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In this work, we report the development of electrochemical bioplatforms for both the single determination of
TIMP-1 and the simultaneous determination of TIMP-1 and GDF-15, two biomarkers of cellular senescence and
prognosis in colorectal cancer (CRC). The designed immunoplatforms rely on a sandwich-type configuration
labeled with horseradish peroxidase (HRP) built on magnetic microsupports and involve a pair of specific an-
tibodies to capture and detect each target protein. Amperometric readout was performed upon trapping the
magnetic bioconjugates on the surface of either single or dual disposable carbon electrodes, using the hydro-
quinone/hydrogen peroxide (HQ/H203) system. The attractive analytical performance of the TIMP-1 bio-
platform, achieving a LOD of 13.0 pg mL™! and a dynamic range between 43.4 and 2500 pg mL?, led us to
exploit it for TIMP-1 determination in cell extracts and tissues of CRC samples. The results showed the possibility
of discriminating the metastatic capabilities of cells and detecting CRC patients, after just a simple dilution and in
only 60 min. The multiplexing feasibility of the developed immunoplatform allowed the implementation of a
dual assay for the simultaneous determination of TIMP-1 (LOD 19.2 pg mL™!) and GDF-15 (LOD 16.6 pg mL™}).
The dual platform was used for the analysis of CRC samples (plasma and cell secretomes) in just 75 min and using
a very simple protocol. These characteristics make the developed immunoplatform a very attractive tool to face
particularly challenging samples, such as secretomes or plasma from CRC patients, due to the required sensi-
tivity, thus providing a better snapshot of CRC.

1. Introduction tumors, added senescent cells as a new hallmark [2]. Cancer and aging

are different manifestations of cellular damage accumulation. Cell

Advanced age is one prominent risk factor for colon adenoma and
colorectal cancer (CRC) through cellular senescence. The aging immune
system helps accumulation of senescent cells in tissues which, in turn,
may create pro-tumorigenic microenvironments through the
senescence-associated secretory phenotype (SASP), characterized by the
increased expression of cytokines, chemokines, growth factors, and
proteases [1]. Cellular senescence results from endogenous and exoge-
nous dysfunction or damage such as DNA damage, telomere dysfunc-
tion, oncogene activation, and organelle stress. It is not only induced by
organ aging, but it has also been associated, on the one hand, with tumor
suppression, and sometimes with tumor development stimulation and
malignant progression. The 2022 edition of cancer hallmarks, a set of
functional capabilities crucial for human cells’ ability to form malignant
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damage occasionally confers abnormal benefits to certain cells deriving
to cancer, while cellular senescence is caused by a time-dependent
accumulation of cellular damage. Both, tumor, and non-tumor cells
can undergo senescence [3].

Dong et al. have recently proposed a senescence-related gene prog-
nostic signature to be applied in the classification of CRC patients and
guiding of individualized treatment [3]. CRC global incidence and
mortality rates ranked third and second, respectively, in the world in
2022, with the number of cases being higher for men compared to
women. There were more than 1.1 million (10.7 %) new cases of CRC
worldwide and it was responsible for over 500,000 (4.7 %) deaths in
2022. The incidence and mortality cumulative risk was highest in
Europe followed by Oceania and Northern America [4]. Regarding
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patients’age, CRC is rare before the age of 40, yet its incidence increases
significantly between the ages of 40 and 50 and is enhanced in each
subsequent decade [5]. Local treatments, more useful for earlier cancer
stages, such as surgery, ablation, and embolization or radiation therapy,
can be combined at the same time or used after systemic treatments such
as chemotherapy, targeted therapy drugs, and immunotherapy,
depending on the stage of cancer [6]. A large majority of patients with
advanced CRC suffer from a poor therapeutic outcome with higher rates
of malignant recurrence and distant metastases, resulting in a 5-year
survival rate of less than 10 % [7]. Hence, it is particularly important
to find a prognostic model that can accurately classify CRC patients, so
that appropriate treatment can be selected as a function of CRC stage.
Moreover, cost-effectiveness would be enhanced by early CRC diagnosis
and prognosis methods as they would avoid long and expensive cancer
treatments. Actual screening methods for CRC include [6]: stool-based
tests such as Fecal Immunochemical Test (FIT) that although less inva-
sive and easier to be done more often possesses a low sensitivity; visual
(structural) exams such as colonoscopy, which look at the structure of
the colon and rectum for any abnormal areas, either with a scope put
into the rectum, or with special imaging (X-ray) tests; these tests can be
done less often than stool-based tests, but they require more preparation
ahead of time, and can have some risks not seen with stool-based tests. A
screening algorithm combining FIT, blood-based biomarkers, and de-
mographics has been recently proposed as a less invasive way to screen
CRC without reducing the high sensitivity of colonoscopy [8].

Plasmatic levels of growth differentiation factor 15 (GDF-15), an
inflammation-related biomarker, and tissue inhibitor of metal-
loproteinase 1 (TIMP-1), an extracellular matrix turnover biomarker,
have been shown to be influenced by dynamic contribution of non-
cardiac tissues reflecting stress in other organs than heart, either as a
consequence of the failing heart and/or of other distinct pathophysio-
logical pathways and underlying morbidities, like metabolic syndromes,
metastatic melanoma, gait speed decline in adults from middle to older
age, etc. [9-13]. GDF-15, inducing proliferation, stemness, invasion,
and metastasis in tumor cells and regarded as probable stimulator of
angiogenesis in malignant neoplasms, is considered a promising diag-
nostic and prognostic biomarker in CRC [14,15]. In fact, increased levels
of this biomarker have been found in serum and plasma of CRC patients
compared to healthy individuals [16-18] and in tumor tissues compared
to margin tissues of CRC patients [14,15]. Also, as reported by Guo et al.
[1] senescent fibroblasts and GDF-15 induce physiological and molec-
ular changes that promote adenoma-adenocarcinoma initiation and
progression in the colon. On the other hand, TIMP-1 levels in serum can
differentiate between CRC and colorectal adenomas (CA) and have been
shown as correlated with cancer progression, while an increased plasma
level of this biomarker constitutes a significant prognostic factor for the
survival of patients with CRC [19-21]. A decrease in TIMP-1 levels ac-
tivates matrix metalloproteinases (MMPs) when the SASP of senescent
tumor cells is reprogrammed, thus promoting metastasis [22]. Also,
treatment with 4'-demethyldeoxypodophyllotoxin glucoside (4-DPG), a
natural podophyllotoxin analogue, attenuates epithelial-mesenchymal
transition (EMT), which is critical for the metastatic dissemination of
cancer cells together with deriving in an increase in epithelial markers
such as TIMP-1 [23].

Considering all this background, the availability of technologies that
allow the determination of these two biomarkers both individually and
simultaneously in the tumor microenvironment, is considered of great
interest to delve deeper into the role they play in cellular senescence and
CRC progression as well as in the relationship between these processes,
key aspects to continue advancing in its understanding and treatment.
Both biomarkers are generally determined using enzyme-linked immu-
noassays (ELISAs) [24-32], Western Blot [30,33], or quantitative
reverse transcriptase-polymerase chain reaction (RT-PCR) [30,34].
Other methods such as surface plasmon resonance (SPR) have also been
used for their determination [35-37]. However, none of them fully meet
the demands of today’s clinic in terms of simplicity, affordable cost,
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multiplexing compatibility, and point-of-care applicability. These limi-
tations are what increasingly highlight the potential of technologies
based on electrochemical biosensing, which in recent years have
demonstrated their competitiveness for multiple determination, even at
different molecular levels, and to face particularly challenging samples
to learn more about the tumor microenvironment such as the cell
secretome [38-40]. According to the state of the art, few electro-
chemical immunoplatforms have been reported for the determination of
GDF-15. Some of them involve the use of elaborated nanocomposites as
the secondary antibody labels which needs long-lasting preparation
procedures [41-43], and/or as working electrode surface modifiers
[41-44]. Very recently, we have reported an immunoplatform that
combines the advantages of using magnetic beads (MBs) [45] and
amperometric transduction at screen-printed electrodes (SPCEs) to
stand out in terms of simplicity and reduced testing time, which are key
aspects for routine and in situ applications [18]. Regarding TIMP-1, to
our knowledge, no electrochemical systems have been reported till now
for its determination. Considering this background, in this paper we
report the development and implementation of a simple and reliable
electrochemical immunoplatform for the determination of TIMP-1 in
clinical samples. Moreover, the possibility of carrying out dual simul-
taneous analysis of GDF-15 and TIMP-1 by immune-attaching both
targets to modified MBs which are then captured on dual SPCEs to un-
dergo amperometric transduction using the HyOy/peroxidase
(HRP)/hydroquinone (HQ) electrochemical system, is evaluated.

2. Experimental part

“Apparatus and electrodes” and “Reagents and solutions” are avail-
able in the Supplementary Material.

2.1. Sandwich immunoassay implementation on MBs

The HOOC-MBs modification consisted of several incubation and
washing steps carried out in 1.5 mL microcentrifuge tubes. The incu-
bation steps were performed in a Thermoshaker at 25 °C under constant
stirring (950 rpm) using 25 pL of the corresponding solution, whereas
the washing steps, made at the end of each incubation step, were
accomplished with 50 pL of the appropriate solution keeping the
microcentrifuge tubes in a magnetic concentrator for 2 min to carefully
remove the supernatant.

The implementation of the TIMP-1 sandwich immunoassay consisted
of, first, placing 3 pL-aliquots of the HOOC-MBs suspension in the
microcentrifuge tubes and washing twice with MES buffer for 10 min.
Then, the activation of the MBs-carboxyl groups was carried out by
incubating the microparticles with a freshly prepared EDC/Sulfo-NHS
solution for 35 min, followed by two washing steps with MES buffer.
The activated HOOC-MBs were incubated with a 25 pg mL~! CAbrvpa
solution prepared in MES buffer for 2.5 min. Thereafter, the CAbqpyp.
1—MBs were washed twice with MES buffer and incubated in 1.0 M ETA
solution for 60 min to block the remaining activated carboxylic groups.
Subsequently, the modified MBs were washed once with 0.1 M Tris-HCl
buffer (pH 7.2) and twice with BB solution. At this point, the CAbrpyp.
1—MBs can be used to perform the assay or stored in filtered PBS at 4 °C
for further use.

The formation of the HRP-labelled sandwich immunocomplexes
required only a single 1-h incubation step in a mixture solution
composed of TIMP-1 standard (or the sample to be analyzed), 1.0 pg mL’
1 b-DAbivp.1, and 1/1000 diluted Strep-HRP, prepared in BB. Finally,
the magnetic bioconjugates were washed twice with BB and resus-
pended in 50 pL of PB pH 6.0 for single determination.

The developed TIMP-1 immunoassay was also implemented in a dual
platform for the simultaneous determination of TIMP-1 and GDF-15. The
preparation of the immunoconjugates for the determination of GDF-15
was performed according to that previously reported [18]. No changes
with respect to the single determination were made to carry out the dual
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determination in terms of concentration, immunoreagent, or incubation
times but, once prepared, both magnetic immunoconjugates were
resuspended in 5 pL. of PB pH 6.0 to perform the amperometric
transduction.

2.2. Amperometric measurements

A SPCE or a SPACE was placed in the appropriate homemade PMMA
casing containing either one (for the single determination) or two (for
the simultaneous determination) embedded neodymium magnet/s. The
modified MBs (resuspended in 50 or 5 pL depending on whether the
measurement was single or dual, respectively) were dropped and trap-
ped on the surface of the working electrode/s.

Once the SPCE (or SPACE)/PMMA casing set was connected to the
potentiostat, using the appropriated cable, it was immersed in an elec-
trochemical cell containing 10 mL of 1.0 mmol I'! HQ solution prepared
in PB buffer pH 6.0. Amperometric detection was carried out by
applying a constant potential of — 0.20 V (vs. the Ag pseudo-reference
electrode) under continuous stirring. After the stabilization of the
background current, 50 pL of a freshly prepared 0.1 mol I'' H,0, solu-
tion were added to the cell producing a cathodic current variation due to
the HQ-mediated enzymatic reduction of HyO2 which was proportional
to the analyte concentration. The signals reported in this work were
obtained by calculating the difference between the steady-state current
(once the H0, was added), and the background current (in the absence
of Hy05), and they are the mean values of three replicates. The error bars
displayed in the figures were estimated as the standard deviation of the
replicates.

2.3. Analysis of CRC samples

Cell extracts, secretomes, and plasma from healthy individuals and
CRC patients as well as paired CRC tumoral and non-tumoral tissue
samples were analyzed. Extracts and secretomes of 5 different CRC cells,
plasma samples from 2 healthy subjects and 4 patients with advanced
CRC (2 in stage III and 2 in stage IV), and paired tissue samples from 8
patients with advanced CRC (4 in stage IIl and 4 in stage IV) were
analyzed.

Two isogenic CRC cell models with different metastatic abilities were
used: the KM12 cell system, obtained from the I. Fidler’s laboratory (MD
Anderson Cancer Center), composed by the poorly metastatic KM12C
cells and the highly metastatic to liver KM12SM and to liver and lung
KM12L4a cells; the SW cell system, obtained from the American Type
Culture Collection (ATCC) repository, composed by the low metastatic
SW480 cells and the highly metastatic to lymphatic nodes SW620 cells.
The cells were grown at confluency and the protein extracts obtained as
previously reported [39,46] and stored at — 80 °C until use. The con-
centration (in pg pL™1) of the extracts was determined using the tryp-
tophan method [47] and the desired protein amount was analyzed by
diluting the appropriate volume in the corresponding buffer. Addition-
ally, secretome samples were centrifuged 5 min at 1200 rpm and 4 °C.
Then, supernatants were transferred to a new tube and pellets were
discarded.

Patients gave written informed consent to participate in the research.
Samples were provided by the biobank of the San Carlos Clinical Hos-
pital after approval by the Ethical Review Committee (CEI PI 13_2020-
v2). All samples were stored at — 80 °C and used in accordance with
all ethical aspects, relevant guidelines, and regulations for both sample
handling and experiments conducting.

After a careful statistical analysis for all the analyzed samples no
matrix effect was observed. Therefore, the concentrations of both pro-
teins were calculated by interpolating the current values measured for
the samples into the calibration plots constructed with standard solu-
tions. The single quantification of TIMP-1 in tissue samples and cell
extracts was accomplished through a calibration for TIMP-1 over the O to
2000 pg mL ™! concentration range and using 0.10 and 0.25 ug of tissue
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samples and cell extracts, respectively.

Plasma and cell secretome samples were analyzed with the dual
platform for the simultaneous determination of GDF-15 and TIMP-1. The
analysis required either 1/25 or 1/250 sample dilution for GDF-15 and
TIMP-1, respectively. The sample signals were interpolated into cali-
bration plots over the 0 to 1000 pg mL ™ concentration range of standard
proteins.

2.4. Immunoblotting analysis of cellular samples

CRC cell protein extracts and secretomes were also analyzed by
Western Blot to determine TIMP-1. For Western Blotting, 10 pg of each
cell extract were separated by 10 % PAGE-SDS and transferred to a
nitrocellulose membrane (100 V, 90 min). Subsequently, membranes
were incubated with a mouse anti-TIMP-1 (DY970, R&D system) or a
mouse anti-GAPDH (sc-47724, Santa Cruz Biotechnology, Texas, USA)
antibody 1/1000 diluted in 3 % BSA or in 3 % skimmed milk in 0.1 %
PBS-Tween-20, respectively, followed by incubation with a HRP-
labelled goat anti-mouse IgG secondary antibody (A9044, Merck,
Frankfurt, Germany). Chemiluminescence signals were developed using
the enhanced chemiluminescence (ECL) Western Blotting substrate
(Thermo Fisher Scientific, Waltham, MA, USA), and signals were
recorded on an Amersham Image Quant 800 (GE Healthcare, Chicago,
IL, USA). Protein band intensities were quantified using ImageJ Soft-
ware and normalized using GAPDH as loading control.

For the analysis of secretome samples, 50 L of each sample were
transferred to a nitrocellulose membrane using a Bio-Dot Microfiltration
System (Bio-Rad, California, USA) and incubated with the anti-TIMP-1
antibody as previously described.

2.5. Statistical analysis

All experiments were performed by triplicate. ROC curves were ob-
tained to determine the diagnostic capacity of TIMP-1 and GDF-15 using
the pROC package in RStudio. T-tests were obtained with RStudio. A p-
value < 0.05 was considered statistically significant.

3. Results and discussion

Before developing a dual electrochemical immunoplatform for the
simultaneous determination of TIMP-1 and GDF-15 and given that to
date no bioplatforms have been reported for the determination of TIMP-
1, we first proceeded to develop an amperometric immunoplatform for
the single determination of this biomarker.

Scheme 1 illustrates the steps and fundamentals involved for the
construction of the single and dual immunoplatforms through the
implementation of sandwich immunocomplexes using capture and bio-
tinylated antibodies, specific to each target analyte, and a Strep-HRP
conjugate as label. Thereafter, the bioconjugates were captured either
on the working electrode (WE) surface of the single SPCEs for the in-
dividual determination of TIMP-1, or on SPACE WEs, to perform the
simultaneous determination of GDF-15 and TIMP-1. Amperometric
readings at — 0.20 V (vs Ag pseudo-reference electrode) after the addition
of Hy05 in the presence of HQ were used to quantify both proteins.

3.1. Optimization of experimental variables for TIMP-1 analysis

The experimental variables involved in the preparation of TIMP-1
sandwich immunocomplexes on HOOC-MBs were optimized using sin-
gle SPCEs. The selection criterion was larger target-to-blank ratios (T/B)
achieved when measuring amperometric responses either in the pres-
ence of a fixed TIMP-1 concentration (1000 pg mL’l, T) or in its absence
(B). The results achieved for the optimization of the different parameters
that encompass the preparation of the TIMP-1 immunoconjugates are
shown in Fig. 1 and summarized in Table 1.

It is important to emphasize that, according to the rationale of the
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Scheme 1. Schematic diagram showing the steps required for preparing the HRP-labelled sandwich bioconjugates for the single determination of TIMP-1 at SPCEs
(a), and the simultaneous determination of GDF-15 and TIMP-1 at SPdCEs (b), by means of amperometric transduction in the presence of H,O, and HQ.
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Fig. 1. Dependence of the amperometric responses provided by the developed bioplatform for the single determination of TIMP-1 in the absence (white bars, B) and
in the presence of 1000 pg mL™ TIMP-1 (green bars, T), and the resulting T/B ratio values (red dots and line) with the concentration (a) and incubation time (b) of the
CAbrpyp.1 solution, number of steps involved to form the sandwich immunocomplexes (c), concentration of the b-DAbtpyp_; solution (d), dilution of the Strep-HRP
solution (e), and incubation time of the TIMP-1/b-DAbryyp.1/Strep-HRP mixture solution (f).

immunoassay, it was not possible to detect the analyte in the absence of
CAbypyp.1 (Fig. 1a, bars 0). As it can be seen in Fig. 1a, a concentration of
CAbrpyp-1 of 50 pg mL™! provided a larger T/B ratio. However, a 25 pg
mL ™! CAbpvp.1 concentration was selected for further work because the
achieved T/B ratio was sufficient for the determination of TIMP-1 and
the cost of the assay is largely reduced. Importantly, a better T/B ratio

was found for an incubation time to immobilize the CAbpyp.; as short as
2.5 min. The T/B ratio decreased for longer incubation times (Fig. 1b),
due to a lower efficiency in the target antigen recognition because of
sterically hindrance effects [48].

Next, the number of steps involved in the construction of the
immunoplatform were evaluated by testing different protocols involving
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Table 1
Optimizations of the key experimental variables involved in the development of
the immunoplatform for the single determination of TIMP-1.

Variable* Tested Range  Selected value
[CAbrvp.1], ug mL ™! 0.0-50.0 25.0
CAbrpyp.1 incubation time, min 0-60 2.5

Number of assay steps 1-3 1
[b-DAbryp.1], pg mL ! 0-2.5 1.0
Strep-HRP dilution 0-1/250 1/1000
TIMP-1 + b-DAb-+Strep-HRP Incubation time, 15-120 60

min

" Experimental variables involved in the detection step, such as the applied
potential, H,O5 and HQ concentrations, as well as the pH and composition of the
supporting electrolyte were optimized previously [49].

different 30 min incubation steps starting from the CAbrpp.;—MBs
preparation (Fig. 1¢). The assayed protocols were: protocol I, the bio-
conjugates were built in a single incubation step with a mixture solution
containing TIMP-1, b-DAbrpyp.; and Strep-HRP (Fig. 1c¢, bars I); pro-
tocols ITA and IIB consisting of two successive steps; whereas in protocol
IIA a first incubation step was made in the protein standard solution and
a second one in a solution containing b-DAbypp; and Strep-HRP
(Fig. 1c, bars IIA), protocol IIB involved a first incubation with a
mixture solution of TIMP-1 and b-DAbryyp.; followed by a second in-
cubation in the Strep-HRP solution (Fig. 1c, bars IIB); in protocol III,
three sequential incubation steps with TIMP-1, b-DAbpyp.; and the
Strep-HRP conjugate solution were carried out (Fig. 1¢, bars III). As it
can be seen, a larger T/B ratio was obtained for protocol I, which also
implied a shorter assay time: Therefore, protocol I was selected for the
development of the immunoplatform.

With respect to the optimization of the b-DAbpyp.; concentration
(Fig. 1d) and the Strep-HRP conjugate dilution (Fig. 1e), the T/B ratios
peaked for values of 1 pg mL™! and 1/1000, respectively. A decrease in
both T/B ratios was apparent for higher concentrations, mainly due to a
decrease in the specific signal probably as a result of agglutination
phenomena in the immunoreagents mixture solution. The incubation
time of the CAbryyp.1 —MBs with the TIMP-1, b-DAbryyp.1 and Strep-HRP
mixture also tested. Although the signal in the presence of TIMP-1
increased with the incubation time up to 120 min, the increase in the
non-specific adsorptions shown in Fig. 1f gave rise to a better T/B for an
incubation time of 1 h.

3.2. Analytical performance of the inmunoplatform for the determination
of TIMP-1

The calibration plot for TIMP-1 displayed in Fig. 2 showed a linear
dependence between the amperometric signals and the target biomarker
concentration from 43 to 2500 pg mL™! (R2= 0.996, and fitted to the
equation - i, nA= (1.16 + 0.03) nA mL pg ™! [TIMP-1] + (70 + 36) nA.
A limit of detection (LOD) of 13.01 pg mL ! was calculated according to
the 3 x sp/m criteria (where sy is the standard deviation of 10 mea-
surements for the blank solution and m is the slope of the calibration
curve), which is far below the clinical threshold stablished in serum for
CRC diagnosis (200-600 ng mL™? [25,31,50]). A relative standard de-
viation (RSD) of 3.6 % was obtained from the amperometric measure-
ments provided by 10 different bioconjugates prepared the same day,
thus confirming the good reproducibility of the assay.

Although the determination of TIMP-1 can be performed by immu-
nohistochemistry [51], or ELISA [27-29], biosensors provide an alter-
native to these hardly portable methods, which imply mostly high-cost
and time-consuming procedures [52]. Regarding the determination of
TIMP-1, O’Connor et al. developed an ECL sandwich immunoassay using
CdSeS QDs as ECL emitters, reaching a LOD of 1.54 ng mL~! [53], which
is significantly higher than that the achieved in this work (13.01 pg mL~
1), In addition, the method was not applied to the analysis of real sam-
ples. The detection of TIMP-1 was also reported exploiting the use of ECL
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Fig. 2. Calibration graph constructed using the immunoplatform developed for
the single determination of TIMP-1. Inset: amperometric traces recorded for 0,
50, 100, 250, 500, 1000 and 2000 pg mL ™.

imaging, but it was performed at a single concentration of 100 ng mL™!
[54]. A biosensing system involving surface plasmon resonance imaging
(SPRI) was reported by Gorodkiewicz’s group for the determination of
TIMP-1 in plasma samples of bladder cancer patients, claiming a LOD of
9pg mL™? [35]. This value is similar to that achieved with the developed
immunoplatform, but the method required more complex and
non-portable equipment thus limiting its applicability for onsite detec-
tion. Moreover, a label surface acoustic wave immunosensor for the
determination of TIMP-1 was reported [55], reaching a LOD value of 2
ng mL™! below the clinical cut-off value established for breast cancer.
However, the immunosensor was not applied to real samples. In this
context, the immunoplatform developed in this work stands up as an
interesting candidate to perform the proposed determination due to its
great sensitivity, ease of operation, low manufacturing cost and possi-
bility of in field operation.

To shorten the assay, the storage stability of the CAbryp.;—MBs
immunoconjugates once blocked with ethanolamine was tested by
resuspending and keeping them in filtered PBS at 4 °C until used. The
amperometric responses obtained in the absence and in the presence of
1000 pg mL~* TIMP-1 showed T/B ratios within the set control values
for at least 28 days (Fig. S1 in the Supplementary Material).

The selectivity of the developed bioplatform was tested by
comparing the amperometric response measured for 0 (white bars, B)
and 1000 pg mL~! TIMP-1 (color striped bars, T) in the presence of some
potential interfering proteins which can be found in human serum or
plasma, such as hIgG (yellow striped bars), Hb (red striped bars), HSA
(purple striped bars) and TNFa (blue striped bars) at concentrations of 1
mg mLL, 5 mg mL 1, 50 mg mL~! and 10 ng mL L, respectively, or 1/
10, 1/100 or 1/1000 diluted, if necessary (Fig. 3). In addition, the
supplier company of the DY970 DuoSet ELISA Human TIMP-1 certified
no cross-reactivity for recombinant human MMP-1, MMP-2, MMP-3, and
TIMP-2 and for recombinant mouse TIMP-1 at tested concentrations of
50 ng mL L.

As shown in Fig. 3, among all the tested potential interferences, Hb
and HSA showed an interference at the largest concentrations tested (5
mg mL ™! and 50 mg mL ™, respectively). Hb interference is attributed to
its positive association with TIMP-1, as well as to its peroxidase activity
[56,57]. The HSA interference was observed in other sandwich immu-
noassays, especially for concentrations larger than 5 mg mL™ and was
attributed to the fact that it can contain IgG of a wide range of speci-
ficities that can alter the assay when it is not highly purified [38].
Nevertheless, these interferences were minimized by 100-fold and
1000-fold dilution of Hb and HSA, respectively. It should be noted that
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Fig. 3. Amperometric responses provided by the developed bioplatform for the determination of TIMP-1 for O (white bars) and 1000 pg mL™ TIMP-1 (colored bars)
standards prepared in the absence and in the presence of hIgG (1 mg mL™?, yellow striped bars), Hb (5, 0.5 and 0.05 mg mL ™}, red striped bars), HSA (50, 5, 0.5 and
0.05 mg mL’l, purple striped bars) and TNF« (10 ng mL’l, blue striped bars). T/B ratio values are displayed in red dots and control limits (dashed black lines) were
set as + 3 s of the mean value obtained employing three different immunoplatforms.

the presence and concentration of these potential interferents will
depend on the nature of the analyzed samples.

3.3. Implementation and assessment of a dual immunoplatform for the
simultaneous determination of TIMP-1 and GDF-15

As it is well-accepted that the use of a single biomarker is unlikely to
provide a comprehensive diagnosis, and considering the achieved re-
sults obtained with the previously developed immunoplatform for the

a)
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I [GDF-15]
L mmP-1]
400

300+

A

-, n.

200+

100+

0-

| o
| I} 1 [\

Mixture (GDF-15/TIMP-1), pg mL™"

determination of GDF-15 [18], the simultaneous determination of these
biomarkers, both related to cellular senescence and CRC prognosis, was
accomplished. This was made through the preparation of independent
immunocomplexes batches for each target protein and their capture on
the corresponding working electrode of SPACEs. It is important to
remark that no modifications in terms of immunoreagents concentration
and incubation times were needed to implement the dual immunoplat-
form for the determination of TIMP-1 or for GDF-15 [18].

The possible crosstalk between the SPACE adjacent working

b) 500
= GDF-15
= TIMP-1
400 - 0
< 300 - 255 1000
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Fig. 4. Amperometric responses obtained with the MBs-based dual immunoplatform for the simultaneous determination of GDF-15 and TIMP-1 for mixture solutions
containing: 0 pg mL™ of both biomarkers (I); 0 pg mL™? GDF-15 and 1000 pg mL™ TIMP-1 (II); 2500 pg mL™ GDF-15 and 0 pg mL™ TIMP-1 (III), and 2500 pg mL!
GDF-15 and 1000 in pg mL™ TIMP-1 (a); calibration graphs (and real amperometric traces) obtained with the dual immunoplatform for the simultaneous amper-
ometric determination of GDF-15 and TIMP-1 standards (b).
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electrodes was evaluated by comparing the amperometric responses for
both targets using independent sets of immunoconjugates prepared at
different concentrations of TIMP-1 and GDF-15. The results shown in
Fig. 4a confirmed the absence of cross-reactivity between adjacent
electrodes as green bars in experiments II and IV and blue bars in ex-
periments III and IV were not significantly different. Therefore, the dual
immunoplatform resulted appropriate for the simultaneous determina-
tion of both biomarkers showing also an excellent selectivity of the
antibodies towards the tested analytes.

The analytical and operational characteristics of the developed dual
immunoplatform are summarized in Table 2. The respective calibration
plots were constructed using the experimental parameters given in
Table 1 for TIMP-1, and those previously reported by Tejerina-Miranda
et al. [18] for GDF-15 (Fig. 4b).

As expected, the calculated LODs values were slightly higher than
those obtained with the single immunoplatforms, which is attributable
both to the smaller surface area of the SPACEs compared to the SPCEs
working electrodes and to the larger diffusion barrier on the working
electrode surface by capturing the same amount of MBs on a smaller
surface [58]. Nevertheless, the LODs were still far below the clinical
serum cut-off values found in the literature for GDF-15 and TIMP-1
(around 1000 pg mL™! [59,60] and 200-600 ng mL™! [23,31,50],
respectively) to diagnose CRC. Due to the great importance of these
biomarkers for the prognosis of numerous diseases, mainly cardiovas-
cular and oncological, some electrochemical immunosensors and im-
munoassays were reported for their single determination. So, the
reported electrochemical immunosensors to determine GDF-15 claimed
similar or even better sensitivities than that achieved in this work
[41-44]. However, such methods involved time-consuming processes
for the preparation of nanomaterials. In addition, the sensitivity ob-
tained for TIMP-1 with the dual platform is still better than that of the
ECL platform reported by O’Coonor et al. [53]. Finally, it is worth
highlighting that, to date, this is the first developed bioplatform able to
determine both biomarkers simultaneously, which implies a shorter and
simpler assay; compatible with clinical applications.

The reproducibility of the measurements made with the dual plat-
form was checked by comparing the amperometric responses obtained
by ten different immunoconjugates constructed on the same day for 500
pg mL™! of both biomarkers. RSD values of 2.1 and 2.8 % were obtained
for GDF-15 and TIMP-1, respectively, thus verifying the high repro-
ducibility of the employed methodologies both to prepare the immu-
nocomplexes, their capture on the WEs of SPdCEs, and the dual
amperometric transduction.

3.4. Application of the developed immunoplatforms to the analysis of
clinical samples

3.4.1. Individual analysis of TIMP-1

The applicability of the immunoplatform developed for the single
determination of TIMP-1 was tested through the analysis of two different
types of clinical samples: extracts from metastatic (M: SW620,
KM12L4a, and KM12SM) and non-metastatic (NM: SW480 and KM12C)
CRC cells and paired tissue extracts (tumoral (T) and margin non-
tumoral (NT)) of 8 patients with advanced CRC (4 in stage III and 4 in
stage IV).

Table 2
Analytical characteristics provided by the developed dual immunoplatform for
the simultaneous amperometric determination of GDF-15 and TIMP-1.

Parameter GDF-15 TIMP-1
Linear range, pg mL™" 55-1000 64-1000
Slope, nA mL pg ! 0.23 £ 0.01 0.35 + 0.01
Intercept, nA 29 +7 52+ 6
LOD*, pg mL™* 16.6 19.2

" Values estimated according to the 3 x s,/m criterion.
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First, the evaluation of the possible matrix effect in the assayed
clinical samples was checked. A statistical comparison of the slope
values corresponding to the calibration plots prepared with TIMP-1
standard solutions and by spiking representative samples with the pro-
tein standard was carried out. The results shown in Table S1 (in the
Supplementary Material) indicated that no apparent matrix effect was
produced (texp < tep) in any of the assayed samples when 0.25 pg of
protein cell extracts, and 0.10 pg of tissue extracts were analyzed.
Therefore, the determination of TIMP-1 in the samples was carried out
by interpolation of the amperometric responses for the diluted sample
into the external calibration plot constructed with different concentra-
tions of the standard (Fig. 3).

The results for the analysis of extracts from CRC cells with different
metastatic potential using the developed TIMP-1 immunoplatform are
displayed in Fig. 5a and summarized in Table S2 (in the Supplementary
Material). As it can be seen, TIMP-1 was overexpressed in metastatic
CRC cells (SW620 and KM12L4a/KM12SM) compared to the respective
isogenic non-metastatic counterparts (SW480 and KM12C), in agree-
ment with the results obtained by Western Blot for the same samples
(Fig. 6a) and with previously reported data [61] according to which the
marked difference in TIMP-1 protein expression between SW480 and
SW620 cell lines seems likely to be one factor responsible for phenotypic
differences in this model of tumor progression.

Regarding paired CRC tissue samples (T and NT from stages Il and IV
of the disease), the levels of TIMP-1 (Fig. 5b and Table S3 in the Sup-
plementary Material) were higher in T than in NT tissue samples in
agreement with that reported for T tissues of breast [62-64], lung [65],
gastric [66,67], and colorectal [33,68,69] cancer patients, which has
been associated with poor prognosis of the disease [61,70]. In addition,
the concentration of TIMP-1 found in T (median 35.0, range 27 to 320 pg
pg™!) and NT (median 10.8, range 5 to 20 pg ug 1) tissues agrees with
that reported in the literature for gastric cancer [67]. Moreover, the
TIMP-1 concentrations found in T tissue for patients in stage III and stage
IV of the disease were not significantly different, as reported by Yoshi-
kawa et al. for gastric cancer [66].

Moreover, recovery studies were performed to check the accuracy of
the results obtained with the developed bioplatform. These studies were
made by spiking representatives from each group of samples with 250 pg
mL ™! of TIMP-1 standard and following the same protocol as for the non-
supplemented samples. The obtained recovery values, upon the sub-
traction of the endogenous content found in each sample from the
overall concentration determined after sample spiking, between 99 and
103 % (Table S4 in the Supplementary Material), proved the reliability
of the results provided by the developed immunoplatform for the
determination of TIMP-1 in the analyzed samples. The obtained results
highlight the potential of the developed immunoplatform, which allows
the determination of TIMP-1 in the analyzed samples in only 1 h starting
from the prepared CAbrpyp.1-MBs, and, therefore, making the immu-
noplatform very competitive versus other available techniques such as
ELISA and Western Blot.

3.4.2. Simultaneous analysis of TIMP-1 and GDF-15

Once the viability of the new immunoplatform for the single deter-
mination of TIMP-1 in different biological samples was proven, the
feasibility of simultaneously determining GDF-15 and TIMP-1 in bio-
logical samples in a single run was tested by analyzing 5 secretomes of
CRC cells and 6 plasma samples from different individuals (2 healthy, 2
CRC (I11), and 2 CRC (IV)). Considering that the GDF-15 analysis in
secretome samples had not been previously performed, the possible
existence of matrix effect was evaluated. As it is summarized in Table S5
(in the Supplementary Material), no matrix effect was apparent (texp<
trab) Upon a 25-fold dilution. Thus, the simultaneous determination of
TIMP-1 and GDF-15 in cell secretome samples was also made by simple
interpolation of the current signals measured for the diluted samples
into the calibration plots constructed with buffered standards. As it can
be seen in Fig. 7, increased GDF-15 levels were observed for metastatic
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SW620, KM12SM, and KM12L4a cells in contrast to their corresponding
poorly metastatic counterparts. However, the TIMP-1 concentration was
found increased only in the metastatic SW620 and KM12L4a CRC cells in
comparison to their corresponding low metastatic counterparts and to
the highly metastatic to liver KM12SM cells. These results agreed with
those obtained by Dot-Blot analysis for the SW CRC cells secretome
(Fig. 6b). However, the increased levels of TIMP-1 in the secretome of
KM12L4a cells was not observed by Dot-Blot, which might be due to the
hook effect associated because of the high level of this protein in the
KM12L4a cells’ secretome.

On the other hand, as no matrix effect was observed for the single
determination of TIMP-1 and GDF-15 in plasma samples with the
respective immunoplatforms, their quantification with the dual platform
was performed by interpolating the sample signals into the calibration
plots built with the respective protein standards after a simple sample
dilution (1/250 for TIMP-1 and 1/25 for GDF-15 [18]).

The results obtained for the dual determination of both biomarkers
in the analyzed samples are displayed in Fig. 7 and summarized in
Table 3.

As shown in Figs. 7c¢ and 7d, larger concentrations of both bio-
markers were found in plasma samples of CRC patients compared to
those determined for healthy individuals, thus allowing us to discern
between healthy individuals and CRC patients. Furthermore, larger
concentrations were observed at advanced stages (III vs. IV), which
agrees with the increase reported in the serological concentration of
GDF-15 [59,71,72] and TIMP-1 [20,24,25,27,31,50,73,74,75,76] with
the stages of CRC advancement. In addition, the concentrations found in
plasma samples for GDF-15 were pretty similar to those reported pre-
viously for CRC patients [18,59,60]. Regarding the TIMP-1 concentra-
tions found, they were lower than those reported by Ishida et al. [25],
but close to those given by Nielsen et al. [75], which can be attributed to
the nature of every sample. In addition, it has been claimed that TIMP-1
serum concentrations are correlated with nodal involvement, presence
of distant metastases, patients’ survival, and tumor resectability [20,
41].

This work reports the first results described in literature for the
determination of GDF-15 and TIMP-1 in cell secretome samples (Figs. 7a
and 7b), and allowed differentiation between non-metastatic and met-
astatic samples, as previously reported in literature for other biomarkers
[61,77,78].

Moreover, recovery studies made for both biomarkers in the
analyzed samples provided values between 100-102 %, when a repre-
sentative sample of each pool was spiked with 250 pg mL ™! of the target
biomarkers (Table S6 in the Supplementary Material). These values
demonstrated the accuracy and reproducibility of the methodology
developed for the simultaneous determination of GDF-15 and TIMP-1,
even in highly complex biological samples.

3.4.3. Diagnostic ability of TIMP-1 and GDF-15 for CRC
To assess the diagnostic ability of TIMP-1 and GDF-15 in CRC, we
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made ROC curves analyses with the data obtained with the dual
immunoplatform (Fig. 8). Both proteins were able to significantly
discriminate KM12 and SW highly metastatic cells in cell extracts and
secretomes with an area under the curve (AUC), sensitivity, and speci-
ficity of 100 %. However, TIMP-1 levels in the secretome of KM12 cells
were not able to distinguish the metastatic potential of the cells
(Fig. 8a). In addition, TIMP-1 and GDF-15 levels in plasma and tissue
samples significantly discriminated tumoral samples from healthy
samples with full diagnostic ability of CRC (AUC, sensitivity, and spec-
ificity of 100 %) (Fig. 8b). The very favorable values of these parameters
were attributed to the selected markers, the nature of the samples, and
the cohort of patients analyzed, which, although small, we consider to
be extreme (healthy subjects and patients with CRC in advanced stages
-stages IIT and IV-).

4. Conclusions

This paper reports the first electrochemical immunoplatforms for the
individual determination of TIMP-1 and for the dual determination of
TIMP-1 and GDF-15, two biomarkers of emerging relevance related to
cellular senescence and diagnosis and prognosis of CRC. Both immu-
noplatforms rely on sandwich immunoassays using magnetic micro-
supports and specific antibodies to capture and detect the target
biomarkers at disposable screen-printed single or dual detection elec-
trodes and employing amperometric transduction with the HyOo/HRP/
HQ system. Antibodies from ELISA kits recommended for TIMP-1 or
GDF-15 determination in cell culture supernatant, serum, and plasma
have been used with reliable results even in cell and tissue extracts. The
outstanding analytical performance of the developed immunoplatforms
allow their application in the analysis of small amounts of an appealing
variety of highly complex relevant clinical samples. Thereupon, the
usefulness of the immunoplatform for the single determination of TIMP-
1 was assessed through the analysis of 0.10 ug of tissue samples and 0.25
ug of protein extracts, while the suitability of the dual immunoplatform
was demonstrated through the analysis of 1/25 (GDF-15) or 1/250
(TIMP-1) diluted plasma and secretome samples. Both immune plat-
forms are able to distinguish between liquid samples from healthy in-
dividuals and CRC patients and between tumoral and non-tumoral
adjacent solid samples in very short times (~ 1 h), using simple pro-
tocols and minimum amounts of biological material. The developed
methodology involves cost-effective electrochemical instrumentation
compatible with routine analysis and, if needed, with portable systems
that would allow on-site measurements to continue advancing in the
understanding and therefore in the precision of the diagnosis, prognosis
and treatment of CRC.
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Table 3
Results obtained in the analysis of plasma and cell secretome samples using the developed dual immunoplatform for the simultaneous determination of GDF-15 and
TIMP-1.
Biological sample [GDF-15], ng mL™'* RSD, _ 3, % [TIMP-1], ng mL™ !+ RSD, _ 3, %
Cell secretome SW480 3.8+04 3.7 73+2 1.1
SW620 7.9+0.3 1.3 116 £ 5 1.7
KM12C 11.1 £ 0.3 1.3 105+ 3 1.3
KM12L4a 19.6 + 0.6 0.6 124 £3 1.0
KM12SM 30.3+0.8 1.0 86 +3 1.2
Plasma Healthy 1 1.1 +£0.1 4.5 23+2 2.7
2 1.6 £0.2 4.3 21.0+ 0.4 0.8
CRC (111) 3 25+0.3 4.6 302 29
4 2.1+0.2 3.2 27 £1 2.1
CRC 5 2.6+0.1 1.8 32+2 2.9
(A% 6 45+0.2 1.4 40 + 4 4.3

* Mean value + Ls/\/n; n==23;a=0.05
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Fig. 8. Analysis of the diagnostic ability of TIMP-1 and GDF-15 in cell protein extracts and secretomes (a) from CRC cells, and in plasma and tissue samples (b) from
CRC patients and healthy individuals by means of ROC curves analyses.
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