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Abstract: This  study  introduced  an  electrochemical  sensor  for  the  rapid,  sensitive,  and  accurate  detection  of  ciprofloxacin  (CIP).  The
sensor  utilized  a  screen-printed  carbon  electrode  (SPCE)  modified  with  Pd@Nb2C  nanocomposites,  which  were  prepared  through  the
in-situ reduction of palladium nitrate on Nb2C nanosheets, resulting in a uniform distribution of Pd nanoparticles. Subsequently, they were
drop-coated  onto  the  SPCE  surface,  forming  a  Pd@Nb2C/SPCE  electrochemical  sensing  platform.  The  electrochemical  analysis
demonstrated  the  excellent  electrochemical  performance  of  the  sensor.  Pd@Nb2C/SPCE  showed  a  consistent  linear  correlation  between
redox peak current (IP) and CIP concentration (cCIP) in the range of 10–150 μmol/L, boasting a detection limit of 3 μmol/L. Notably, this
technique tracked CIP in  both whole  and skimmed milk,  achieving a  high recoveries  of  96.36%–105.40% (n =  3).  Moreover,  the  sensor
exhibited  exceptional  selectivity  towards  CIP,  remaining  unaffected  by  various  interferences  such  as  sulphonamide,  amoxicillin,
tetracycline, and chloramphenicol. These findings hold enormous promise for enabling real-time and rapid monitoring of CIP in milk.
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1    Introduction
The  milk,  globally  renowned  for  its  rich  nutritional  content
including protein, carbohydrates, fats, and vitamins, plays a pivotal
role  in  promoting  human  health  across  all  age  groups[1−2].
Ciprofloxacin  (CIP),  a  potent  quinolone  antibiotic,  demonstrates
significant  antibacterial  activity  against  both  Gram-positive  and
Gram-negative  bacteria[3].  In  animal  husbandry,  administered
through intravenous injection or added to feed, it finds widespread
applications  in  the  prevention  and  treatment  of  diseases  among
dairy cows[4]. However, the improper use of CIP by unethical dairy
farmers has led to the presence of CIP residues in milk, which poses
various  health  risks  to  humans,  such  as  poisoning  and  allergic
reactions[5−6].  To  safeguard  human  life  and  health,  numerous
countries  have  established maximum residue limit  (MRL) for  CIP
in  animal-derived  foods[7].  Consequently,  it  is  crucial  to  develop
accurate  assays  for  CIP  detection.  Current  detection  methods  for
CIP  include  high  performance  liquid  chromatography[8],  capillary
electrophoresis[9],  and liquid chromatography-mass spectrometry[10].
While  these  methods  offer  sensitivity  in  detection,  they  have
limitations  such  as  the  requirement  for  specialized  and  costly
equipment, as well as complex sample pre-treatment processes[11−12].
These  challenges  impede  the  attainment  of  real-time  and  rapid
detection  of  CIP.  Electrochemical  methods  offer  numerous
advantages  over  traditional  detection  techniques  for  detecting  and
quantifying  CIP.  These  benefits  encompass  simplicity,  rapidity,
excellent  selectivity,  high  sensitivity,  and  cost-effectiveness[13].

However, it is crucial to acknowledge that electrochemical detection
using  traditional  electrodes  may  face  interference  from  biological
factors  and  lead  to  poor  detection  stability  due  to  electrode
passivation[14−16].  In  the  domain  of  electrochemical  analysis,  the
adoption  of  nanomaterial-modified  electrodes  for  electrochemical
sensing  has  gained  significant  attention  in  recent  years[17−19].
Fotouhi  et  al.[20] synthesized  multi-walled  carbon  nanotubes
(MWCNT)  and  modified  a  glassy  carbon  electrode  (GCE)  with
them to develop an electrochemical  sensor for detecting CIP.  This
method  demonstrated  validated  accuracy  and  operability,  with  a
detection  limit  of  6.0  μmol/L.  Particularly,  MXenes,  a  class  of
nanomaterials  comprising  transition  metal  carbide  and/or  nitride
nanomaterials,  have  captivated  significant  interest  within  the
scientific  community  by  their  unique  structure  and  wide-ranging
physical  and  chemical  properties[21−22].  MXenes  possess  a  layered
structure,  exceptional  conductivity,  and  environmentally  friendly
characteristics[23],  rendering  them  versatile  across  various  domains
including energy storage, environmental remediation, biomedicine,
and electrochemical sensing, among others[24−26]. The primary source
of  MXenes  originates  from  the  ternary  precursor  material  MAX
phase, which is obtained by selectively etching the A layer. Here, M
represents the early transition metal, A denotes the elements in the
13th or  14th group,  and  X  signifies  C  and/or  N.  The  standardized
formula  for  the  chemical  composition  of  MXenes  is  Mn +  1XnTx
(n =  1–4),  where  Tx represents  surface-terminating  functional
groups  (such  as  hydroxyl,  fluorine,  oxygen,  and  chlorine),  formed
during  the  etching  process[27].  Currently,  theoretically,  over  200
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potential  methods for producing MXenes have been anticipated[28].
In  recent  years,  there  has  been  a  significant  surge  in  academic
research  focusing  on  Nb2C,  a  substantial  subgroup  within  the
MXenes  family.  The  intriguing  physicochemical  properties  and
distinct  magnetic  characteristics  of  this  metal  carbide  offer
abundant  opportunities  for  investigation[29].  Surface  modification
has emerged as a successful approach to stabilize MXenes, as their
standalone  utilization  for  electrochemical  sensing  often  lacks
stability[30−31].  To  improve  the  electrochemical  properties  of  Nb2C,
Arif  et  al.[32] synthesized  a  Nb2C/ZnS nanocomposite,  then  applied
this  composite  onto  a  GCE  for  the  electrochemical  detection  of
dopamine.  The  resulting  electrochemical  sensor  exhibited  a  low
detection  limit,  high  sensitivity,  and  excellent  selectivity  toward
dopamine.  The  stabilized  Pd/MXene  complexes  have  also  been
used for highly sensitive electrochemical detection[33−34]. In this study,
an  electrochemical  sensor  for  detecting  CIP  (Figure  1)  was
developed  using  Pd@Nb2C  nanocomposites.  The  synthesis  of
Pd@Nb2C  involved  three  steps:  hydrofluoric  acid  etching,
tetrapropylammonium  hydroxide  (TPAOH)  intercalation,  and
palladium  nitrate  self-reduction.  The  resulting  material  was  drop-
cast  onto  screen-printed  carbon  electrode  (SPCE)  to  create  a
Pd@Nb2C/SPCE  electrochemical  sensor[14,27].  CIP  underwent
oxidation on the  SPCE surface,  leading to  an increase  in  its  redox
peak  current  (IP).  Square  wave  voltammetry  (SWV)  was  used  to
detect CIP, confirming a linear relationship between IP and the CIP
concentration (cCIP).
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Figure 1    Fabrication  technology  of  Pd@Nb2C/SPCE  sensing  platform  and  its
application in CIP detection. PBS, phosphate buffer solution.
  

2    Materials and methods
 

2.1    Materials
Nb2AlC was obtained from Jiangsu XFNANO Materials Tech Co.,
Ltd.  (Nanjing,  China).  CIP,  lactose  (LAC),  and  hydrofluoric  acid
(HF)  aqueous  solution  (40%)  were  supplied  by  Shanghai  Macklin
Biochemical  Co.,  Ltd.  (Shanghai,  China).  Potassium
hexacyanoferrate  (II)  trihydrate,  disodium  hydrogen  phosphate
dodecahydrate,  and sodium phosphate  monobasic  dehydrate  were
procured  from  Tianjin  Yongda  Chemical  Reagent  Co.,  Ltd.
(Tianjin,  China).  The  analytically  pure  KCl,  NaCl  and CaCl2 were
supplied  by  Sinopharm  Chemical  Reagent  Co.,  Ltd.  (Shanghai,
China).  Potassium  ferricyanide,  palladium  nitrate  dehydrate
(Pd(NO3)2·2H2O),  sulfanilamide  (SUL),  chloramphenicol  (CHL),
amoxicillin  crystalline  (AMO),  tetracycline  (TET),  and  TPAOH
aqueous  solution  (25%)  were  purchased  from  Shanghai  Yien
Chemical  Technology  Co.,  Ltd.  (Shanghai,  China).  Milk  samples

were  commercially  available  Yili  whole  and  skimmed  milk.  All
chemical  reagents  and  pharmaceuticals  were  used  as  received  and
did  not  have  to  be  purified  again.  Deionised  (DI)  water  was  used
during the whole experiment. 

2.2    Apparatus
Scanning electron microscope (SEM) images were obtained using a
Zeiss  Gemini  SEM  300  field  emission  SEM  (Jena,  Germany).
Transmission  electron  microscope  (TEM)  images  were  captured
using  a  Hitachi  HT7700  TEM  (Tokyo,  Japan).  Fourier  transform
infrared  (FTIR)  spectra  were  obtained  using  a  PerkinElmer  FTIR
spectrometer  (Akron,  Ohio,  USA).  X-ray  diffraction  (XRD)
analyses of powder samples were performed using a Rigaku Ultima
IV  diffractometers  (Tokyo,  Japan)  equipped  with  graphitized
monochromatic  Cu  Kα  radiation.  X-ray  photoelectron
spectroscopy  (XPS)  procedures  were  performed  on  the  Thermo
Scientific  Kα  X-ray  photoelectron  spectrometer  (Waltham,  MA,
USA). Cyclic voltammetry (CV) and SWV electrochemical spectra
were  acquired  at  the  CHI-1080C  electrochemical  workstation
(Shanghai,  China).  Electrochemical  impedance  spectra  (EIS)  were
measured by the CHI-760E electrochemical workstation (Shanghai,
China).  All  electrochemical  experiments  were  accomplished  using
modified SPCE based on a three-electrode system. 

2.3    Preparation of Pd@Nb2C nanocomposites
Nb2AlC  powder  (2.5  g)  was  immersed  in  15  mL  of  40%  HF
aqueous  solution  and  allowed  to  react  at  the  appropriate
temperature  for  48  h.  After  the  etching  process,  the  sample  was
washed multiple times in DI water, centrifuged at 4 000 r/min until
the  pH reached  approximately  5.5,  and  then  filtered  to  obtain  the
multilayered Nb2C.  The  collected  powder  was  dispersed in  15  mL
of 25% TPAOH solution and agitated vigorously at 25 ℃ for 72 h.
Afterward,  the  sample  was  washed  in  DI  water  and  centrifuged
three times at 12 000 r/min. The powder was then dissolved in DI
water  and  centrifuged  at  3  500  r/min  to  obtain  the  Nb2C  colloid.
The  Nb2C  nanosheets  were  obtained  through  lyophilization.
Initially,  Nb2C  powder  (15  mg)  was  homogeneously  mixed  with
30  mL  of  DI  water  and  sonicated  for  10  min.  Subsequently,
1  mg/mL  Pd(NO3)2·2H2O  solution  was  added  to  the  Nb2C
dispersion  to  achieve  an  overall  starting  loading  of  20%  (m/m)  of
Pd onto Nb2C. The mixture was sonicated for 20 min followed by
constant agitation at room temperature for 24 h. After the reaction,
the mixture was washed in DI water, and centrifuged three times at
12  000  r/min,  followed  by  freeze-drying  to  produce  Pd@Nb2C
nanocomposites. 

2.4    Preparation of Pd@Nb2C/SPCE
Pd@Nb2C  was  uniformly  dispersed  in  anhydrous  ethanol  in  the
appropriate  quantity.  A  4  μL  portion  of  the  mixture  was  then
drop-cast onto the SPCE surface and left to cure in the air to create
the electrochemical sensing platform based on Pd@Nb2C/SPCE. 

2.5    Electrochemical experiments
A  series  of  electrochemical  experiments,  including  CV,  EIS,  and
SWV  were  conducted  using  Pd@Nb2C/SPCE,  Nb2C/SPCE,  and
bare SPCE concurrently. For CV and EIS measurements, both bare
SPCE  and  modified  SPCE  were  transferred  into  5  mmol/L
[Fe(CN)6]3–/4– within 0.1 mol/L KCl. SWV was employed to explore
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the  optimal  pH  for  electrochemical  sensing  of  CIP  by  the
Pd@Nb2C/SPCE sensor in the presence of 0.1 mmol/L CIP in PBS
at various pH levels. SWV profiles were recorded under the optimal
conditions in PBS containing different concentrations of CIP using
the  Pd@Nb2C/SPCE  electrochemical  sensing  platform.  A  linear
curve  was  then  plotted  between IP and cCIP.  The  selectivity  of
Pd@Nb2C/SPCE for CIP needed to be assessed due to the complex
composition  of  milk  and  the  possible  presence  of  other
contaminating  residues.  The  SWV profile  of  0.1  mmol/L  CIP was
determined  using  the  Pd@Nb2C/SPCE  sensor  under  optimal
detection  conditions,  the  interferences  of  Na+,  Ca2+,  LAC,  SUL,
CHL,  TET,  and  AMO  at  a  concentration  of  10  μmol/L  in  CIP
detection  were  investigated.  Furthermore,  the  stability  of  the
electrochemical sensors was evaluated by measuring the CV signals
several  times  consecutively  in  [Fe(CN)6]3–/4– buffer  and  the  SWV
signals  several  times  consecutively  in  PBS  containing  0.1  mmol/L
CIP (at optimal pH). 

2.6    Real sample preparation
The practical utility of Pd@Nb2C/SPCE electrochemical sensors was
evaluated  for  detecting  CIP  in  actual  milk  samples.  Initially,
proteins  in  the  milk  samples  were  eliminated  using  anhydrous
ethanol,  followed  by  the  removal  of  excess  ethanol  via  rotary
evaporation.  The  treated  milk  was  then  diluted  tenfold  with  PBS,
and  various  concentrations  (10,  50,  100  μmol/L)  of  CIP  were
introduced for analysis. 

2.7    Statistical analysis
The ZView software (Scribner Associates Inc., USA) was used to fit
the  equivalent  characteristic  parameters  of  impedance.  The Origin
2023b  (Origin  Lab  Co.,  Northampton,  MA,  USA)  was  used  to
analyze  the  data  and  draw  the  line  chart.  Each  indicator
measurement  was  repeated  three  times,  and  the  value  was
expressed as mean ± standard deviation. 

3    Results and discussion
 

3.1    Micro-morphological characterization of nanocomposites
The  synthesized  nanomaterials  were  characterized  to  determine
their  microscopic  morphology  using  SEM  and  TEM.  Nb2C  was
obtained by immersing the precursor Nb2AlC in HF, leveraging the
remarkably  high  stability  of  the  Nb–C  bond[35].  SEM  images  of
Nb2AlC  before  and  after  HF  etching  are  presented  in Figures  2A
and B.  The  presence  of  a  lamellar  structure  characteristic  of
MXenes  is  visible  in Figure  2B,  indicating  the  successful  and
selective  removal  of  the  Al  layer  from  the  MAX  phase  by  HF.
Under vigorous stirring, continuous ion exchange between protons
(H+)  and  tetrapropylammonium  ions  (TPA+)  facilitated  the
expansion and delamination of the multilayered Nb2C[36]. Figure 2C
displays  the  exfoliated  nanosheets  with  transparent  features,
confirming  their  ultrathin  characteristics.  Nb2C  nanosheets  served
as both substrate and reducing agent, enabling the self-reduction of
Pd(NO3)2 and  Pd  nanoparticle  deposition  on  the  surface  of  the
material,  forming  Pd@Nb2C[37].  As  illustrated  in Figure  2D,
well-dispersed  spherical-like  Pd  nanoparticles  were  present  on  the
surface of the Nb2C nanosheets, attributed to the reduction of metal
ions by the active groups on Nb2C. 

3.2    Spectral characterization of nanocomposites
Figure  3A presents  the  FTIR  spectra  corresponding  to  the  three
materials. Initially, the bands in the Nb2AlC spectrum were limited,
but  they  became  more  prominent  after  etching,  indicating  the
emergence  of  surface-terminating  functional  groups  during  this
process[38].  The bands at  593 and 1 616 cm–1 were attributed to the
Nb–C  and  C=C  structures  in  Nb2C,  respectively[39].  Additionally,
bands associated with the etching process  included the C–H band
at  2  972  cm–1,  the  C=O band at  1  724  cm–1,  and  the  C–F band at
1  083 cm–1.  The band at  1  622 cm–1 in  the  spectrum of  Pd@Nb2C
resulted from the combined effect of C=O and Pd nanoparticles[40].

Figure  3B displays  the  XRD  spectra  of  Nb2AlC,  Nb2C,  and
Pd@Nb2C.  The  XRD  diffractogram  of  Nb2AlC  matched  the
previously reported profile (JCPDF No. 030-0033)[41]. After etching,
the  characteristic  peak  at  2θ 38.9°  corresponding  to  Al  was  nearly
completely eliminated. Moreover, the intensity of the (002) peak at
2θ 12.76° was diminished and shifted to a lower angle of 7.14° due
to  a  significant  increase  in  the  C  lattice  parameter.  This  change
indicated an expansion of the layer spacing and a separation of the
lamellae[42].  In  the  XRD  spectrum  of  Pd@Nb2C,  the  characteristic
peaks  for  (111),  (200),  and  (220)  at  2θ 40.14°,  46.22°,  and  67.88°,
respectively,  corresponded  to  Pd  nanoparticles  on  the  surface  of
Nb2C  nanosheets[43].  The  position  of  the  (002)  peak  remained
unchanged  suggesting  no  influence  of  Pd  nanoparticles  on  the
structural properties of the nanosheets.

To  further  investigate  the  characteristics  of  the  material,  XPS
spectroscopy was conducted (Figure 3C). The results indicated that
etching  significantly  amplified  the  signal  intensity  of  the  Nb
element  while  nearly  eliminating  the  signal  of  the  Al  element[44].
Furthermore,  the  presence  of  the  characteristic  peak  of  Pd  3d,
absent  in  Nb2C,  in  the  XPS spectrum of  Pd@Nb2C suggested that
the Pd nanoparticles were effectively attached to the few-layer Nb2C
nanosheets.  The  XPS  spectrum  of  Nb  3d  is  shown  in Figure  3D.
The  bands  observed  at  binding  energies  of  214.63  and  211.98  eV
were identified as  Nb 3d3/2 and Nb 3d5/2 orbitals,  respectively.  The
distinct valence states of Nb were attributed to oxidation during the
etching  process,  while  the  remaining  bands  were  attributed  to  Nb
binding with surface functional groups[45]. 
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Figure 2    SEM images of (A) Nb2AlC and (B) multilayered Nb2C, TEM images
of (C) Nb2C nanosheets and (D) Pd@Nb2C.
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3.3    Electrochemical performances of Pd@Nb2C/SPCE
The  efficacy  of  the  nanocomposite  electrodes  was  evaluated
through the measurement of the EIS and CV curves. The electrodes
exhibited  distinctive  redox  peaks,  as  illustrated  in Figure  4A.
Notably,  the  peak  current  intensity  of  Pd@Nb2C/SPCE  surpassed
that  of  Nb2C/SPCE  and  SPCE.  This  observation  suggested  the
synergistic  effect  between  the  Pd  nanoparticles  and  Nb2C

nanosheets  in  enhancing  the  electrical  conductivity  of  Nb2C.  Pd
nanoparticles are known to improve the rate of charge transfer and
the  sensitivity  of  electrochemical  detection.  Furthermore,
Pd@Nb2C/SPCE exhibited the highest oxidation peak current in the
CV detection of CIP (Figure S1).  During this process,  the H atom
on the  CIP  piperazine  ring  attached  to  N underwent  oxidation  to
form  a  hydroxyl  group[46],  leading  to  electron  transfer  and  the
generation  of  an  oxidation  characteristic  peak.  In  addition,  the
presence  of  asymmetric  peaks  showed  the  reversibility  of  the  CIP
oxidation process.
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Figure 4    (A) Cyclic voltammograms and (B) Nyquist plots of various modified
electrodes in 0.1 mol/L KCl with 5 mmol/L [Fe(CN)6]3–/4–.
 

The Nyquist  plots  for  Pd@Nb2C/SPCE,  Nb2C/SPCE,  and SPCE
are  shown  in Figure  4B.  The  charge-transfer  resistance  (Rct)  is
indicated by the diameter of the Nyquist semicircle, where a larger
diameter  reflects  a  higher  resistance  to  charge  transfer[47].  Notably,
Pd@Nb2C/SPCE had the  smallest  diameter,  suggesting  the  highest
conductivity and the smallest resistivity. The results were consistent
with  the  CV  detection  data,  reinforcing  the  superior
electrochemical performance of the nanocomposite electrodes. 

3.4    Electrochemical sensing of CIP
The optimal pH for CIP electrochemical detection was determined
to  be  7.0  (Figure  S2).  Using  the  Pd@Nb2C/SPCE  electrochemical
sensor,  the  SWV  curves  of  various  CIP  concentrations  were
obtained  at  this  pH.  In Figure  5A,  the  intensity  of IP increased  as
cCIP was  progressively  raised  from 10  to  150  μmol/L.  Additionally,
an analytical curve was constructed between IP and cCIP (Figure 5B).
The curve displayed a strong linear relationship (IP = 0.062 9cCIP +
0.344 1 (R2 = 0.996 0)).  With a signal-to-noise ratio (RSN) of 3,  the
limit  of  detection  (LOD)  was  estimated  to  be  approximately
3 μmol/L, indicating that the high sensitivity of the Pd@Nb2C/SPCE
for the detection of CIP. 

 

(A)

(B)

(C)

(D)

Pd@Nb2C

Pd@Nb2C

Nb2AlC

Nb2C

Nb2C

Nb2AlC

Pd@Nb2C

Nb2AlC

Nb2C

3d5/2

3d3/2

Nb (V)

Nb–C

Nb–N
Nb–O

C=O (Pd)

Nb–C

Nb–C

C–FC=CC–H
C=O

4 000 3 500 3 000 2 500 2 000
Wavenumber (cm−1)

2θ (°)

1 500 1 000 500

(111)

(002)

(100)
(110)

(200) (220)

10

0 200 400 600
Binding energy (eV)

800 1 000

216 212214 210 208
Binding energy (eV)

206 202204

20 30 40 50 60 70 80

Pd 3d

Nb 3d

Al 2p

C 1s

Figure 3    (A) FTIR spectra, (B) XRD patterns, and (C) full-scan XPS spectra of
Nb2AlC, Nb2C, and Pd@Nb2C. (D) High resolution XPS spectrum of Nb 3d.
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3.5    Selectivity and stability of Pd@Nb2C/SPCE platform
The  current  response  for  CIP  changed  by  approximately  5%  for
each  interferent  (Figure  6).  When  all  interferents  and  CIP
(0.1  mmol/L)  were  mixed,  the  electrical  signal  response  closely
resembled  that  of  CIP  alone.  These  results  suggested  strong
selectivity of the constructed sensor for CIP.
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Figure 6    Interference studies of CIP in the presence of different substances with
concentration levels of 0.1 mmol/L for CIP and 10 µmol/L for the interferents.
 

To  assess  the  stability  of  the  sensor,  15  consecutive
measurements of 5 mmol/L [Fe(CN)6]3–/4– were performed using the
CV method, and 15 consecutive measurements of 0.1 mmol/L CIP
were  performed  using  the  SWV  method.  Throughout  this  series,
both  the  CV  and  SWV  signals  remained  steady  (Figure  S3),
suggesting excellent  consistency in the detection process  facilitated
by Pd@Nb2C/SPCE. 

3.6    Determination  performance  of  Pd@Nb2C/SPCE  in
real samples
Pd@Nb2C/SPCE  was  employed  to  assess  the  utility  of  this
electrochemical  sensor  in  detecting  CIP  in  real  milk  samples,
including whole and skimmed milk. Using the linear curve between
IP and cCIP, different concentrations of CIP (10, 50, and 100 μmol/L)
were added to the samples to evaluate the level of CIP in the spiked
milk samples. As presented in Table 1, the measured and spiked cCIP
values  exhibited  a  high  degree  of  similarity,  with  good  recoveries
(96.36%–105.40%)  and  low  relative  standard  deviations
(0.83%–3.59%) (n =  3).  The  results  underscoreed the  capability  of
Pd@Nb2C/SPCE in monitoring CIP in milk with high utility.
 
 

Table 1    Determination results of CIP in milk samples using Pd@Nb2C (n = 3).

Sample Spiked level
(μmol/L)

Detected value
(μmol/L)

Average spiked
recovery (%)

Relative
standard

deviation (%)

Whole
milk

10 9.68 ± 0.14 96.84 1.45
50 52.70 ± 0.44 105.40 0.83

100 96.36 ± 1.41 96.36 1.46

Skimmed
milk

10 10.42 ± 0.14 104.18 1.34
50 50.51 ± 1.81 101.03 3.59

100 98.37 ± 1.29 98.37 1.31

Note: Detected value is expressed as mean ± standard deviation.
 

The  developed  electrochemical  sensing  platform  for  CIP
detection,  utilizing  Pd@Nb2C/SPCE,  was  benchmarked  against
previous  studies  reported  in  the  literature  on  electrochemical
approaches  for  CIP  monitoring  (Table  S1).  This  study
demonstrated  sensitivity  with  a  limit  of  detection  comparable  to
other  electrochemical  sensors  documented  in  existing  literature.
Moreover,  the  linear  range  of  the  approach  was  broad.  It  is
important  to  highlight  that  the  low  manufacturing  cost  of
Pd@Nb2C  nanocomposites,  along  with  their  ease  of  electrode
modification  and  excellent  selectivity  for  target  monitoring,
rendering  them  promising  options  for  application  in  real-world
samples. 

4    Conclusion
In this study, a novel Pd@Nb2C nanocomposite electrode serving as
an  electrochemical  sensing  platform  for  rapid  and  accurate  CIP
monitoring in both whole  and skimmed milk was developed.  The
technique  offered  a  detection  limit  of  3  μmol/L  and  a  wide  linear
range  (10–150  μmol/L).  Additionally,  the  Pd@Nb2C/SPCE
demonstrated resilience against potential interfering substances and
exhibited  exceptional  selectivity  for  CIP.  High  recoveries  and  low
relative standard deviations underscored the reliability of the sensor
in detecting CIP residues in milk. 
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Appendix A. Supplementary data
Supplementary data associated with this article can be found in the
online version, at https://doi.org/10.26599/FSAP.2025.9240097.
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