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ARTICLE INFO ABSTRACT

Keywords: Pancreatic ductal adenocarcinoma (PDAC) is the solid tumor with the worst prognosis, representing today the
Immunoplatform third cause of cancer-related deaths in developed countries and expected to be the second in 2030. Today,
‘érlpsrg"metry CA19.9 remains the only clinically used marker for management of PDAC (FDA-approved as a disease monitoring

marker). This work reports a disposable amperometric immunoplatform for the determination of CA19-9. The
immunoplatform skilfully combines the advantages of magnetic microsupports (MBs) for implementation of the
immunoassay and amperometric transduction on screen-printed carbon electrodes (SPCEs). The method involves
the preparation of sandwich immunocomplexes enzymatically labeled with the enzyme horseradish peroxidase
(HRP) on the MBs and uses a detection antibody conjugated to HRP. Once the HRP-labeled sandwich immuno-
complexes-bearing MBs were trapped on the SPCE surface, the variation of the cathodic current was measured in
the presence of H,0, and hydroquinone (HQ). This current, which was directly proportional to the concentration
of CA19-9. Under the optimized experimental conditions, the immunoplatform allowed the amperometric deter-
mination of CA19-9 standards over the 5 to 500 U mL~! concentration range, with a limit of detection (LOD)
value of 1.5 U mL-1 in 1 h. The method exhibits good reproducibility and selectivity and the magnetic immuno-
conjugates shows a good storage stability. The immunoplatform was applied to the determination of CA19-9 in
serum samples of a medium-sized cohort (22 individuals) of healthy subjects and patients diagnosed with PDAC.
The obtained results demonstrated the immunoplatform ability to discriminate both types of individuals within
1 h after sample dilution. The developed immunoplatform represents an improvement in terms of cost, applica-
bility and accessibility compared to the ELISA-based techniques currently used in the clinic.

Pancreatic cancer
Serum samples

1. Introduction In terms of a screening standpoint, clinical markers with biologi-

cally distinct omic origin, including proteins, microRNAs, exosomes,

Among all plausible manifestations of human cancer, epidemiologi-
cal studies describe that pancreatic ductal adenocarcinoma (PDAC), the
main subtype of pancreatic cancer [1], ranks as the most lethal neo-
plasm with five-year overall survival rates of 11 % [2-5]. To improve
this dismal prognosis, detection of PDAC at the earliest stages is greatly
demanded. However, the lack of well-validated and specific screening
tests and the compromised positive predictive value of the diagnostic
procedures available, which may lead to over-diagnosis and overtreat-
ment, remain the two main problems to overcome [6,7].

circulating and methylated DNA, antibodies, and metabolites have been
tested in multiplexed panels for PDAC screening [8]. All of them except
one, the carbohydrate antigen 19-9 (CA19-9), showed an important
lack of applicability in longitudinal screening, thus demonstrating that
they are not yet mature enough for translation to clinical practice. Ac-
cordingly, CA19-9 is the unique tumor biomarker accepted by the US
Food and Drug Administration for PDAC diagnosis and treatment moni-
toring [9-12].

Traditionally, imaging-based methods have been used for the diag-
nostic finding of early-stage PDAC. These methods include computed
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Scheme 1. Schematic diagram of the protocol used for the formation of sandwich-type immunocomplexes on magnetic microcarriers, and the enzymatic and elec-

trochemical reactions involved in the amperometric transduction on SPCEs.

tomodensitometry (CT), endoscopic ultrasound (EUS), abdominal ultra-
sound and magnetic resonance imaging (MRI) [13]. Nevertheless, sig-
nificant diagnostic challenges related to these methods persist, mainly
due to difficulties in localizing small PDAC lesions (as they may be par-
tially masked by gas interference in the gastrointestinal tract), de-
creased diagnostic sensitivity when PDAC tumors are smaller than
2 cm, poor specificity, and subjectivity of clinicians for early detection
[14]. Other methodologies currently used to diagnose PDAC comprise a
combination of radiological proofs with typical clinical evidence, fol-
lowed by diagnostic confirmation of the pathologic state by fine needle
aspiration or brush cytology. These methods have the limitations of be-
ing invasive and time-consuming [15]. However, invasive tissue biop-
sies of primary or metastatic lesions remain the gold standard for PDAC
diagnosis, although repeat sampling is infeasible. This is why noninva-
sive liquid biopsies offer new opportunities for early diagnosis in high-
risk cohorts and for longitudinal analysis of tumor evolution and pro-
gression in patients undergoing treatment [16]. Thus, the exploration
of tumor biomarkers detectable in blood has an essential utility not only
to accurately identify patients in the early stages of tumor growth, but
also to estimate response to treatment or recurrence [17-20].

CA19-9, also known as Sialyl Lewis A (sLeA) antigen, is the most
widely used non-invasive blood-based diagnostic tumor biomarker to
confirm suspected PDAC [21], as it is highly expressed and released by
cancerous pancreatic cells [22,23]. CA19-9 is created by deregulated
glycosylation, which occurs aberrantly during cancer progression re-
sulting in the formation of multiple glycosylated residues. Considering
that this type of modification is regarded as one of the cancer hall-
marks, this antigen emerged as a potential PDAC-related proteomic en-
tity for a long time [24] and has remained useful to the present day.
Serum CA19-9 levels below 37 U mL-! are considered normal [25].

It is well-accepted that multiplexed biomarker assays allow more ac-
curate and precise cancer diagnostics and prognosis compared to single
biomarker assays. This is especially true for discrimination of patholo-
gies that are hardly distinguishable in a clinical setting, like PDAC and
chronic pancreatitis, a non-cancerous inflammation of the organ. How-
ever, multiplex biomarker requires additional optimization and has
higher costs, therefore it is not currently used for population screening,
nor diagnosis/prognosis of PDAC. In contrast, CA19-9, despite some

limitations like false negatives in people not expressing the Lewis anti-
gen due to FUT3 mutations and false positives in non-malignant pancre-
atic inflammatory disease, has still reasonable accuracy (79 % sensitiv-
ity and 82 % specificity) to be used as single biomarker for PDAC. It
stands out especially for patient follow-up to monitor therapy response
and/or predict tumor relapse. Furthermore, although serum CA19-9
levels are also increased in various cancer types and subtypes, including
colorectal cancer (CRC), gastric cancer, ovarian cancer, and bile duct
cancer, it has been shown that the highest sensitivity and selectivity is
achieved in patients with PDAC [26-28]. Furthermore, single CA19-9
analysis is apt enough to yield valuable information related to PDAC ag-
gressiveness in differentially pooled subsets, including patients with
stage I-II and those stratified into stage III-IV [29].

Accordingly, given the usefulness of CA19-9 to assess the presence
and progression of PDAC, the development of rapid and accurate meth-
ods for the easy, affordable, and sensitive monitoring of this biomarker
remains a compelling goal for the scientific and clinical communities.
In this context, in the last decade, the unique advantages exhibited by
electrochemical biosensors in terms of simplicity, affordability and
point-of-care (POC) applicability have been exploited to develop meth-
ods for the determination of CA19-9 [30-44]. However, most of these
biosensors require the use of nanomaterials and long fabrication times
and none of them have been implemented taking advantage of the ben-
efits inherent to the use of micromagnetic supports in terms of im-
proved sensitivity, fast kinetics, and minimization of matrix effect [45,
46].

This work reports a simple, but highly competitive electrochemical
(EC) immunoplatform compared to other more complex methodologies
displayed up to date for the determination of CA19-9. Notable are its
achievements in terms of rapidity of analysis, affordability, and POC ca-
pabilities in serological samples collected from PDAC patients and con-
trol individuals. The developed EC-immunosystem relies on a sand-
wich-type configuration using an antibody pair consisting of selective
capture and HRP-conjugated detector immunoglobulins. The formed
immunocomplex stays conveniently immobilized onto the surface of
previously activated magnetic micro-supports (MBs) containing func-
tional surface carboxylic groups. The modified MBs are captured on
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Fig. 1. Optimization of key experimental variables involved in the formation of sandwich immunocomplexes on MBs. Comparison of the amperometric responses for
0 (signal B) and 250 (signal S) U mL~! of CA19-9 standard provided by bioplatforms prepared using magnetic bioconjugates involving CAb-MBs by varying: a) CAb
concentration and b) incubation time, ¢) number of steps involved in the formation of immunocomplex, d) incubation time of CAb-MBs with CA19-9 solution, €) con-

centration and f) incubation time with HRP-DAD solution.

screen-printed carbon electrodes (SPCEs) to perform amperometric
transduction in the presence of H,0, and hydroquinone (HQ).

2. Experimental section
2.1. Apparatus and electrodes

A CHI1140A potentiostat (CH Instruments) operated by the
CHI1140A software was employed for the electrochemical measure-
ments. Screen-printed carbon electrodes (SPCEs, DRP-110) and their
connecting cable (DRP-CAC) were purchased from Metrohm Hispania.
Magnetic trapping of modified microbeads (MBs) on the working elec-
trode (WE) surface was controlled by a neodymium magnet (AIMAN
GZ) embedded in a homemade polymethylmethacrylate (PMMA) cas-
ing. A magnetic particle concentrator (DynaMag™-2, Invitrogen) was
used to separate and handle MBs. ELISA tests were performed with a
SPECTROstar Nano ELISA plate reader (BMG Labtech), a Digital rock-
ing SHAKER S-4 (ELMI) and flat-bottom ELISA plates.

Other used instruments were a BioSan TS-100 uniform temperature
incubator shaker (Thermo), a vortex (Velp Scientifica), a magnetic stir-
rer (Inbea), and a Basic pH-meter (Basic 20+, Crison).

2.2. Reagents and solutions

Magnetic microbeads functionalized with carboxylic acid groups
(HOOC-MBs, M-270) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) were purchased from Thermo
Fisher Scientific, N-hydroxysulfosuccinimide (sulfo-NHS) from Fluo-
rochem, and 2-(N-morpholino)ethanesulfonic acid (MES) and bovine
serum albumin (BSA) were from Gerbu. Human CA19-9 standard,
mouse anti-human CA19-9 (used as capture antibody, CAb), and HRP
labeled mouse anti-human CA19-9 (used as detector antibody, HRP-
DAb) were acquired from Genetex (refs. GTX02886-pro, GTX635389
and GTX635391, respectively). Sodium chloride (NaCl), tris(thydrox-
ymethyl)aminomethane (Tris), potassium chloride (KCl), dihydrated
sodium di-hydrogen phosphate (NaH,PO4,2H,0) and anhydrous di-
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Fig. 2. Dependence of the cathodic current variations provided by the devel-
oped amperometric immunoplatform with the concentration of CA19-9 stan-
dards. Inset: obtained linear dependence.

2500

sodium hydrogen phosphate (Na,HPO,) were obtained from Scharlab.
Blocker casein (BB, phosphate-buffered saline (PBS) containing 1.0 %
w/v casein, pH 7.4) and 3,é,5,5-tetramethylbenzidine (TMB) commer-
cial solutions were ordered from Thermo Fisher Scientific, and sodium
hydroxide (NaOH) from Labkem. Hydroquinone (HQ), hydrogen perox-
ide (H,0,) (30 %, w/v), ethanolamine and Tween® 20 from Sigma-
Aldrich and Stop Solution (2 N H,SO,) from Cayman Chemicals were
also used.

The following human protein standards were evaluated as potential
interfering compounds: hemoglobin (Hb, ref. H7379) and human im-
munoglobulin G (hIgG, ref. 12511) from Sigma-Aldrich, growth arrest-
specific 6 (GAS6, ref. DY885B), interleukin 1 receptor-like 1 (IL1RL1/
IL33R/ST2, ref. DY523B-05), cluster of differentiation 147 (CD147, ref.
DY972), E-cadherin (E-Cad, ref. DYC4225), interleukin-13 receptor al-
pha2 (IL-13Ra2, ref. DY614) and hypoxia inducible factor 1 alpha (HIF-
la, ref. DYC1935) from R&D Systems, human serum albumin (HSA,
Sigma Life Science, ref. A1653), cadherin-17 (CDH-17, OriGene Tech-
nologies, ref. TP720740), and tumor necrosis factor alpha (TNF-o, BD
Pharmigen, ref. 55,618). All the employed reagents were of the highest
available grade.

Used buffer solutions, prepared with deionized water from a Milli-
pore Milli-Q purification system (18.2 M{-cm) include: 0.025 M MES,
pH 5.0; phosphate-buffered saline (PBS) which consists of 0.01 M phos-
phate buffer solution with 137 mM NaCl and 2.7 mM KCl, pH 7.4;
0.1 M phosphate buffer (PB), pH 8.0; 0.1 M Tris-HCl, pH 7.2; and
0.05 M PB, pH 6.0. Wash buffer (0.05 % Tween® 20 in PBS), blocking
buffer (2.5 % BSA in PBS) and reagent diluent (1 % BSA in PBS) were
used for the ELISA method. For electrochemical measurements, 0.1 M
HQ and H,0, solutions, were prepared daily in 0.05 M PB (pH 6.0) just
before use.

2.3. Formation of HRP enzymatically labeled sandwich immunocomplexes
on magnetic microsupports and amperometric detection

Sequential biofunctionalization of the HOOC-MBs was performed
under continuous stirring (950 rpm) at 25 °C in 1.5 mL microcentrifuge
tubes. After each modification step, MBs were washed twice with 50 uL
of the corresponding buffer and magnetized for 3 min using a concen-
trator before removing the supernatant. Firstly, a 3 pL-aliquot of the
commercial HOOC-MBs suspension (homogenized by vortexing) was
placed in the centrifuge tube and, after two washing steps with MES
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buffer for 10 min, the surface carboxylic groups were activated with
25 uL of a mixture solution containing EDC and sulfo-NHS 50 mg mL-!
each in MES buffer for 35 min. Activated MBs were washed twice with
MES and incubated for 30 min with 25 uL of a 25 ug mL-! CAb solution
prepared in MES. After a further washing with MES, the redundant ac-
tive sites in the EDC/sulfo-NHS activated MBs were sealed by incuba-
tion with 25 pL of a 1.0 M ethanolamine solution (prepared in PB, pH
8.0) for 60 min. The CAb-MBs were then washed once with Tris-HCl
buffer, twice with PBS, and stored at 4 °C in filtered PBS until required
for the target determination. Sandwich immunocomplexes were formed
by two successive incubation steps with 25 L of a solution containing
the CA19-9 standard (or the analyzed sample) in PBS for 45 min, and
25 L of 0.5 pg mL-! HRP-DAb in BB for 15 min, mediating two wash-
ings with BB between these steps. The resulting magnetic bioconjugates
were subsequently washed with BB and then resuspended in 50 pL of
PB, pH 6.0.

After placing a SPCE in the PMMA casing, a 50 uL aliquot of resus-
pended MBs in PB was pipetted and magnetically captured onto the WE
surface. The SPCE/magnetic housing assembly was connected to the
potentiostat and immersed into an electrochemical cell containing
10 mL of PB, pH 6.0, supplemented with freshly prepared 1.0 mM HQ
under continuous stirring. Amperometric measurements were per-
formed at —0.20 V (vs. the Ag pseudo-reference electrode) upon addi-
tion of 50 pL of a freshly prepared 0.1 M H,0, solution once the back-
ground current was stabilized. The provided signals given in the manu-
script were calculated as the difference between the steady-state and
background currents. Given error bars were estimated as three times
the standard deviation of three replicates (confidence intervals calcu-
lated for a = 0.05).

2.4. Analysis of serum samples from healthy individuals and pancreatic
cancer patients.

The developed immunosensor was applied to the determination of
CA19-9 in serum samples from control individuals and from patients di-
agnosed with PDAC provided by the Hospital del Mar Medical Research
Institute (IMIM), after approval of the corresponding Ethic Committee
(IMIM 2020/9067/1) and was implemented in accordance with the
Helsinki Declaration of Principles. All individual participants voluntar-
ily signed an informed consent allowing the use of their serum samples
for research purposes.

Once the absence of matrix effect was confirmed, quantification was
performed by simple interpolation of the amperometric responses pro-
vided by the immunosensor for 50-fold diluted serum samples into the
calibration graph constructed with CA19-9 standards. The serum sam-
ples were also analyzed as well as by ELISA using the same immunore-
agents. The ELISA methodology is similar to that reported by Muiioz-
San Martin et al. [47], working with solutions of 5 pg mL-1 CAb,
100 ng mL~! HRP-DAb and 100-times diluted serum samples as well as
interpolation into the calibration graph constructed with CA19-9 stan-
dards over the 50 to 250 U mL-! concentration range. Moreover, to
compare these CA19-9 values obtained from the immunosensor or
ELISA with those from the clinic diagnostics, the same samples were
also tested at the Laboratori de Referéncia de Catalunya (Barcelona,
Spain) using an electrochemiluminescent technique (ECLIA), which in-
volves the use of the monoclonal antibody 1116-NS-19-9 and a Cobas
4000 analyzer (Roche Diagnostics).

3. Results and discussion

The rationale of the proposed immuno-strategy for the determina-
tion of the carbohydrate antigen CA19-9 (Scheme 1) relied on the ex-
ploitation of carboxyl-functionalized magnetic microsupports (HOOC-
MBs) on which specific anti-CA19-9 (CAb) antibodies, able to effi-
ciently and specifically recognize the target antigen, were covalently
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Table 1
Comparison of the analytical/operational features and applications of electrochemical immunosensors/immunoassays reported for the determination of CA19-9 in
the last decade.

Rationale Technique LR LOD Preparation/ Storage Applicability Ref.
Determination time stability /
other
remarkable
features

Reagentless label-free direct DPV (glucose) 0.01-1.11 and 11.11- 0.004 UmL-! ~26 h/~ 45 min 25 days / — [29]
immunosensor at a GCE modified “Signal off” 476.11 U mL™! Reagentless,
with Fe30,@Si0,~Au@mSiO,, DET
MWCNTs and GOD

Sandwich type immunosensor using DPV (Co(dcbpy)s2+) 5-100 U mL~! 1.6 U mL™! 85h - Spiked serum [30]
a AuNPs-AuE and Nafion-coated ~ “Signal on™ (DAb + Co(dcbpy)s?t/ samples
TiO, composite nanoparticles NTs: 8.5 h)/2h
(NTs) decorated with
DAb + Co(dcbpy)s?* or
DAb + MB for dual
determination of CA19-9 and
CA15.3

Sandwich-type electrochemical Chronoamperometry 0.05-15.65 U mL~! 0.01 U mL! b-CAb-SA-3DOMM: 15h 30 days/ Serum samples [31]
immunosensor based on b-cAb (H,0,) (Au-Fe;0,@Si0O,: 6.5 h; Regeneration:
immobilization on a SA-3DOMM  “Signal on” HRP-DAb/Au@SBA-15: > 5 cycles,

(Au-Fe;0,@SiO,) AuE, HRP- 20 h 20 min)/2h DET
DAb/Au@SBA-15

Label-free direct immunosensor at a DPV (PThi) 5-400 U mL! 0.45 U mL! 1 h (PThi-SDS: 36 h)/1h 20 days: - [32]
PThi-SDS/AuNPs-GCE “Signal off” 88.6% initial

current

Electrochemical microfluidic chip DPV 10.75-172 U mL! 10.75 U mL~! 5 h 20 min/35 min - Serum specimens  [33]
for multiplex determination of ([Fe(CN)g]*+/3-1) of gastric cancer
CEA, CA19-9, H.P., P53, PG I and “Signal-off” patients
PG-II involving Label-free direct
immunosensing formats CAb
covalently immobilized onto Au
microelectrodes modified with
mercaptoacetic acid and EDC/

NHS

Label-free direct immunosensor at a DPV (PThi) 6.5-520 U mL~! 0.26 U mL! 13 h (AuNPs@PThi: - Serum samples [34]
AuNPs@PThi-GCE “Signal off” 24 h)/1h from PDAC

patients

Label-free direct immunosensor DPV 0.05-50 U mL-! 0.03 U mL-! ~2h/ - 7 days / - Spiked human [35]
developed at a GCE modified with ([Fe(CN)g]4/3-1) serum samples
AuPt NCs “Signal-off”

Label-free direct immunosensor EIS - 0.35 U mL! 1 h 25 min/10 min - Cell lysates and [36]
developed by NHS-assisted (capacitance) blood serum
covalent immobilization of CAb
on interdigitated AuEs combining
PEI and MWCNTs

Label-free direct immunosensor EIS 4-189 U mL™! 0.68 U mL! 10 h / 10 min - Two cell lines [37]
developed at a interdigitated ([Fe(CN)gl*/3-1) supernatant
AuEs modified with a 11-MUA “Signal-on” samples, HT-29
SAM activated with NHS and EDC (12.26 U mL! of
and a layer of anti-CA19-9 CA19-9) and SW-
antibodies 620 (no

detectable levels
of CA19-9)

. Serum samples
from 8 PDAC
patients.

Label-free direct immunosensor EIS (capacitance) 0.3-100 U mL! 0.12 U mL! SPIDE/CNO-GO: 5 h (GO: - Commercial [38]
developed by adsorbing CAb at 14 h)/10 min samples and cell
SPIDE/CNO-GO lines lysates

tested positive
(HT29) and
negative (SW620)
for CA19-9

Label-free direct immunosensor DPV 0.01-40 U mL! 0.07UmL' ~15h /20 min 2 weeks Cell lysates of [39]
developed by adsorbing CAb at ([Fe(CN)g]*/3-1) CRC from HT-29
SPCEs coated LbL films of CB and “Signal-off” and SW-620 cell

polyelectrolytes (PEI and PAA)

lines and serum
from cancer
patients

(continued on next page)
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Rationale Technique LR LOD Preparation/ Storage Applicability Ref.
Determination time stability /
other
remarkable
features
Label-free direct immunosensor SwWv 1.0 pg mL™! — 100 ng mL~! 0.163 pg mL~! 3 h 30 min (CS-MWCNT- 15 days Serum samples [40]
developed at a GCE modified with ([Fe (CN)g]3/4) Fe304: 15 h) / 30 min from
a CS-MWCNT-Fe;0,4 endometriosis
nanocomposite patients
Label-free direct immunosensor DPV 0.01-150 U mL-! 0.0034 U ~ 14 h (~15 h rGO, ~ 9 days Clinical patient [41]
developed at a GCE modified with ([Fe(CN)g]4/3-] mL-1 28 h BiOCI-APTES-PtNi blood samples
rGO and 3D biomimetic “Signal-off” composite) / 2 h
hydrangea-like bismuth
oxychloride (BiOCl) and PtNi
nanocubes
Label-free direct immunosensor DPV 0.00001-10 U mL! 2.49 x 10°U 13.5 h (Fe;0,@NPCS: 4 weeks Spiked serum [42]
developed at a GCE modified with ([Fe(CN)g]4/3-] mL-! 34 h)/1h samples
Fe;0,@NPCS “Signal-off”
Sandwich immunosensor involving  DPV (Thi/H,0,) 0.002-30 U mL-! 0.001 UmL-! > 0.5 h (MXene/HRP/ - Serum samples [43]
a GS/Thi-GCE and MXene/HRP/  “Signal-on™ DAb:1h)/>2h
DAb
Label-free direct immunosensor DPV 0.05-500 U mL~! 0.01 U mL-! ~37h/0.5h 3 weeks: 85%  Spiked serum [44]
prepared by covalent ([Fe(CN)gl*731 initial samples
immobilization of the CAb using  “Signal-off” sensitivity
EDC/NHS on a AuE modified with
a binary SAM of MPA and MCH
HRP-labeled sandwich Amperometry 5-500 U mL"! 1.5 U mL™! 2 h 5 min/1h CAb-MBs: Serum samples This
immunoassay implemented on the (H,0,/HQ) 21 days from healthy and work

surface of HOOC-MBs and
electrochemical transduction at
SPCEs

PDAC patients

APTES: 3-aminopropyl)triethoxysilane; AuPt NCs: AuPt nanocalliandras; CA19-9: carbohydrate antigen 19-9; CB: carbon black; CEA: carcinoembryonic antigen;
CNOs: carbon nano-onions; CS: chitosan; DAb: detector antibody; DET: direct electron transfer; DPV: differential pulse voltammetry; EDC: 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride; EIS: electrochemical impedance spectroscopy; 3DOMM: three dimensional ordered macroporous magnetic; GO:
graphene oxide; GS: graphene sheet; H.P.: Helicobacter pylori CagA protein; HQ: hydroquinone; LbL: layer-by-layer; LOD: limit of detection; L.R.: linear range; MCH:
mercaptoethanol; MPA: 3-mercaptopropionic acid; 11-MUA: 11-mercaptoundecanoic acid; NHS: N-hydroxysuccinimide; P53: P53 oncoprotein; PDAC: pancreatic
ductal adenocarcinoma; PEIL: polyethyleneimine; PG I: pepsinogen I; PG-II: pepsinogen II; PThi: polythionine; rGO: reduced graphene oxide; SPCEs: screen-printed
carbon electrodes; SPIDEs: screen-printed interdigitated electrodes; SWV: square wave voltammetry.

25 18.0
[ JoumL'cat99
2ol [ 250 U mL"' CA19-8 1150
T ] o Al +3s412.0
1.5 -8l & 1w MR i el
g‘ : i | "} Joo 2
= T
1 1.04
H6.0
0.5 30
0.0 ] CLIr 0.0

0 2 5 7 9 15 21 30 60

Stability (days)

Fig. 3. Storage stability of CAb-MBs. S/B ratio values provided by bioplat-
forms prepared from stored CAb-MBs (in filtered PBS at 4 °C) for 0 and 250 U
mL-1 CA19-9 standards. Control limits were set at = 3 s of the mean value
provided by 3 immunoplatforms prepared on the day of CAb-MBs manufac-
ture.

immobilized by using carbodiimide and succinimide as chemical link-
ers. The selectively captured target CA19-9 was sandwiched with an
HRP-labeled anti-CA19-9 detector antibody (HRP-DAD), and the result-
ing magnetic bioconjugates were captured on the working electrode
surface of a SPCE. Amperometric transduction (E,pp, = — 0.20 V vs. Ag
pseudo-reference electrode) was performed in stirred solutions employ-
ing hydroquinone and H,0, as mediator and enzyme substrate, respec-
tively. According to the immunoassay format, as well as the sequence of

the enzymatic and electrochemical reactions involved in the transduc-
tion mechanism displayed in the scheme, the variation of the measured
cathodic current was directly proportional to the CA19-9 concentra-
tion.

3.1. Optimization of key experimental variables

The determinant working variables for the formation of the HRP-
labeled sandwich immunocomplexes on the surface of the magnetic mi-
crocarriers were optimized. Univariate studies were performed by com-
paring the amperometric responses obtained in the absence and in the
presence of a fixed concentration of CA19-9 standard (blank, B, and sig-
nal, S, respectively), through the change of the variable under evalua-
tion in a given interval, leaving the rest fixed. In general, the value of
the corresponding specific variable for which a better discrimination
(larger S/B ratio) and reproducibility were obtained was selected for
further work.

The evaluated experimental variables were the concentration of the
capture and detection antibodies (CAb and HRP-DAD, respectively), the
incubation times of all immunoreagents (CAb, CA19-9 antigen, and
HRP-DADb), and the number of steps used to form the sandwich-type im-
munocomplexes on the MBs. Other used experimental variables, such as
the amount of HOOC-MB employed per determination and all the vari-
ables involved in the amperometric transduction were previously opti-
mized [48-51].

Fig. 1 shows the dependencies of the S and B amperometric re-
sponses and the S/B ratio for the determination of CA19-9 standards
when each of the studied variables was independently modified.

As Fig. 1a shows, the S/B ratio increased with the CAb concentra-
tion reaching the largest ratio at the highest tested concentration. How-
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Fig. 4. Evaluation of the effect of potential interferents on the amperometric responses provided by the developed immunoplatform for 0 and 250 U mL-! CA19-9
standards prepared in the absence and presence of different serum components at the indicated concentrations corresponding to the levels found in samples of
healthy individuals. White bars correspond to the amperometric responses provided by the bioplatform for solutions containing only the evaluated interferent
while the grey bars show results for solutions containing the interferent and CA19-9.

Table 2

Endogenous CA19-9 concentrations determined using the developed immuno-
platform in serum samples of healthy individuals and patients diagnosed with
PDAC. The results are compared with those provided by the ELISA methodol-
ogy using the same immunoreagents, and by the ECLIA method from
Barcelona’s Reference Laboratory.

Immunoplatform ELISA ECLIA
[CA19-9], U RSD, - 3, [CA19-9],U RSD, _3, [CA19-9],
mL1* % mL-1" % U mL-!
Healthy 1 ND ND 9.0
controls

2 ND - ND & 20.4

3 ND - 150 *= 20 6.3 4.8

4 130 = 20 10.2 170 + 30 10.9 31.9

5 ND - ND - 5.5

6 ND - ND - 0.8
PDAC 1 720 =90 6.4 790 + 60 44 807.7

patients

2 ND - ND - 26.3

3 1300 + 200 7.4 1200 % 200 9.5 913.7

4 1400 + 100 5.4 1400 + 100 3.7 307.1

5 3500 + 500 7.2 3200 + 600 9.6 200.4

6 18000 + 1000 3.9 20000 + 2000 4.5 11721.0

7 ND - ND - 251.0

8 ND - ND - 109.1

9 270 =20 4.0 260 + 20 5.0 323.4

10 4800 = 800 9.1 4200 + 600 7.4 6.9

11 1200 * 200 9.6 1300 * 100 5.8 1535.0

12 9000 + 1000 8.1 10000 + 1000 7.6 3491.0

13 31000 *+ 4000 6.8 33000 + 6000 9.5 19060.0

14 43000 = 6000 7.3 42000 £ 7000 8.9 46080.0

15 17000 = 2000 6.1 15000 + 2000 7.4 747.6

16 190 = 10 3.3 130 + 20 6.5 141.1

*mean value *+ ts/\/n; n = 3; « = 0.05. ND: Non-detectable (<LOD of 1.5 U
mL-1).

ever, as the signals measured working with 25 ug mL-1 CAb was suffi-
cient to determine CA19-9 at clinically relevant concentrations (see be-
low), we selected this concentration to not unnecessarily increase the
cost per determination. Obviously, if a particular application required
greater sensitivity this would be achieved simply by incubating the acti-
vated MBs with a larger CAb concentration (note that the S/B ratio in-
creased from 7.8 to 19.4 when the CAb concentration changed from 25
to 50 ug mL-1). Fig. 1b shows a larger S/B ratio resulted when activated
MBs were incubated in CAb solution for 30 min. The slight decrease ob-

served for longer incubation times was attributed to the smaller S re-
sponses. These were most likely due to hindered antigen recognition
when many CAb molecules were immobilized on the MBs, which
caused crowding or overlapping of antigen binding fragments of anti-
bodies [52].

The results obtained using two different protocols for the prepara-
tion of the sandwich-type immunocomplexes on the CAb-MBs were
compared. The protocols involved the capture of the antigen and its
recognition by the detection antibody jointly or independently. In the
first case (1 step) the CAb-MBs were incubated for 30 min in the solu-
tion containing the target antigen supplemented with HRP-DAD, while
in the second protocol (2 steps) two successive and independent 30-min
incubation steps were performed in antigen and HRP-DADb solutions, re-
spectively. Fig. 1c shows that while the B response did not vary signifi-
cantly, a remarkably smaller S response was obtained when the 1-step
protocol was used. These results can be justified by the poorer recogni-
tion of the target antigen marked with the HRP-DADb by the CAb-MBs
with respect to the recognition of the free antigen. Accordingly, the
two-step protocol was selected to perform the immunoassay. There-
after, optimization of the incubation time of the CAb-MBs with the tar-
get antigen gave rise to the choice of 45 min (Fig. 1d).

Finally, the effect of the concentration (Fig. 1e) and the incubation
time (Fig. 1f) with the HRP-DAD solution for the recognition and enzy-
matic labeling of the captured antigen on the MBs were evaluated. The
selected values were 0.5 pg mL~! and 15 min, respectively. Regarding
the concentration of the detector antibody (Fig. 1e), the B responses in-
creased progressively with the concentration. However, the S responses
increased up to 1.0 ug mL-! and levelled off for larger concentrations.
Therefore, the S/B ratio increased with the HRP-DAb concentration up
to 0.5 pg mL-! and decreased slightly for higher concentrations. Fig. 1f
shows as the dependence of the S and B responses with the incubation
time in the HRP-DAD solution exhibited a similar trend. Since the S re-
sponse increased less than the B response for incubation times longer
than 15 min, a better S/B ratio was observed for this incubation time.

According to these optimization studies and counting since the for-
mation of CAb-MBs, the determination of CA19-9 involves only 2 incu-
bation steps and can be completed in 60 min. It is important to remark
that no discrimination between S and B signals was possible in the ab-
sence of CAb and HRP-DAD (bars 0 in Fig. 1a and e). This proved the re-
liability of the used immunoassay format as well as the efficiency of the
blocking step employed after the immobilization of the CAb on the MBs
to avoid undesired non-specific adsorption of the HRP-DAb when no
CA19-9 is present.
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Fig. 5. a) concentration of cal9-9 determined with the developed immunoplatform in pooled serum samples (results obtained for all replicates are included). b)
representative examples of the amperometric traces recorded with the bioplatforms for 50-fold diluted serum of a healthy individual and a pdac patient (samples
healthy control 2 and pdac patient 13 in Table 2, respectively). Correlations between the results provided by the inmmunoplatform and c) the ELISA method using

the same immunoreagents, and d) the ECLIA used at the Reference Laboratory.

3.2. Analytical and operational characteristics for the amperometric
determination of CA19-9

Under the optimized experimental conditions, the relationship be-
tween the measured amperometric responses and the concentration of
the target CA19-9 was established. The dose-dependent amperometric
current values and the corresponding calibration plot are displayed in
Fig. 2. A linear relationship between the amperometric readings and the
target antigen concentration was found between the 5.0 to 500 U mL-!
CA19-9 concentration range (r2 = 0.9946), with a slope and intercept
values of (6.4 = 0.5) x 103 uA mL U and (12 = 2) X 102 pA, re-
spectively. The linear range is suitable to determine clinically relevant
serum levels of CA19-9 in pancreatic cancer [53]. Moreover, limit of de-
tection (LOD) and quantification (LOQ) values of 1.5 and 5.0 U mL-1,
respectively, were calculated according to the 3 X sp/mand 10 X s,/m
criteria, respectively, where s, is the standard deviation of 10 measure-
ments of the blank solution in the absence of CA19-9, and m the slope of
the linear calibration plot displayed in Fig. 2.

We compared the achieved analytical characteristic to those re-
ported for other electrochemical biosensing strategies described in the
last decade (summarized in Table 1). Although the achieved LOD with
the immunoplatform is, in general, larger, the obtained sensitivity al-
lows discrimination of healthy individuals from patients diagnosed
with PDAC considering the established cut-off values for this biomarker
in serum to discriminate between these two populations (130-338 U
mL-! [54-56]), making the immunoplatform fully compatible with its

application in the clinic. In addition, the developed methodology uses
disposable screen-printed electrodes, similarly to that reported by
Ibénez-Redin et al [38,39], which improves the simplicity of the
method. In fact, unlike most of the reported strategies, our method does
not require the preparation of nanomaterials, and involves shorter
times for sample preparation as well as for the determination. These
characteristics render the immunoplatform particularly attractive for
implementation in POC application devices. It should also be noted that
the developed immunoplatform for the determination of CA19-9 is the
first one exploiting the advantages of using MBs in bioassay strategies
in terms of sensitivity, rapid assay kinetics, and minimization of poten-
tial matrix effects [57-59]. Of note, the CA19-9 ELISA-based method
used by reference laboratories allows the sensitive and selective deter-
mination of the target antigen. However, its cost and instrumentation
characteristics restricts the use to centralized and resource-constrained
environments, a limitation that can be overcome using the developed
immunoplatform.

Another important feature of the developed immunoplatform is the
high operational reproducibility concerning both the preparation of the
magnetic bioconjugates and the amperometric transduction on SPCEs.
Indeed, a relative standard deviation (RSD) value of 4.2 % was calcu-
lated using ten different bioplatforms prepared in the same way for the
measurement of 250 U mL-1 CA19-9 standard.

Another relevant aspect to be highlighted is the storage stability of
the CAb-MBs used as a basis for the immunoassay. The control graph
shown in Fig. 3 displays the S/B ratios provided by the bioplatforms
prepared each control day using the CAb-MBs stored after their prepa-
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ration in filtered PBS at 4 °C. As it can be deduced, the S/B ratios re-
main within the control limits for three weeks.

3.3. Selectivity

Complex serum samples are characterized by containing a wide di-
versity and a variable level of biological entities of different omic levels.
Considering this, the selectivity of the developed immunoplatform
against potential interfering species that may be found in serum was
evaluated.

The amperometric responses (and the corresponding S/B ratios) for
0 and 250 U mL-! CA19-9 standards were measured in the absence and
in the presence of different serum components at the expected concen-
trations in healthy individuals. As Fig. 4 shows, none of the tested com-
ponents exhibited a significant effect on the sensitivity achieved in the
determination of CA19-9.

3.4. Application to the analysis of serum samples from patients with
pancreatic cancer

To assess the real biomedical application of the developed electro-
chemical immunoplatform, it was employed for the determination of
CA19-9 in 22 serum samples (6 from healthy individuals and 16 from
PDAC patients).

The possible matrix effect was evaluated by comparing the slope
values of calibration plots prepared with buffered standard solutions of
CA19-9 ((6.4 = 0.5) x 103 pA mL U1), and with a 50-fold diluted
serum sample from a healthy individual supplemented with increasing
concentrations of CA19-9 standards ((5.5 = 0.1) x 103 pA mL U1).
The application of the Student's t-test (tey, = 1.69 < ty, = 2.78,
a = 0.05; n = 5) indicated that there were no significant differences
between the slope values of both calibration curves. This allows dis-
carding the existence of a significant matrix effect for the so diluted
serum samples and performing the determination by simple interpola-
tion of the amperometric readings obtained for the diluted serum sam-
ples into the calibration constructed with CA19-9 standards (Fig. 2 in-
set). The results obtained by triplicate for each sample are summarized
in Table 2 and plotted in Fig. 5. In addition, Table 2 includes the results
provided by the ELISA methodology using the same immunoreagents
that in the developed immunoplatform, demonstrating the excellent
concordance of the results using both techniques. In contrast, CA19-9
values obtained from the Barcelona Reference Laboratory using an elec-
trochemiluminescence immunoassay (ECLIA) showed discrepant values
in several samples (Table 2), likely due to differences in the immunore-
agents or the analyzer used for this method (see below).

The results obtained with the immunoplatform demonstrate the pos-
sibility to discriminate healthy individuals from PDAC patients as well
as show the wide CA19-9 concentration range found in the cohort of
PDAC patients. According to the obtained results, while the CA19-9
concentration was not detectable in most of the healthy individuals (5
out of 6), i.e., below the estimated LOD of 1.5 U mL-!, 13 of the 16 sam-
ples analyzed from PDAC patients had a much larger concentration
than the normal value established in serum (<37 U mL-1) [53], with
values varying between 190 and 43,000 U mL-L. These results agree
with the cut-off values set by Jans et al., 130 U mL-1, to predict malig-
nancy [55], by Kilic et al., 256.4 U mL-1, to preoperatively determine
the patients that have unresectable pancreatic cancer [54], and by
Dong et al., 338.45 U mL-1, to predict poor prognosis in patients with
resectable PDAC [56].

Regarding the comparison of the results provided by the immuno-
platform with those using the ELISA and ECLIA, the correlation parame-
ters shown in Fig. 5¢c and 5d confirm, as previously pointed out by other
authors, that the results provided by methodologies using different im-
munoreagents should not be compared. The reason is that different an-
tibodies can recognize different parts of the molecule, and antigen het-
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erogeneity may account in part for inter-method differences [60]. This
fact is clearly shown in the excellent correlation (with values of slope
and intercept including 1 and 0, respectively) exhibited between the
immunoplatform and ELISA as both methods used the same immunore-
agents (Fig. 5¢). However, a much poorer correlation was observed
when the immunoplatform results were compared with those obtained
by ECLIA (Fig. 5d), which measures CA19-9 using a different antibody,
substrate and detector.

4. Conclusions

A new electrochemical immunoplatform for the determination of
CA19-9 is reported. It involves the formation of sandwich immunocon-
jugates labeled with the HRP enzyme on the surface of MBs and amper-
ometric transduction at SPCEs in the presence of HQ and H,0,.The im-
munoplatform exhibits analytical characteristics suitable to be clini-
cally applicable, as it is able to discriminate between healthy individu-
als and subjects with PDAC and shows good selectivity and repro-
ducibility. The immunoplatform showed good results for the determi-
nation of CA19-9 in a cohort of patients including healthy individuals
and patients diagnosed with PDAC. It allowed the positive identifica-
tion of these patients in only one hour and after a simple dilution of the
sample. The developed immunoplatform is attractive compared to the
reported electrochemical methodologies in terms of simplicity of fabri-
cation and use. Moreover, it stands out in terms of cost and applicability
at the point of care compared to the most currently used methodologies
of ELISA and ECLIA with automatic analyzers. These are crucial aspects
so that this minimally invasive determination of CA19-9 levels in serum
may complement available technologies in the reliable and early diag-
nosis of PDAC. In addition, the test provided by the immunoplatform is
within the reach of anyone regardless of their financial resources and
due to its simplicity, low energy consumption and potential for minia-
turization of the used instrumentation. Moreover, it may be available in
different environments other than hospitals, as outpatient clinics or
even as a home-based test run by the test subject.
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