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Abstract: Convenient, rapid, and accurate detection of cardiac troponin I (cTnI) is crucial in early diagnosis of acute myocardial
infarction (AMI). A paper-based electrochemical immunosensor is a promising choice in this field, because of the flexibility, poros-
ity,  and  cost-efficacy  of  the  paper.  However,  paper  is  poor  in  electronic  conductivity  and  surface  functionality.  Herein,  we  re-
port a paper-based electrochemical immunosensor for the label-free detection of cTnI with the working electrode modified by
MXene  (Ti3C2)  nanosheets.  In  order  to  immobilize  the  bio-receptor  (anti-cTnI)  on  the  MXene-modified  working  electrode,  the
MXene nanosheets were functionalized by aminosilane, and the functionalized MXene was immobilized onto the surface of the
working electrode through Nafion. The large surface area of the MXene nanosheets facilitates the immobilization of antibodies,
and  the  excellent  conductivity  facilitates  the  electron  transfer  between  the  electrochemical  species  and  the  underlying  elec-
trode surface. As a result,  the paper-based immunosensor could detect cTnI within a wide range of 5–100 ng/mL with a detec-
tion limit of 0.58 ng/mL. The immunosensor also shows outstanding selectivity and good repeatability. Our MXene-modified pa-
per-based  electrochemical  immunosensor  enables  fast  and  sensitive  detection  of  cTnI,  which  may  be  used  in  real-time  and
cost-efficient monitoring of AMI diseases in clinics.
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1.  Introduction

Acute myocardial  infarction (AMI)  is  one of  the most  life-
threatening diseases[1]. Early diagnosis of AMI is crucial for suc-
cessful  treatment of  patients.  Cardiac troponin I  (cTnI)  is  con-
sidered as the most specific and sensitive indicator for AMI dia-
gnosis, because it exists only in heart tissue and its concentra-
tion  is  highly  related  to  the  development  of  AMI.  The  cTnI
level in patients is around 10 ng/mL at the beginning of AMI,
but  it  increases  rapidly  to  20–550  ng/mL  shortly  after  18  h[2].
Therefore,  developing  convenient,  fast,  and  sensitive  analy-
tical  methods  for  detecting  cTnI  is  crucially  important.  Cur-
rently,  many  methods,  including  fluorescent  immunoas-
say[3−5],  chemiluminescent  immunoassay[6, 7],  and  colorimet-
ric  immunoassay[8, 9],  have  been  used  for  sensitive  detection
of  cTnI.  However,  these  analytical  methods  usually  require
large-scale  instruments  and  complicated  operation  steps.
These shortages limit the applications of these methods in ra-
pid  diagnosis  of  AMI.  Therefore,  it  is  still  urgent  to  develop
simple,  fast,  cost-efficient,  and  portable  devices  for  sensitive
detection of cTnI for early diagnosis of AMI.

Paper-based  sensors  have  attracted  tremendous  atten-

tion  from  researchers  since  George  Whitesides  fabricated  a
low-cost, low-fluid consumption, and portable microfluidic pa-
per-based glucose sensor in 2007[10].  Paper-based sensors are
usually fabricated by patterning a paper sheet into hydrophil-
ic or hydrophobic channels by using various techniques, such
as  photolithography[11],  screen  printing[12, 13],  calendaring[14],
and wax printing[15, 16]. These technologies are facile, fast, inex-
pensive,  and  efficient  for  the  fabrication  of  paper-based
sensors[17].  At  present,  the  mechanisms  employed  in  paper-
based sensors mainly include fluorescence, colorimetric,  elec-
trochemistry,  and  chemiluminescence.  For  example,  Jiao  and
coworkers  have  integrated  a  sandwich-type  fluorescent  im-
munoassay  device  with  a  three-dimensional  vertical-flow  pa-
per-based  device  (3VPD)  for  the  detection  of  multiple  cancer
biomarkers[11].  Paper-based  electrochemical  biosensors  have
been  extensively  used  because  of  their  rapid  response  (with-
in  a  few  minutes),  high  sensitivity/selectivity,  wide  detection
range, easy operation, and low required sample volume[14, 15].
In  paper-based  electrochemical  sensors,  the  screen-printed
electrodes  (SPEs)  have  been  extensively  employed,  owing  to
their  easy  fabrication  and  low  cost[10, 18].  However,  sensors
with  SPEs  usually  have  low  sensitivity  due  to  the  poor  elec-
tron  transfer.  To  overcome  this  drawback,  two-dimensional
(2D)  materials  with  high  conductivity,  high  specific  surface
area, and excellent biocompatibility have been developed for
modifying SPEs.

MXenes are emerging 2D transition metal carbide and ni-
tride  materials  with  the  formula  Mn+1XnTx

[19−21],  where  M,  X,
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and  T  represent  early  transition  metals,  C  or  N,  and  surface
functional  groups  (-O,  -OH,  -F),  respectively. n is  in  the  range
of  1  to  3[22, 23].  Owing  to  their  high  electron  mobility,  large
surface  area,  abundant  catalytic  sites,  and  high  biocompati-
bility[24−26],  MXenes  have  attracted  great  interest  in  various
applications  of  catalysis[27, 28],  biosensor[19, 29, 30],  supercapaci-
tors[31, 32], and lithium ion batteries[33−35].

In this work, a cost-efficient and portable paper-based elec-
trochemical  immunosensor  was  successfully  constructed  by
wax  printing  and  screen-printing.  The  MXene  nanosheets
were  used  not  only  for  improving  the  conductivity  of  SPEs,
but  also  for  immobilizing  a  large  number  of  antibodies.  The
paper-based  immunosensor  with  MXene-modified  SPEs
(MXene/SPEs)  exhibited  high  sensitivity  and  selectivity  to-
wards cTnI with a low limit of detection (LOD) of 0.58 ng/mL,
as  well  as  good  repeatability.  Our  paper-based  immuno-
sensor demonstrates great potential in highly sensitive detec-
tion of  cTnI,  which has a broad application prospect in clinic-
al AMI diagnosis.

2.  Experimental

2.1.  Chemicals

Whatman  chromatography  paper  (No.  1)  was  acquired
from  Zhengcheng  Experimental  Instrument  Co.,  Ltd  (Shang-
hai).  Bovine  serum  albumin  (BSA),  Tween-20,  and  ethanol
(99.5%) were supplied by Macklin Biochemical Co., Ltd (Shang-
hai).  Phosphate  buffered  saline  (PBS,  0.01  mol/L,  pH  =  7.4)
and  the  PBS  solution  doped  with  0.05%  Tween-20  (PBST)
were  both  freshly  prepared.  Human  heart-type  cardiac  tro-
ponin  I  (cTnI)  and  capture  monoclonal  antibodies  (anti-cTnI)
were  acquired  from  Linc-Bio  Science  Co.,  Ltd  (Shanghai).  The
commercialized  ELISA  kit  used  to  detect  cTnI  was  acquired
from  Enzyme-linked  Biotechnology  Co.,  Ltd  (Shanghai).  All
chemicals used in this work are analytical grade and used dir-
ectly.

2.2.  Characterizations

The morphology of MXene sheets was characterized with
a  transmission  electron  microscopy  (TEM,  JEM-1400PLUS,
JEOL, Japan). The X-ray diffraction (XRD) patterns were collec-
ted  on  an  X-ray  diffractometer  (SmartLab  3,  Rigaku,  Japan)
with  Cu  Kα  radiation  (λ  =  1.5418  Å).  The  atomic  force  micro-
scopy (AFM) was performed on Park XE-70 (Korea).  The cyclic
voltammetry  (CV)  and  differential  pulse  voltammetry  (DPV)
were  conducted  on  CHI630E  (CH  Instrument,  China).  Palm-
Sens4 (PalmSens, Netherlands) was used to measure the elec-
trochemical impedance spectroscopy (EIS).

2.3.  Synthesis of Ti3C2-MXene

Briefly,  an  etching  solution  was  obtained  by  mixing  1  g
of LiF and 5 mL of DI water with 15 mL of 12 mol/L HCl. Then,
1 g Ti3AlC2 (MAX) was added slowly into the etching solution,
which was stirred for 24 h to remove the aluminum (Al) layer.
Afterward,  the  mixed  suspension  was  transferred  to  a  centri-
fuge  tube,  which  was  then  centrifuged  at  3500  rpm  for  five
minutes.  The  centrifugal  product  was  repeatedly  washed
with  DI  water  until  the  pH  of  supernatant  was ≥6.  Sub-
sequently,  the  cleaned  product  was  mixed  with  DI  water
again,  followed  by  being  sonicated  for  one  hour.  Finally,  the
Ti3C2 (MXene) nanosheets were collected by centrifugation at
3500 rpm for 5 min.

2.4.  Silanization of MXene sheets

The (3-aminopropyl)  triethoxysilane (APTES) was used for
the  functionalization  of  the  as-prepared  Ti3C2-MXene  nano-
sheets.  In  detail,  1  mL  of  APTES  was  gradually  added  to  the
mixed  suspension  that  contains  100  mg  Ti3C2-MXene
nanosheets  and  50  mL  ethanol,  and  the  suspension  was
stirred (500 rpm) for 48 h at room temperature. For the remov-
al  of  unbound  APTES  molecules,  the  resulting  product  was
washed  three  times  with  a  mixture  of  water  and  ethanol  (1  :
1).  Then,  the  resulting  product  was  dried  at  50  °C  in  a  vacu-
um  overnight  to  obtain  the  APTES-functionalized  Ti3C2-
MXene  (f-Ti3C2-MXene),  which  was  then  finely  pulverized  in-
to powder and then sonicated in a 0.1% Nafion solution in eth-
anol  and DI  water  for  one hour to obtain a  1 mg/mL suspen-
sion.

2.5.  Fabrication of paper-based electrochemical

immunosensor

The  paper-based  electrochemical  sensor  was  fabricated
in the following four steps as described by Wang and cowork-
ers[36].  First,  hydrophilic  channels  were  designed  through
PowerPoint  software.  Second,  the  designed  channel  struc-
tures were patterned on the surface of Whatman paper by us-
ing  the  Xexro  digital  wax  printer.  The  wax-patterned  paper
was  baked  at  110  °C  for  5  min,  allowing  the  wax  to  melt
again and sweep into the paper.  Third,  three electrodes were
fabricated  by  screen-printing.  The  working  and  counter  elec-
trodes were prepared by printing conductive carbon ink,  and
the  reference  electrode  was  prepared  by  printing  Ag/AgCl
ink. The screen-printing electrodes (SPEs) were baked at 80 °C
for  15 min.  Finally,  these two layers  of  paper were integrated
together with double-sided tape.

2.6.  Modification of the immunosensor

The modified paper-based electrochemical sensor was pre-
pared  according  to  the  process  shown  in Fig.  1.  First,  f-Ti3C2-
MXene was coated on the surface of the SPE, followed by dry-
ing  at  room  temperature.  Then,  60 μg/mL  anti-cTnI  was
dropped on the MXene-modified electrode and incubated for
30 min. Subsequently, 10 μL 1% BSA solution was dropped to
minimize the non-specific adsorption by blocking the remain-
ing  active  sites.  Finally,  the  immunosensors  were  stored  at
4 °C before usage.

2.7.  Electrochemical measurements

The  DPV  measurement  was  performed  in  the  range  of
–0.2  to  0.7  V,  while  the  scan  rate  of  CV  was  50  mV/s.  EIS  ex-
periments  were  performed  in  the  frequency  range  of  0.1–
10  000  Hz  and  AC  amplitude  of  5  mV.  The  electrochemical
tests  were  performed  in  a  mixed  solution  of  0.1  mol/L  KCl
and 0.005 mol/L K3[Fe(CN)6]. The electrochemical detection, se-
lectivity,  and repeatability tests were performed in a PBS buf-
fer  (0.01  mol/L,  pH  =  7.4)  containing  K3[Fe(CN)6]/K4[Fe(CN)6]
(0.005 mol/L) and KCl (0.1 mol/L).

3.  Result and discussion

3.1.  Characterization of MXene nanosheets

The  Ti3C2-MXene  was  prepared  by  etching  the  Al  layers
in  the  MAX  (M  =  metal,  A  =  Al,  X  =  C  or  N)  precursor  in  a
mixed  solution  of  hydrochloride  (HCl)  and  lithium  fluoride
(LiF).  The obtained MXene nanosheets were well  dispersed in
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aqueous  solution,  and  the  color  of  the  suspension  was  dark
green  (Fig.  2(a)).  The  obtained  Ti3C2-MXene  nanosheet  was
thin  and  highly  transparent  to  the  electron  beam  in  the  TEM
image (Fig. 2(b)). From the X-ray diffraction (XRD) pattern, the
(104) peak of the MAX phase disappeared and the (002) peak
left-shifted  for  2.9  degrees  (Fig.  2(c)),  suggesting  that  the
Ti3C2-MXene was successfully prepared. As shown in the atom-
ic  force  microscopy  (AFM)  image  (Fig.  2(d)),  the  thickness  of
the MXene nanosheets was only 4 nm, indicating that the ob-
tained  MXene  nanosheets  were  only  a  few  atomic  layers
thick.  Moreover,  the  Fourier  transform  infrared  (FT-IR)  spec-
tra  of  the  pristine  MXene  and  f-MXene  (Fig.  S1)  were  com-
pared  to  investigate  the  salinization  of  Ti3C2-MXene  with
APTES.  The  bands  at  567  and  1633  cm–1 were  presented  in

the  Ti3C2-MXene  sample,  and  these  two  bands  are  ascribed
to the vibration modes of the Ti–O and C=O bonds[25]. In the sa-
linized MXene sample, the characteristic peaks of APTES were
observed  at  1100,  1618,  2942,  and  2885  cm–1,  indicating  the
successful salinization of Ti3C2 MXene[37, 38].

3.2.  Electrochemical characteristics of the modified

electrodes

The  synthesized  MXene  sheets  were  functionalized  with
APTES and then adsorbed on the paper-based SPEs. The inter-
facial  properties  of  the  modified  electrodes  were  character-
ized  by  EIS.  The  impedance  spectrum  comprises  a  semicircu-
lar and a linear portion. The semicircular diameter at high fre-
quency corresponds to the value of the charge transfer resist-
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Fig. 1. (Color online) Schematic diagram illustrating the fabrication of the paper-based cTnI immunosensor and their usage in detection of cTnI.
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Fig. 2. (Color online) Characterizations of MXene. (a) Scheme showing the crystal structure of the MXene and a photograph of the colloid solu-
tion of the MXene. (b) TEM image of the MXene. (c) XRD patterns of the etched MXene (black line) and original MAX phase (red line). (d) AFM im-
age of the Ti3C2 MXene. The insert is the line profile of the white line in (d).

Journal of Semiconductors    doi: 10.1088/1674-4926/42/9/092601 3

 

 
L Wang et al.: A MXene-functionalized paper-based electrochemical immunosensor ......

 



ance (Rct),  while  the  slope of  the  linear  part  at  low frequency
corresponds  to  the  value  of  the  diffusion  resistance[39].  The
changes of Rct in the modified electrodes were monitored to il-
lustrate  the  adsorption  of  the  antibody. Fig.  3(a) shows  the
characteristic  EIS  spectra  corresponding  to  the  sequential
modification  of  the  electrodes.  Compared  with  that  of  pure
SPEs,  the  impedance  spectra  of  the  MXene/SPEs  showed  a
much smaller  semicircle  radius,  suggesting that  the  excellent
conductivity  of  MXene  nanosheets  is  beneficial  to  the  elec-
tron  transfer  between  the  electrolyte  and  the  interface.  The
Rct value increased after modification of the f-MXene/SPEs sur-
face  with  capture  antibodies.  The  formation  of  the  antibody
layer  on  the  f-MXene/SPE  impedes  the  electron  transfer
between  the  redox  probe  ([Fe(CN)6]3–/4–)  and  electrode  sur-
face.  Then,  the Rct was  further  increased  after  the  modifica-
tion  with  bovine  serum  albumin  (BSA).  A  significant  increase
in Rct was  noticed after  the bounding of  target  cTnI  onto the
capture  antibody-modified  f-MXene/SPEs,  suggesting  that
the anti-cTnI and target cTnI have bonded successfully on the
electrode  surface. C–V curves  of  the  different  biomolecule-
modified  electrodes  were  also  acquired. Fig.  3(b) shows  that
the  peak  current  gradually  decreases  with  the  layer-by-layer
modification of the electrode, which is consistent with the res-
ults  of  EIS.  These  results  demonstrate  a  successful  modifica-
tion of the SPEs in the paper-based immunosensor.

3.3.  Optimization of the immunoassay

To  achieve  the  best  analytical  performance,  the  fabrica-
tion of  the MXene-modified paper-based electrochemical  im-
munosensor  was  optimized  by  tuning  the  pH  value,  anti-
body immobilization period, and PBST washing times. The pH
value  of  buffer  influences  the  properties  of  a  biosensor
greatly,  due to  the fact  that  the antibody may be inactivated
in  acidic  or  alkaline  conditions[40].  The  pH  value  of  the  buffer
was  chosen  in  the  range  of  5.5  to  9,  and  the  electrochemical
detections were performed. Optimal current response was ob-
tained  at  pH  value  of  7.4  (Fig.  4(a)).  Therefore,  the  sub-
sequent  tests  were  performed  in  PBS  with  a  pH  value  of  7.4.
Besides,  the appropriate antibody immobilization period is  of
great  importance,  since a short  immobilization period will  in-

crease  many  unspecific  sites,  which  will  cause  an  undesired
background,  while  a  long immobilization period will  increase
the  detection  time.  The  peak  current  evidently  decreased
with the increase of immobilization period from 10 to 30 min
(Fig.  4(b)).  After  30  min  of  antibody  immobilization,  the  peak
current tended to become flat. Therefore, 30 min was the op-
timal  antibody  immobilization  period.  PBST  washing  times
will  affect  the  sensing  accuracy  of  the  cTnI  sensor.  The  ex-
cess biological samples may be attached to the working elec-
trode  via  physical  adsorption,  which  may  interfere  with  the
highly  selective  cTnI  sensing.  Therefore,  the  excess  biological
samples  need  to  be  removed  by  multiple  washing.  Within
three  times  of  washing,  the  change  of  peak  current  during
sensing decreased, implying the unspecific binding of antibod-
ies  on  the  working  electrode.  However,  with  the  washing
times further increased, the peak current almost remained un-
changed (Fig.  4(c)).  Hence,  three times was considered as the
optimal PBST washing time.

3.4.  Electrochemical detection of cTnI

In  optimal  conditions,  the  obtained  immunosensor  was
used for the detection of cTnI at different concentrations, and
the  results  were  evaluated  by  DPV.  The  intensity  of  the  peak
DPV current  decreased linearly  with  the  increase  in  cTnI  con-
centration  within  the  range  of  5–100  ng/mL,  and  a  low  LOD
of  0.58  ng/mL  was  observed  (Fig.  5(a)),  which  is  due  to  the
fact  that  the  antibody layer  forms a  barrier  layer  on the  elec-
trode,  impeding  the  electron  transfer  between  the  redox
probe  ([Fe(CN)6]3–/4–)  and  electrode  surface.  Hence,  cTnI
could be quantitatively detected by monitoring the degree of
the  decreased  peak  DPV  current.  The  linear  regression  equa-
tion  was y =  −0.06876x +  31.49  (R2 =  0.9745),  where y is  the
peak  DPV  current  and x is  the  concentration  of  cTnI.
Moreover, compared with other cTnI biosensors from Table 1,
the obtained immunosensor can achieve a relatively lower de-
tection limit, suggesting that the obtained paper-based electro-
chemical  cTnI  immunosensor  has  great  application  potential
for measuring the cTnI in clinical diagnosis.

As  a  product  made  of  natural  materials,  paper  has  been
commonly used in portable and disposable devices, owing to
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Fig. 3. (Color online) Surface modifications of the electrodes. (a) EIS of the modified electrodes measured in a mixed solution of KCl (0.1 mol/L)
and K3[Fe(CN)6] (0.005 mol/L). (b) CV of the modified electrodes, measured at a scan rate of 50 mV/s in a mixed solution of KCl (0.1 mol/L) and
K3[Fe(CN)6] (0.005 mol/L).
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its intrinsic flexibility, abundance, and low cost[44]. In addition,
paper possesses a large specific surface area and excellent ca-
pillary  effect  due  to  the  fiber-like  microstructure  of  paper[45].
Therefore,  the  paper  substrate  with  a  unique  porous  struc-
ture and high absorptivity endows our paper-based immuno-
sensor with high performance at a low cost.

3.5.  Selectivity and repeatability of the immunosensor

Selectivity  is  a  key  factor  to  ensure  the  accuracy  of  bio-
sensing. To estimate the selectivity of our paper-based immun-
osensor  to  cTnI,  non-specific  proteins  (50  ng/mL)  including
bovine serum albumin (BSA), glucose oxidase (GOx), immuno-

Table 1.   Performance comparisons of different cTnI biosensors.

Method Sensing system Sample Linear range (ng/mL) LOD (ng/mL) Ref.

Fluorimetry g-C3N4 QDs PBS 10–1000 413 [41]
Fluorimetry Aptamer PBS 5 [42]
Colorimetric immunoassay Anti-cTnI/HRP Plasma 2.4–2400 5.6 [43]
Electrochemistry Anti-cTnI/f-MXene PBS 5–100 0.58 This work

g-C3N4 QDs: graphitic carbon nitride quantum dots. DDAB: didodecyldimethylammonium bromide.
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sensor.
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Fig. 5. (Color online) Electrochemical detection of cTnI. (a) DPV responses of the immunosensor to cTnI at concentrations of 0–100 ng/mL. (b) Calib-
ration curve toward different concentrations of cTnI, error bar = standard deviation (n = 7).
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globulins  G (IgG),  α-fetoprotein (AFP),  carcinoembryonic anti-
gen  (CEA),  neuron-specific  enolase  (NSE),  human  chorionic
gonadotropin  (HCG),  and  the  mixed  solution  (including  cTnI
and these non-specific proteins) were tested for control stud-
ies. Fig.  6(a) shows  that  a  marked  decrease  in  peak  current
was  found  only  in  the  cTnI  solution  and  the  mixed  solution
containing  cTnI,  indicating  that  the  developed  immuno-
sensor has a high selectivity toward cTnI.  Additionally, the re-
producibility  of  our  immunosensor  was  further  estimated.
Five  paper-based  immunosensors  prepared  with  the  same
parameters were used to detect 50 ng/mL cTnI by DPV in the
same optimal conditions. Fig. 6(b) shows that the obtained rel-
ative  standard  deviation  (RSD)  was  only  6.3%,  suggesting  a
high reproducibility of our immunosensor.

4.  Conclusion

In summary, a label-free, highly sensitive and selective pa-
per-based  electrochemical  immunosensor  was  successfully
fabricated  by  functionalizing  SPEs  with  two-dimensional
Ti3C2-MXene  nanosheets.  The  f-MXene  nanosheets  improve
the conductivity of the SPEs greatly and also facilitate the im-
mobilization  of  antibodies.  Therefore,  the  sensitivity  of  the
sensor  was  largely  improved.  The  immunosensor  exhibited
high  sensitivity  and  selectivity  towards  cTnI  within  the  range
of  5–100  ng/mL.  A  low  LOD  of  0.58  ng/mL  was  achieved.
Moreover,  the  sensor  also  showed  high  repeatability.  Owing
to  the  advantages  of  low  cost,  fast  response,  high  selectivity
and sensitivity, our MXene-functionalized paper-based immun-
osensor demonstrates a great potential in label-free determina-
tion  of  cTnI  in  clinical  diagnosis.  Moreover,  the  inexpensive
and  environment-friendly  nature  of  paper,  as  well  as  the
simple fabrication procedure, make our paper-based immuno-
sensor a promising candidate for green and flexible next-gen-
eration electronics.
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