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A B S T R A C T   

Detecting overexpression of cancer biomarkers is an excellent tool for diagnostic/prognostic and follow-up of 
patients with cancer or their response to treatment. This work illustrates the relevance of interrogating the levels 
of T-cell immunoglobulin and mucin domain 1 (TIM-1) protein as a diagnostic/prognostic biomarker of high- 
prevalence breast and lung cancers by using an amperometric disposable magnetic microparticles-assisted 
immunoplatform. The developed method integrates the inherent advantages of carboxylic acid-functionalized 
magnetic beads (HOOC-MBs) as pre-concentrator support and the amperometric transduction at screen- 
printed carbon electrodes (SPCEs). The immunoplatform involves a sandwich-type immunoassay assembled on 
HOOC-MBs through the specific capture/labeling of TIM-1 using capture antibodies and horseradish peroxidase 
(HRP)-conjugated biotinylated detection antibodies as biorecognition elements. The magnetic immunoconju
gates were confined onto the working electrode (WE) surface of the SPCEs for amperometric detection using the 
hydroquinone/hydrogen peroxide/HRP (HQ/H2O2/HRP) redox system. The method allows the selective detec
tion of TIM-1 protein over the 87–7500 pg mL− 1 concentration range in only 45 min, with a limit of detection of 
26 pg mL− 1. The developed bioplatform was successfully applied to the analysis of breast and lung cancer cell 
extracts, providing the first quantitative results of the target glycoprotein in these types of samples.   

1. Introduction 

T-cell immunoglobulin and mucin domain 1 (TIM-1), also called 
hepatitis A cellular receptor 1 (HAVcR1), and kidney injury molecule 1 
(KIM-1), is a mucin-like class I integral membrane glycoprotein. TIM-1 
encodes a 359-amino acids membrane protein containing a putative 
signal sequence (residues 1–20), an N-terminal cysteine (Cys)-rich 
immunoglobulin G-like (IgG-) domain, a mucin-like domain (residues 
130–205), a transmembrane domain (residues 291–311), and a 50- 
amino acid long cytoplasmic tail that contains tyrosine phosphoryla
tion motifs involved in transmembrane signaling [1,2]. TIM-1 has 

multiple functions associated with susceptibility to kidney injury [3–5], 
atopic (e.g., asthma and allergy) and autoimmune diseases (e.g., rheu
matoid arthritis) [6–8], infections (e.g., caused by hepatitis C virus, 
human immunodeficiency (HIV) virus, hepatitis A virus, and Heli
cobacter pylori bacterium) [1,9–11], and cancer (e.g., bladder, chol
angio, head and neck, colorectal, gastric, kidney, liver, lung 
adenocarcinoma, breast, skin, uterine corpus endometrial, and pancre
atic) [12–16]. 

TIM-1 is a critical protein in cancer biology due to its heterogeneity, 
but few studies address the role of TIM-1 in tumorigenesis. Some authors 
reported that TIM-1 has a function in regulating tight junctions (TJs) of 
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human endothelial cells [17] and that overexpression of TIM-1 causes 
the TJ structures to lose cohesiveness, making cancer cells invasive and 
ultimately resulting in metastasis [12]. TIM-1 has also been reported to 
block cell differentiation and its overexpression to increase the inci
dence of infection and promote susceptibility to cancer [12]. More 
recently, TIM-1 has been showed to be cleaved proximal to the plasma 
membrane, releasing the TIM-1 ectodomain, which may have impor
tance in angiogenesis via the activation of the interleukin 6/signal 
transducer and activation of the transcription 3/hypoxia-inducible fac
tor 1-alpha (IL-6/STAT3/HIF-1α) pathway [13]. Therefore, TIM-1 
emerges as a promising cancer biomarker associated with susceptibil
ity, tumor growth, and progression [12,14,16]. Moreover, in those 
cancers where the TIM-1 ectodomain is not shed in the urine, it may be 
in circulation, enabling TIM-1 to be a biomarker for the non-invasive 
diagnosis of multiple cancers. Remarkably, studies have indicated that 
the overexpression of TIM-1 is associated with a low overall survival 
(OS) rate in non-small-cell lung carcinoma (NSCLC) [14] as well as the 
TIM-1 clinical relevance for predicting invasive breast cancers [18]. 
Therefore, the TIM-1 diagnostic and prognostic value in these types of 
cancers make its detection imperative. 

Different methods have been reported for detecting TIM-1 related to 
kidney injury and as a urine biomarker. These include high electron 
mobility transistor (HEMT) [19], enzyme-linked immunosorbent 
(ELISA) [20], immunochromatographic lateral flow [19], 
microsphere-based Luminex xMAP- [21], miniaturized nuclear mag
netic resonance [22], and optical [23–25], photoelectrochemical [26], 
and electrochemical [27–30] biosensors. Among them, electrochemical 
biosensors are attractive due to their high sensitivity, selectivity, 
affordability, simplicity in manufacturing and handling, and real-time 
response. More importantly, these biosensors can be miniaturized and 
integrated within multiplexed formats to simultaneously detect multiple 
tumor biomarkers in different clinical ranges or/and at different mo
lecular levels as point-of-care testing (POCT) solutions [31–33]. Indeed, 
electrochemical biosensors have been widely exploited for the deter
mination of cancer-related biomarkers, including breast and lung cancer 
[34–36], since they can exploit all the advantages of electrochemical 
methods, biosensing and nano or micromaterials/structures to improve 
the sensitivity and specificity of the resulting devices [37–39]. For 
example, magnetic particles (MBs) have been widely employed in recent 
years in electrochemical biosensing. As a multifunctional material, MBs 
overcome diffusion limitations during the biorecognition element-target 
affinity binding, enable simple and efficient sample cleanup and pre
concentration by an external magnetic field, and avoid non-specific 
adsorptions. In addition, MBs enhance the analytical performance of 
electrochemical biosensing for the detection of targets of different na
ture within a wide range of complex matrices [40–43] and show good 
storage stability after simple and reproducible modification, which 
maximizes their potential for implementation in POCT devices. 

Assuming all that mentioned above, this work takes advantage of the 
unique properties of MBs for the development of an electrochemical 
immunoplatform, competitive in terms of simplicity, short preparation 
time, and applicability to complex samples, in comparison with other 
biosensing strategies reported in the literature [26–30], which needed 
the use of nanomaterials, required multiple steps, involved lengthy 
preparation times, and were only applied to supplemented biological 
samples. 

2. Materials and methods 

2.1. Reagents and solutions 

Carboxylic acid-functionalized magnetic beads (HOOC-MBs, 2.8 μm 
Ø, 2 × 109 particles mL− 1, Dynabeads™ M − 270 carboxylic acid, Cat. 
No.: 14305D), commercial blocker™ casein solution (BB, PBS pH 7.4 
containing 1.0% w/v purified casein, Cat. No.: 37,528), and 1-(3- 
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCl) 

were purchased from Thermo Fisher Scientific (Waltham, Massachu
setts, United States). N-hydroxysulfosuccinimide sodium salt (sulfo- 
NHS, 99.0%) was purchased from Fluorochem (Hadfield, Derbyshire, 
United Kingdom). 2-(N-morpholino)ethanesulfonic acid (MES, ≥99.0%) 
was purchased from GERBU Biotechnik GmbH (Heidelberg, Baden- 
Württemberg, Germany). Potassium chloride (KCl, ≥99.0%), disodium 
hydrogen phosphate (Na2HPO4), sodium chloride (NaCl, ≥99.0%), so
dium dihydrogen phosphate dihydrate (NaH2PO4⋅2H2O), and tris 
(hydroxymethyl)aminomethane hydrochloride (Tris-HCl, ≥99.0%) 
were purchased from Scharlab (Sentmenat, Barcelona, Spain). Etha
nolamine (ETA, ≥98.0%), hydrogen peroxide (H2O2, 30% w/w in H2O), 
hydroquinone (HQ, 99.0%), and streptavidin-horseradish peroxidase 
conjugate (Strep-HRP, 500 U mL− 1, Ref.: 11,089,153,001 from Roche) 
were purchased from Sigma-Aldrich (Saint Louis, Missouri, United 
States). 

Recombinant human TIM-1 standard, mouse anti-human TIM-1 
capture antibody (CAb), and biotinylated goat anti-human TIM-1 
detection antibody (b-DAb) as the components of the human TIM-1/ 
KIM-1/HAVCR DuoSet ELISA (Cat. No.: DY972) were purchased from 
R&D Systems (Minneapolis, Minnesota, United States). 

Potential interfering non-target proteins tested in the selectivity 
studies include human hemoglobin (Hb, Ref.: H7379), human serum 
albumin (HSA, ≥96%, Ref.: A1653), and human serum immunoglobulin 
G (IgG, ≥95%, Ref.: I2511) purchased from Sigma-Aldrich (Saint Louis, 
Missouri, United States); recombinant human tumor necrosis factor- 
alpha protein (TNF-α, ≥96%, Cat. No.: 554,618) purchased from BD 
Bioscience (Franklin Lakes, New Jersey, United States); recombinant 
human interleukin-13 receptor alpha-2 (IL-13Rα2, from Human IL- 
13Rα2 DuoSet ELISA, Cat. No.: DY614), and recombinant human peri
ostin protein (POSTN, from Human Periostin/OSF-2 DuoSet ELISA, Cat. 
No.: DY3548B) purchased from R&D Systems (Minneapolis, Minnesota, 
United States). 

All chemicals were used without further purification unless other
wise stated. Bioreagents were prepared according to the corresponding 
reagent preparation procedures. The following buffer solutions were 
used: 0.025 M MES, pH 5.0; 1X phosphate-buffered saline (PBS) con
taining 0.01 M phosphate, 0.137 M NaCl, and 0.0027 M KCl, pH 7.5; 5X 
phosphate-buffered (PB) containing 0.05 M phosphate, pH 6.0; 10X PB 
containing 0.1 M phosphate, pH 8.0; 0.1 M Tris-HCl, pH 7.2. Deionized 
water type I from a Millipore Milli-Q purification system (18.2 MΩ cm) 
was used for the preparation of all buffer solutions. 

Other solutions include EDC-HCl/Sulfo-NHS mixture solution (50 
mg mL− 1 each) prepared in 0.025 M MES, pH 5.0, and 1.0 M ETA so
lution prepared in 10X PB, pH 8.0 for HOOC-MBs activation and 
blocking steps, respectively. For electrochemical measurements, 0.1 M 
HQ and 0.1 M H2O2 stock solutions were prepared in 5X PB, pH 6.0 
before use. 

2.2. Instruments and techniques 

Amperometric measurements were performed with a CHI812B 
model potentiostat (CH Instruments, Austin, Texas) with the CHI812B 
software. Screen-printed electrodes (SPEs) were connected to the 
potentiostat through a cable connector for SPEs (Ref.: DRP-CAC); both 
were purchased from Metrohm DropSens (Asturias Technology Park, 
Spain). Screen-printed carbon electrodes (SPCEs, Ref.: DRP-110) con
sisting of a three-electrode cell configuration with a 4 mm working 
electrode (WE), a carbon counter electrode (CE), and a silver (Ag) 
pseudo-reference electrode, all printed on a ceramic substrate, were 
used. 

Homogenization of the solutions was facilitated by a Wizard IR 
Vortex (VELP Scientifica, Usmate-velate, Lombardy, Italy). A MS-100 
thermoshaker incubator (Universal Labortechnik GmbH, Leipzig, Sax
ony, Germany) was used for MBs modification. Magnetic separation 
after modification/washing steps was made using a magnetic particles’ 
concentrator (DynaMag™-2, Cat. No.: 12321D, Thermo Fisher 

J. Quinchia et al.                                                                                                                                                                                                                                



Talanta 267 (2024) 125155

3

Scientific, Waltham, Massachusetts, United States). A homemade poly
methylmethacrylate (PMMA) holding casing with an embedded neo
dymium magnet (AIMAN GZ, Meco, Madrid, Spain) was used to ensure 
reproducible, stable, and uniform confinement of the resultant magnetic 
immunoconjugates onto the WE surface of the SPCEs before performing 
amperometric detection. 

2.3. Experimental procedures 

2.3.1. Assembly of HRP-labeled sandwich-type magnetic 
immunoconjugates 

The whole protocol was carried out in 1.5 mL microcentrifuge tubes. 
The sequential modification steps were performed with 25 μL of the 
corresponding solution in a thermoshaker at 25 ◦C under continuous 
stirring (950 rpm). All washing steps were performed with a volume of 
50 μL. After each modification/washing step, the microcentrifuge tubes 
containing the magnetic conjugates suspensions were placed in the 
magnetic particles’ concentrator for 2 min before removing the super
natant without losing MBs. 

The optimized procedure for the modification of HOOC-MBs was 
carried out as follows. A 3 μL-aliquot of the HOOC-MBs suspension was 
placed in a 1.5 mL microcentrifuge tube and washed twice with 0.025 M 
MES, pH 5.0 for 10 min under the conditions stated above. Next, the 
washed HOOC-MBs were resuspended in 25 μL of freshly prepared EDC- 
HCl/Sulfo-NHS mixture solution and incubated for 35 min to activate 
the carboxylic acid groups, followed by two washing steps with 0.025 M 
MES, pH 5.0. Next, covalent immobilization of CAb was performed by 
resuspending activated HOOC-MBs in 25 μL of a 50 μg mL− 1 CAb solu
tion prepared in 0.025 M MES, pH 5.0, and incubating for 15 min. After 
two washing steps with the same buffered media, the remaining acti
vated groups were blocked by incubation with 25 μL of a 1.0 M ETA 
solution for 60 min. Subsequently, the blocked CAb/MBs were washed 
once with 0.1 M Tris-HCl, pH 7.2 and twice with BB. Binding of the TIM- 
1 protein involved resuspension of blocked CAb/MBs in 25 μL of a so
lution containing TIM-1 standard protein prepared in BB and incubation 
for 15 min, followed by two washing steps with BB. The HRP-labeled 
sandwich-complexes were formed by incubating TIM-1/CAb/MBs with 
25 μL of 1.0 μg mL− 1 b-DAb and 1/500 diluted Strep-HRP mixture so
lution prepared in BB for 30 min, followed by two final washing steps 
with BB. 

Before the amperometric readout, the Strep-HRP/b-DAb/TIM-1/ 
CAb/MBs were resuspended in 50 μL of 5X PB pH 6.0. 

2.3.2. Amperometric readout 
The resuspended Strep-HRP/b-DAb/TIM-1/CAb/MBs were confined 

onto the WE surface of the SPCEs previously placed in the neodymium 
magnet-encapsulated holding casing. Then, the assembled Strep-HRP/b- 
DAb/TIM-1/CAb/MBs/SPCE/magnetic holding casing was immersed 
into a 10 mL glass electrochemical cell containing 10 mL of 1.0 mM HQ 
solution prepared in 5X PB pH 6.0. Amperometric readouts started to be 
recorded in stirred solutions by applying a reduction potential of − 0.20 
V (vs. Ag pseudo-reference electrode). 50 μL of 0.1 M H2O2 were added 
when the background current was stabilized, and the amperometric 
measurement was continued until the steady-state was reached again. 
The cathodic amperometric responses (-i, in nA) given through the text 
correspond to the difference between the background and steady-state 
currents before and after H2O2 addition, respectively. 

2.3.3. Analysis of biological samples 
The analyzed samples were lysates of breast (MDA-MB-231, MCF7, 

and SkBr3) and lung (A549) cancer cultured cells obtained from the 
American Type Culture Collection (ATCC) cell repository. The cells were 
grown at confluency and the protein extracts obtained as previously 
described [44] and stored at − 80 ◦C until use. The concentration of the 
extracts was determined in μg μL− 1 using the tryptophan method [45] 
and the desired protein amount was analyzed by diluting the 

appropriate volume in the corresponding buffer. Cell extracts were also 
semi-quantitatively analyzed by Western blot (WB). To do this, 10 μg of 
each cell extract were used and probed with b-DAb followed by its 
corresponding HRP-labeled secondary antibody. TIM-1 specific chem
iluminescence signals were developed using the electro
chemiluminescence (ECL) Western blotting substrate (Thermo Fisher 
Scientific, Waltham, MA, USA) [46]. Signals were recorded on an 
Amersham Imager 680 (GE Healthcare, Chicago, IL, USA). Protein band 
intensities were quantified using ImageJ Software and normalized using 
GAPDH as loading control. 

2.3.4. Statistical analysis 
All experiments were performed in triplicate, and the results were 

presented as the mean value ± standard deviation (x ± s). One-way 
analysis of variance (ANOVA) with Tukey’s post hoc test was per
formed to evaluate the statistically significant differences between more 
than two interfering non-target proteins with a level of statistical sig
nificance of 95% (α = 0.05). A control chart was constructed using the 
signal-to-blank ratio (S/B) for stability studies by taking the average of 
three measurements as the central value (xS/B) and three times its 
standard deviation (xS/B ± 3sS/B) as the upper and lower control limits, 
respectively. Student’s t-test was used to study the matrix effect in the 
analysis of cell extracts. 

3. Results and discussion 

The sequential steps for assembling the HRP-labeled sandwich-type 
immunocomplexes on MBs as well as the fundamentals of the ampero
metric readout for the detection of TIM-1 are schematized in Fig. 1. The 
developed immunoplatform implied the sequential modification of 
HOOC-MBs, first by immobilizing CAbs through covalent EDC-HCl/ 
Sulfo-NHS chemistry, to specifically capture the TIM-1 protein, further 
sandwiched with b-DAbs labeled with Strep-HRP conjugates. Subse
quently, the Strep-HRP/b-DAb/TIM-1/CAb/MBs were confined on the 
WE surface of the SPCE, which was previously placed on a magnetic 
holding casing, and then introduced into the electrochemical cell. The 
biorecognition events were monitored by amperometry using the HQ/ 
H2O2/HRP redox system, where HQ worked as an efficient electron 
transfer mediator to transport electrons from the HRP’s catalytic center 
to the WE surface. HRP(RED) in the presence of H2O2 catalyzes the 
oxidation of HQ to benzoquinone (BQ), which is reduced back at the 
electrode surface by applying a − 0.20 V constant potential (vs. the Ag 
pseudo-reference electrode) [47,48]. According to the assay setup, the 

Fig. 1. Scheme displaying the assembly of Strep-HRP/b-DAb/TIM-1/CAb/MBs 
and the reactions involved in the amperometric transduction at SPCEs using the 
HQ/H2O2/HRP redox system. 
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resulting cathodic currents are directly proportional to the TIM-1 con
centration in the sample. 

3.1. Optimization of critical experimental variables involved in the 
determination of TIM-1 

The key experimental variables affecting the analytical performance 
of the electrochemical immunoplatforms were evaluated using univar
iate analysis. The amperometric responses obtained in the presence of 
2500 pg mL− 1 (signal, S) and the absence (blank, B) of TIM-1 were 
compared for each value of the tested range. The values providing better 
discrimination between such amperometric responses (i.e., higher S/B 
ratios) were selected for further experiments. The selected values 
neither compromised simplicity, cost affordability, reproducibility, nor 
assay time. 

The starting protocol for the optimizations involved four steps with 
(i) 25 μg mL− 1 CAb, (ii) 0 and 2500 pg mL− 1 TIM-1 standard protein, (iii) 
1.0 μg mL− 1 b-DAb, and (iv) 1/1000 diluted Strep-HRP solutions. Each 
step lasted for 30 min. The amount of HOOC-MBs, and their activation 
and blocking steps were kept constant according to that described in 
Section 2.3.1. All the concentrations of the bioreagents, incubation 
times, and assembly protocol were investigated experimentally. All 
other relevant variables, including the amount of HOOC-MBs, and the 
variables affecting the amperometric readout, were previously opti
mized [49,50]. Moreover, the working conditions used in the 
HOOC-MBs activation procedure, the blocking step of the remaining 
activated carboxylic groups, and the successive washings were made 
according to the protocol provided by the MBs supplier. Fig. 2 shows the 
dependence of the amperometric responses in the presence of 2500 pg 
mL− 1, the absence of TIM-1 standard protein, and the resulting S/B ratio 

Fig. 2. Dependence of the amperometric responses 
measured in the presence of 2500 pg mL− 1 (blue bars, 
S) and absence (white pattern bars, B) of TIM-1 
standard protein and the resulting signal-to-blank 
ratio (S/B, red lines) with A) CAb concentration; B) 
CAb incubation time; C) sandwich immunocomplex 
formation protocol involving sequential bio
modifications in (I) three steps, (II-III) two steps, and 
(IV) one step, (see main text); D) TIM-1 incubation 
time; E) b-DAb concentration; F) Strep-HRP dilution 
factor; and G) b-DAb/Strep-HRP incubation time. 
Error bars were estimated as three times the standard 
deviation of the measurements (n = 3).   
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for each checked variable, whose tested ranges, and selected values are 
summarized in Table 1. 

The first optimized experimental variable was the CAb concentration 
(Fig. 2A). The measurements evidenced that in the absence of immobi
lized CAb, the interactions between the TIM-1 protein, b-DAb, or Strep- 
HRP conjugate on activated and blocked HOOC-MBs were negligible 
(see “bars 0.0” in Fig. 2A). This confirmed the efficiency of the ETA- 
blocking solution to minimize nonspecific adsorptions and, therefore, 
the feasibility of the sandwich-type immunoassay for determining TIM- 
1. Fig. 2A shows that the S/B ratio increased significantly with the CAb 
concentration over the 5.0–100 μg mL− 1 range and decreased for large 
CAb concentrations. At 100 μg mL− 1, the CAb density on the MBs surface 
was sufficiently high to maximize the TIM-1 capture probability because 
the antigen-binding sites were not sterically hindered. However, the 
slight decrease in the S/B ratio observed for 200 μg mL− 1 can be 
explained by CAb saturation on the MBs surface, thus limiting the 
accessibility of the analyte to antigen-binding sites [51,52]. As a 
compromise between sensitivity and cost affordability, 50 μg mL− 1 was 
selected as the CAb concentration for further experiments. Fig. 2B shows 
as 15 min were sufficient to enable effective covalent immobilization of 
CAb. The effect observed for longer incubation times can again be 
attributed to less efficient target recognition due to steric hindrance 
when a large amount of CAb molecules was immobilized on the MBs. 

Following the CAb’s concentration and incubation time optimiza
tion, four sandwich immunocomplex formation protocols were tested to 
balance sensitivity, simplicity, and immunoassay time. Sequential bio
modification steps of 30 min each were accomplished by starting from 
the blocked CAb/MBs.  

• Protocol I involved three sequential incubation steps with solutions 
containing (i) 0 or 2500 pg mL− 1 TIM-1, (ii) 1.0 μg mL− 1 b-DAb, and 
(iii) 1/1000 diluted Strep-HRP.  

• Protocol II involved two sequential incubation steps with solutions 
containing (i) 0 or 2500 pg mL− 1 TIM-1 and (ii) 1.0 μg mL− 1 b-DAb 
and 1/1000 diluted Strep-HRP mixture.  

• Protocol III involved two sequential incubation steps with solutions 
containing (i) 0 or 2500 pg mL− 1 TIM-1 and 1.0 μg mL− 1 b-DAb 
mixture and (ii) 1/1000 diluted Strep-HRP.  

• Protocol IV involved one incubation step with 0 or 2500 pg mL− 1 

TIM-1, 1.0 μg mL− 1 b-DAb, and 1/1000 diluted Strep-HRP solution 
mixture. 

According to the results displayed in Fig. 2C, the S/B ratio was 
notably larger when using protocol II. We hypothesize that the higher 
effectiveness of this protocol is due to the favored interactions at each 
modification step. For example, the TIM-1/CAb interaction was favored 
in the first step as different TIM-1 epitopes remained available to 
interact with b-DAb. Therefore, incubation with the b-DAb/Strep-HRP 
mixture solution in the second step might maximize the affinity binding 
between them without having a steric hindrance effect on the b-DAb/ 
TIM-1 interaction. The other protocols resulted in lower capture and 
labeling efficiencies, most likely due to aggregation phenomena or steric 
hindrance when the corresponding bioreagents coexisted in the solution. 
An incubation time of 15 with the TIM-1 solution provided a larger S/B 

ratio, while longer times did not improve the sensitivity (Fig. 2D). The 
effect of the b-DAb concentration (Fig. 2E) and Strep-HRP dilution factor 
(Fig. 2F) led us to select values of 1.0 μg mL− 1 and 1/500, respectively. 
Interestingly, when larger b-DAb and Strep-HRP concentrations were 
used, notably increased blanks, and decreased specific signals were 
observed and, consequently, the S/B ratio decreased. According to the 
hypothesis made for the efficiency of protocol II, the selected concen
trations simultaneously promote biorecognition and labeling interac
tion, limiting the process of agglomeration, steric hindrance, and non- 
specific adsorptions. The b-DAb/Strep-HRP incubation process 
required only 30 min to achieve the best analytical performance, as 
shown in Fig. 2G. 

Therefore, optimization studies suggest that the determination of 
TIM-1 required only two biomodification steps lasting 45 min, starting 
from the blocked CAb/MBs conjugates. It is also important to note that 
these optimization studies, as indicated in the “0.0” bars of panels A and 
E in Fig. 2, confirmed that the determination of TIM-1 occurred through 
the formation of sandwich-like immune complexes on the MBs surface. 

3.2. Analytical performance and remarkable features of the developed 
immunoplatform 

Once the optimal conditions for the amperometric determination of 
TIM-1 were established, the analytical performance of the immuno
platform was assessed by measuring in different solutions containing 
known TIM-1 concentrations ranging from 100 to 7500 pg mL− 1. Fig. 3A 
shows that the amperometric response was TIM-1 concentration- 
dependent. Fig. 3B shows a linear correlation between the amperometric 
response and TIM-1 concentration over the 87–7500 pg mL− 1 range 
fitting equation -i (nA) = (0.448 ± 0.009) [TIM-1, pg mL− 1] + (88 ± 29) 
with a correlation coefficient r2 = 0.997. The limit of detection (LOD =
3 × sB/slope) and limit of quantification (LOQ = 10 × sB/slope) were 26 
and 87 pg mL− 1, respectively, with a standard deviation of the blank (sB) 
of 5.5 nA (n = 10). 

Unfortunately, to the best of our knowledge, the TIM-1 levels in 
blood or tumor tissue of patients with breast and lung cancer are not 
available in the literature. However, a work on TIM-1 levels in the 
plasma of patients with clear-cell carcinoma set a threshold of 142 pg 
mL− 1 [53]. Taking this as the cut-off value, it can be concluded that the 
LOD provided by the developed immunoplatform allows clinical dif
ferentiation between healthy individuals and cancer patients. A relative 
standard deviation (RSD) value of 3.6% (amperometric responses of 10 
different immunoplatforms for a 2500 pg mL− 1 TIM-1 solution), indi
cated a high reproducibility. 

Table 2 compares the analytical performance and main features of 
the developed immunoplatform with those of other electrochemical 
(bio)assays reported so far to determine TIM-1. Considering the 
analytical performance, the LOD achieved is comparable to some re
ported values [28,30], not as low as others [26,27,29], but within the 
range of clinical relevance noted above. It is also important to note that 
the other electrochemical biosensors described to date require the use of 
nanomaterials whose preparation and modification imply complex, 
multi-step protocols that, in many cases, take several days to be 
completed [28–30] and must be carried out by personnel with a certain 
degree of specialization. 

3.3. Selectivity of the amperometric immunoassay 

The selectivity of the immunoplatform was evaluated by testing 
several interfering non-target proteins that could be present in biological 
samples. The interfering compounds tested included circulating proteins 
(IgG, Hb, and HSA) and circulating and tumor tissue biomarkers (TNFα, 
POSTN, and IL-13Rα2) [54–59]. These potential interfering proteins 
were checked at the concentrations commonly found in biological 
samples. The cross-reactivity of each possible interfering non-target 
protein was studied in the presence (2500 pg mL− 1) and in the 

Table 1 
Optimized key experimental variables involved in the amperometric determi
nation of TIM-1 with the developed immunoplatform.  

Variable Tested range Selected value 

[CAb] (μg mL− 1) 0.0–200.0 50.0 
CAb incubation time (min) 5–60 15 
Sandwich immunocomplex formation protocol I− IV II 
TIM-1 incubation time (min) 5–60 15 
[b-DAb] (μg mL− 1) 0.0–5.0 1.0 
Strep-HRP dilution factor 1/5000− 1/250 1/500 
b-DAb/Strep-HRP incubation time (min) 15–60 30  
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absence of TIM-1. The results shown in Fig. 4 indicated that the 
amperometric response for 2500 pg mL− 1 TIM-1 was remarkably larger 
than those measured for the blank and for each of the interfering 
non-target proteins individually tested. In addition, the amperometric 
response showed statistically significant differences with a level of sta
tistical significance of 95%, indicating high specificity. 

Furthermore, statistically significant differences in the amperometric 
response for 2500 pg mL− 1 TIM-1 were observed in the presence of IgG 
and HSA at the same level of statistical significance, indicating that IgG 
and HSA exhibited a slight cross-reactivity. IgG can recognize the light 
chains and Fc regions of the CAb and those of the b-DAb, thus enhancing 
the amperometric response and explaining the observed response [60, 
61]. On the other hand, HSA can prevent interaction between TIM-1 and 
CAb due to steric hindrance, thus decreasing the amperometric 

response. The slight interference from these two non-target proteins, 
which would only be an issue for the analysis of blood samples, might be 
minimized after a simple sample dilution. None of the other tested 
non-target proteins exhibited significant cross-reactivity, indicating 
high selectivity. In addition, it is worth mentioning that according to 
specificity studies conducted by the supplier company, the bioreagents 
used in the immunoassay did not exhibit any cross-reactivity against 50 
ng mL− 1 of recombinant human TIM-3/Fc chimera and TIM-4 proteins. 

3.4. Stabilitity of the immunoconjugates 

CAb/MBs conjugates can be provided to the end user as a “stock 
reagent” for POCT solutions, which will speed up the whole analysis 
time by simplifying the entire protocol. Therefore, the long-term storage 

Fig. 3. A) Amperograms recorded with the developed immunoplatform for different TIM-1 concentrations; B) calibration curve and linear regression with the data at 
low concentrations as inset. Error bars were estimated as three times the measurement’s standard deviation (n = 3). 

Table 2 
Comparison of the analytical performance and remarkable features of electrochemical (bio)assays and (bio)sensors reported for the determination of TIM-1.  

Detection strategy Technique L.R., pg mL− 1 LOD, pg 
mL− 1 

Assay preparation time[a]/Testing 
time[b] 

Storage 
stability 

Applicability Ref. 

Direct electrochemical detection using HAp- 
modified CPE 

LSV [c] 

SWV [d] 
10000–200000[c] 

10000–100000[d] 
17000 
[c] 

Not fully detailed (HAp powders 
preparation: ~18 h) 

Not 
reported 

Spiked urine [27] 

Sandwich-type immunoassay with specific 
capture antibodies on AuNPs modified 
GCE, and ABEI-PEI-PFO dots-RGOs/PtNPs 
nanocomposite-labeled detection 
antibodies 

ECL 0.0500–1000 0.0167 Assay preparation time: ~13 h 
(+ABEI-PEI-PFO dots-RGOs/Pt 
NPs@Ab2-BSA complex: ~18 h)/ 
Testing time: Not reported 

Not 
reported 

Spiked serum [26] 

Sandwich-type immunoassay with specific 
capture antibodies on CuCl2 NWs with 
AuNPs modified GCE, and PdPtBP MNPs/ 
MXene nanocomposite-labeled detection 
antibodies 

DPV 500–100000 86 Assay preparation time: ~2 h 
(+Ab2/PdPtBP MNPs/MXene: ~49 
h; CuCl2 NWs: ~10 min) 
Testing time: ~2 h 

10 days Spiked urine [28] 

Sandwich-type immunoassay with specific 
capture antibodies on COFs-AuNPs 
modified GCE, and NiCo2S4@CeO2 

microspheres-labeled detection antibodies 

DPV 0.010–50 0.002 Assay preparation time: ~1 h 10 
min (+COFs-AuNPs: ~1 h 15 min; 
Ab2/NiCo2S4@CeO2: ~43 h)/ 
Testing time: ~ 15 min 

7 weeks Spiked plasma [29] 

Label-free immunoassay with specific capture 
antibodies on Au-Galinstan Nds modified 
paper-based disposable electrode 

EIS 100–1000000 64 Assay preparation time: >1 h (+Au- 
Galinstan Nds: ~72 h)/Testing 
time: Not reported 

20 days Spiked serum [30] 

Magnetic sandwich-type immunoassay with 
capture antibodies conjugated-magnetic 
beads, and Strep-HRP-labeled detection 
antibodies 

Amperometry 87–7500 26 Assay preparation time: 2.2 h/ 
Testing time: 45 min 

22 days Cancer cultured 
cell extracts 

This 
work 

Abbreviations: ABEI-PEI-PFO dots-RGOs/PtNPs: Pt nanoparticles (PtNPs) supported on reduced graphene oxide nanosheets (RGOs) as the loading platform of N- 
(aminobutyl)-N-(ethylisoluminol)-polyethylenimine-poly(9,9-dioctylfluorenyl-2,7-diyl) (ABEI-PEI-PFO) dots; AuNPs: gold nanoparticles; COFs-AuNPs: gold 
nanoparticles-modified covalent organic frameworks (COFs); CPE: carbon paste electrode; CuCl2 NWs: copper chloride nanowires; DPV: differential pulse voltam
metry; ECL: electrochemiluminescence; EIS: electrochemical impedance spectroscopy; Galinstan: 68.5% gallium (Ga), 21.5% indium (In), and 10% tin (Sn); GCE: 
glassy carbon electrode; HAp: hydroxyapatite; LSV: linear sweep voltammetry; Nds: nanodendrites; NiCo2S4@CeO2: cerium oxide (CeO2) nanosheet-coated nickel/ 
cobalt bimetallic sulfides (NiCo2S4) microspheres; PdPtBP MNPs: quaternary metallic/nonmetallic palladium/platinum/boron/phosphorus (PdPtBP) alloy on mes
oporous nanoparticles (MNPs)-based nanozymes; Strep-HRP: streptavidin-horseradish peroxidase conjugate; SWV: square wave voltammetry. 

a Estimated time to prepare immunosensor and nanomaterials included before application of the sample to system. 
b Estimated time from applying the sample to the system until signal measurement. 
c Linear range and LOD determined in model buffer solution by LSV. 
d Linear range determined in spiked human urine by SWV. 
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stability of the CAb/MBs conjugates was checked by resuspending them 
in 50 μL of filtered 1X PBS pH 7.5 and storage at 4 ◦C. Fig. 5 shows the 
amperometric responses measured in the presence and in the absence of 
2500 pg mL− 1 of TIM-1 standard protein with different immunoplat
forms prepared from the stored CAb/MBs conjugates. The constructed 
control chart shows as the S/B ratio remained within the control limits 
for twenty-two days, suggesting that CAb/MBs conjugates could be 

prepared and stored for three weeks until their use. 

3.5. Analysis of cancer cultured cell extracts 

The developed bioplatform was applied to the determination of TIM- 
1 in extracts of breast (MDA-MB-231, MCF7, and SkBr3) and lung 
(A549) cancer cells. For this purpose, the amount of extract to be used 
for the analysis and the possible presence of matrix effect were evalu
ated. An extract amount of 0.25 μg was sufficient for the analysis of the 
samples (results not shown). On the other hand, a matrix effect was 
found for most extracts as indicated by the statistical comparison of the 
slope value for the calibration curve of TIM-1 standards prepared in the 
buffer solution and the values for the calibrations constructed in the 
presence of 0.25 μg of each of the extracts (Table 3). Accordingly, the 
standard additions method was employed to carry out the 
determinations. 

The concentration of TIM-1 provided by the bioplatform in each of 
the cell extracts are shown in Fig. 6 and summarized in Table 4. 

Quantitative and semiquantitative results obtained with the bio
platform and WB analysis, respectively, were in pretty good agreement 
and confirmed the expression of TIM-1 in the 4 cell protein extracts 
analyzed, similar in MCF7 and SkBr3 cells and much higher in MDA-MB- 
231 cells. These results agree with data obtained from the Human Pro
tein Atlas database [62], which states high-intensity staining with 
polyclonal antibodies selective to TIM-1 of tumor cells in breast cancer 
(MDA-MB-231) and moderate in non-small cell lung cancer, NSCLC 
(A549) [63]. Indeed, studies carried out by Zheng et al. revealed that 
depletion of TIM-1 could significantly inhibit cell viability as well as the 
migration and invasion abilities of A549 cells [14]. 

It is important to note that the electrochemical (bio)sensors reported 
to date for the determination of TIM-1 were only applied to spiked 
biofluids (serum, plasma, and urine) [26–30]. Moreover, the results 
given in this work are the first quantitative results for TIM-1 expression 
in this type of cell extracts and, according to that reported by Zheng et al. 
[14], they can be related to the potential of cells to migrate and invade. 

4. Conclusions 

A disposable sandwich immunoplatform assisted by using MBs was 
developed for the selective, and rapid amperometric determination of 
TIM-1 at SPCE using HQ/H2O2/HRP redox system. The immunoplatfom 
exhibited excellent analytical performance, with a LOD value of 26 pg 
mL− 1 of TIM-1 standards in buffered solutions. The developed immu
noplatform is competitive with other reported electrochemical bio
sensing strategies in terms of simplicity and assay time. Moreover, the 
employed amperometric transduction is the most widely implemented 
electrochemical detection technique to date in point-of-need devices, 
such as a glucometer. All these features make the developed immuno
platform ideal for future implementation in this type of devices. In 
addition, the immunoplatform has successfully tackled the analysis of 
breast and lung cancer cell extracts, providing the first quantitative re
sults for such samples, which, according to recent research, may be used 
to discriminate the potential of cells to migrate and invade. 

Fig. 4. Comparison of the amperometric responses obtained with the devel
oped immunoplatform for 1 mg mL− 1 IgG, 50 mg mL− 1 HSA, 2.5 mg mL− 1 Hb, 
5 ng mL− 1 TNFα, 5 ng mL− 1 POSTN, and 50 ng mL− 1 IL-13Rα2 in the presence 
of 2500 pg mL− 1 (filled bars) and the absence (pattern bars) of TIM-1 standard 
protein. *B indicates statistically significant differences concerning the blank 
(0 pg mL− 1 TIM-1, p-value <0.05), and ns B indicates non-statistically signifi
cant differences concerning the blank (0 pg mL− 1 TIM-1, p-value >0.05). *S 
indicates statistically significant differences concerning the signal (2500 pg 
mL− 1 of TIM-1, p-value <0.05), and ns B indicates non-statistically significant 
differences concerning the signal (2500 pg mL− 1 of TIM-1, p-value >0.05). 
Error bars were estimated as three times the measurement’s standard deviation 
(n = 3). 

Fig. 5. Long-term stability studies of the CAb/MBs conjugates stored at 4 ◦C in 
filtered 1X PBS pH 7.5. Amperometric responses provided by immunoplatforms 
prepared from the stored CAb/MBs in the presence (blue bars) and in the 
absence (white pattern bars) of 2500 pg mL− 1 TIM-1 standard protein, and the 
resulting signal-to-blank ratio (S/B, red lines). Control limits (red dashed lines) 
were set as three times the standard deviation of the signal-to-blank mean value 
(xS/B ± 3sS/B) of three measurements obtained on the first day of CAb/MBs 
conjugates preparation. Error bars were estimated as three times the mea
surement’s standard deviation (n = 3). 

Table 3 
Comparison between the slope values (in nA pg− 1 mL) of the calibration plots 
constructed with the developed immunoplatform for TIM-1 standards prepared 
in buffer solution and in the presence of 0.25 μg of each of the analyzed extracts.  

Medium Slope, nA pg− 1 mL texp
a ttab (α = 0.05) 

Buffered solution 0.448 ± 0.009 – – 
MDA-MB-231 0.37 ± 0.01 2.677 ttab (0.05;9) = 2.262 
MCF7 0.37 ± 0.02 3.056 
SkBr3 0.374 ± 0.006 2.948 
A549 0.487 ± 0.006 1.508  

a texp estimated by comparing the slope value obtained for standards prepared 
in the corresponding extract and in buffered solutions. 
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