvements. The simpler methodology of
implementing nanoparticles in the enzyme, which can lead to mass production
of improved electrode, should be considered.
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