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Abstract
Metastasis is responsible for about 90% of cancer-associated deaths. In the context of solid tumors, the low oxygen concentration
in the tumor microenvironment (hypoxia) is one of the key factors contributing to metastasis. Tumor cells adapt to these
conditions by overexpressing certain proteins such as programmed death ligand 1 (PD-L1) and hypoxia-inducible factor 1 alpha
(HIF-1α). However, the determination of these tumor hypoxia markers that can be used to follow-up tumor progression and
improve the efficiency of therapies has been scarcely addressed using electrochemical biosensors. In this work, we report the first
electrochemical bioplatform for the determination of PD-L1 as well as the first one allowing its simultaneous determination with
HIF-1α. The target proteins were captured and enzymatically labeled on magnetic microbeads and amperometric detection was
undertaken on the surface of screen-printed dual carbon electrodes using the hydrogen peroxide/peroxidase/hydroquinone
system. Sandwich immunoassays were implemented for both the HIF-1α and PD-L1 sensors and the analytical characteristics
were evaluated providing LOD values of 86 and 279 pgmL−1 for the amperometric determination of PD-L1 and HIF-1α
standards, respectively. The developed electrochemical immunoplatforms are competitive versus the only electrochemical
immunosensor reported for the determination of HIF-1α and the “gold standard” ELISA methodology for the single determi-
nation of both proteins in terms of assay time, compatibility with the simultaneous determination of both proteins making their
use suitable for untrained users at the point of attention. The dual amperometric immunosensor was applied to the simultaneous
determination of HIF-1α and PD-L1 in cancer cell lysates. The analyses lasted only 2 h and just 0.5 μg of the sample was
required.
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Introduction

As it is known, cancer is the second cause of death in Europe
and the United States after cardiovascular diseases. According

to the International Agency for Research on Cancer (IARC), in
2020 about 19.3 million new cases were registered worldwide,
causing 10.0 million deaths [1]. The main reason for this fatal
outcome is the development of metastasis. This condition is
characterized by the uncontrolled growth of cells that make
up the body’s tissues. In the tumor microenvironment, the lim-
itation of oxygen and nutrients makes it necessary to form a
new network of blood vessels that deliver the required supple-
ments to the cells and eliminate the produced waste. This pro-
cess, called angiogenesis, gives cancer cells the ability to mi-
grate to other organs of the body through the newly formed
vascular network, increasing their metastatic potential.
Therefore, it can be said that the low oxygen concentration in
the tumor microenvironment, also called hypoxia, is related to
the development of metastasis and poor survival [2]. Tumor
cells adapt to these hypoxic conditions by overexpressing cer-
tain proteins such as programmed death ligand 1 (PD-L1) and
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hypoxia-inducible factor 1α (HIF-1α). In fact, a correlation has
been found between PD-L1 and HIF-1α levels in cancer cells
exposed to hypoxia, HIF-1α regulating PD-L1 in hypoxic en-
vironments when it interacts with a hypoxia response element
of thePD-L1 promoter to activate its transcription in cancer cell
lines [3–7]. Moreover, a correlation among these two protein
levels has been reported for various types of cancers [2, 8–15]
in different localizations.

PD-L1 is a 40-kDa transmembrane protein (also known as
B7-H1 or CD274) and is one of two ligands of the co-
inhibitory programmed death receptor 1 (PD-1), expressed
on activated immune cell types and involved in maintaining
peripheral and central immune cell tolerance [16, 17]. It is
mainly detected using immunohistochemistry protocols
whose evaluation is difficult even for experienced pathologists
and that still need validation [18, 19]. This protein overexpres-
sion in malignant cells has been linked to worse prognosis and
resistance to anti-cancer therapies [2]. It can be expressed as
membrane bound or in a soluble form present in peripheral
blood in patients with solid tumors [20]. Also, it is recognized
that therapies against PD-L1 result good in non small-cell lung
cancer (NSCLC) and other carcinoma patients, their effec-
tiveness depending upon PD-L1 expression. Therefore, anal-
ysis of PD-L1 levels is employed for treatment decisions re-
lated to these therapies [16, 21–26]. Moreover, it has been
reported that serum levels of soluble PD-L1 can be used as
non-invasive biomarker to evaluate malignancy of triple-
negative breast cancer (TNBC) and pancreatic carcinoma
and to predict chemotherapy response in cancer patients [27,
28].

HIF-1α, a transcription factor involved in tumor growth
and metastasis by regulating genes involved in response to
hypoxia, has been found to be overexpressed in several human
cancers and directly associated with increased cancer patient
mortality.

Accordingly, due to the endogenous levels of PD-L1 and
HIF-1α having been found to be increased and correlated in a
wide variety of cancers [9, 14, 29, 30], their single as well as
their simultaneous determination would allow amore accurate
control of the disease stage and the efficiency of therapies.

Common methods for the determination of PD-L1 and
HIF-1α are Western blot [3, 4, 11, 13, 14], ELISA [6], qRT-
PCR [3, 4, 13, 14], immunofluorescence staining [14], and
immunohistochemistry [2, 8, 9, 11, 12]. These methods are
laborious, complex, involve long test times, and are usually
limited to centralized environments, requiring highly qualified
personnel [31, 32]. To overcome these limitations, electro-
chemical immunosensors based on the use of magnetic micro-
particles (MBs) as support for the implementation of bioas-
says, and of screen-printed electrodes to carry out electro-
chemical detection, are a promising alternative [33–35].
These immunosensors combine the unique advantages pro-
vided by MBs, the high sensitivity and selectivity inherent to

immunorecognition events; the low cost; easy handling; sim-
ple instrumentation, with ability for miniaturization; easy in-
tegration into portable platforms; and the feasibility for
multiplexing of electrochemical detection [36]. However, de-
spite the clinical relevance of PD-L1 and HIF-1α, their elec-
trochemical biosensing has been little (HIF-1α [37, 38]) or
never explored (PD-L1).

Accordingly, this work reports the development of the first
electrochemical immunosensor for the determination of PD-L1.
The biosensor involves the use of carboxylicMBs for capturing
the target analyte and further labeling with horseradish peroxi-
dase (HRP) followed by amperometric detection at disposable
screen-printed carbon electrodes (SPCEs) using the
hydroquinone/hydrogen peroxide (HQ/H2O2) system. The
newly developed electrochemical PD-L1 immunosensor was
applied to the determination of this protein in serum samples
from breast cancer (BC) patients and lysates of cancer cells
grown in normoxia or hypoxia or isogenic pairs with different
metastatic potential. In addition, a disposable immunoplatform
was prepared to accomplish the simultaneous determination of
PD-L1 and HIF-1α, by profiting the availability of the HIF-1α
amperometric immunosensor recently developed by our group
[38].

Experimental section

Apparatus and electrodes

Amperometric measurements were made using a CHI1140A
(CH Instruments, Inc.) potentiostat controlled by the
CHI1140A software and a multichannel potentiostat (model
1030B, CH Instruments, Inc.) controlled by the CHI1030B soft-
ware. Spectrophotometric measurements were performed with a
Magellan V 7.1 (TECAN) ELISA plate reader. Single (SPCEs,
DRP-110) and dual (SPdCEs, DRP-C1110) screen-printed car-
bon electrodes and their specific connector cables (DRP-CAC
andDRP-BICAC, respectively) were purchased fromMetrohm-
DropSens S.L. Homemade polymethylmethacrylate (PMMA)
casings with one or two embedded neodymium magnets
(AIMAN GZ) were employed for the reproducible magnetic
capture of the modified MBs on the working electrode (WE)
surfaces of the SPCEs and SPdCEs, respectively. All measure-
ments were carried out at room temperature.

Other used instruments were a vortex (Velp Scientifica) to
ensure homogenization of the solutions, a BioSan TS-100
incubator shaker with temperature control (Thermo) for MB
incubation under stirring conditions, a magnetic separator
DynaMag®2 (Invitrogen–Thermo Fisher Scientific), a mag-
netic stirrer (Inbea S.L.) and a basic pHmeter (Basic 20+,
Crison). Digital rocking SHAKER S-4 (ELMI) and clear
polystyrene microplates (R&D Systems, Catalog #DY008)
were employed to carry out the ELISA tests.
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Reagents and solutions

All the employed reagents were of analytical reagent grade.
Carboxylic acid–functionalized magnetic microbeads
(HOOC-MBs, 2.7 μm Ø, Dynabeads M-270 carboxylic acid,
cat. no. 14305D) were purchased from Invitrogen–Thermo
Fisher. Blocker casein solution (BB: phosphate-buffered sa-
line (PBS) solution containing 1.0% w/v purified casein) was
acquired from Thermo Fisher Scientific. Sodium chloride
(NaCl), potassium chloride (KCl), sodium di-hydrogen phos-
phate (NaH2PO4), di-sodium hydrogen phosphate
(Na2HPO4), and Tris−HCl were purchased from Scharlab,
and 2-(N-morpholino)ethanesulfonic acid (MES) was from
Gerbu. N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
(EDC), N-hydroxysulfosuccinimide (sulfo-NHS), hydroqui-
none (HQ), hydrogen peroxide (H2O2) (30%, w/v), and etha-
nolamine were acquired from Sigma-Aldrich. Sodium hy-
droxide (NaOH) was from Labkem and tetramethylbenzidine
(TMB) commercial solution was from Thermo Scientific™.
25× wash buffer, 10× reagent diluent, and stop solution (2 N
H2SO4) were included in the DuoSet ELISA Ancillary
Reagent Kit 2 (R&D Systems, Catalog #DY008).

Human HIF-1α standard, mouse anti-human HIF-1α cap-
ture antibody, and biotinylated goat anti-human HIF-1α de-
tector antibody were purchased from R&D Systems
(DuoSet® ELISA Kit, Catalog #DYC1935). Recombinant
human PD-L1 standard, mouse anti-human PD-L1 capture
antibody, and biotinylated goat anti-human PD-L1 detector
antibody were also components of the Human PD-L1
DuoSet® ELISA Kit (Catalog #DY156). Avi-tag biotinylated
recombinant human PD-L1 protein from R&D Systems
(Catalog #AVI9049-050) was used for the competitive immu-
noassay. Streptavidin labeled horseradish peroxidase conju-
gate (Strep-HRP) was purchased from Roche Diagnostics
GmbH (Catalog: 11089153001).

Bovine serum albumin (BSA from GERBU Biotechnik
GmbH, ref. 1507.0025), IgG from human serum (ref. I2511)
and human hemoglobin (ref. H7379) from Sigma-Aldrich,
human serum albumin (SIGMA Life Science, ref. A1653),
TNF-α protein (BD Pharmigen, ref. 55,618), recombinant hu-
man cadherin-17, (liver-intestine cadherin (CDH-17), tran-
script variant 1 from OriGene Technologies, Inc., ref.
TP720740), human total E-cadherin (R&D Systems, ref.
DYC4225), recombinant full length human p53 protein
(EMD Millipore Corporation, catalog #14-865), human
CD105 (endoglin from R&D Systems, ref. DY1097), interfer-
on gamma, IFN-γ (component of human IFN-γ ELISA
MAX™ Deluxe Set from BioLegend®, ref. 430,104), recom-
binant human fibroblast growth factor receptor 4 (FGFR4
from R&D Systems, ref. DYC685-2) and recombinant human
interleukin-13 receptor alpha 2 (IL-13Rα2 from R&D
Systems, ref. DY614) were evaluated as potential interfering
compounds.

The following buffer solutions, prepared with deionized
water from a Milli-pore Milli-Q purification system
(18.2 MΩ cm), were employed: 0.025 M MES buffer,
pH 5.0; PBS consisting of 0.01 M phosphate buffer solution
containing 137 mM NaCl and 2.7 mM KCl, pH 7.4; 0.1 M
Tris-HCl buffer, pH 7.2; 0.05 M phosphate buffer, pH 6.0;
and 0.1 M phosphate buffer, pH 8.0. Wash buffer (0.05%
Tween® 20 in PBS) and reagent diluent (1% BSA in PBS)
were used for the ELISA method.

0.1 M HQ and H2O2 solutions were both prepared in
0.05 M PB (pH 6.0) just before the electrochemical
measurements.

The serum samples, provided by Hospital Universitari de
Sant Joan (Tarragona, Spain), after approval of the
Institutional Ethical Review Boards and getting written in-
formed consent from patients, were used accomplishing all
the ethical issues and relevant guidelines and regulations,
and stored at − 80 °C until use.

MCF-7, MDA-MB-436, SK-BR-3, SW480, and SW620
(from the American Type Culture Collection (ATCC) cell
repository) and KM12C, KM12SM, and KM12L4a (from I.
Fidler’s laboratory, MD Anderson Cancer Center, Houston,
TX) cells were grown and lysed as described previously [39,
40].

Modification of MBs

The protocol for the determination of HIF-1α protein was
described in a previous work [38]. Regarding the determina-
tion of PD-L1, two different assay methodologies were tested,
sandwich or direct competitive (using an Avi-tag biotinylated
protein) formats. Carboxylate magnetic beads (HOOC-MBs)
were used in both formats, and therefore, similar protocols for
washing, activation of the MBs, immobilization of the capture
antibody, and the subsequent blocking of the free residual
groups were employed.

A 3 μL aliquot of the commercial HOOC-MB suspension
was placed into a 1.5-mL microcentrifuge tube and washed
twice for 10 min under continuous shaking and constant tem-
perature (25 °C, 950 rpm) with 50 μL of MES buffer
(0.025 M, pH 5.0). Then, the HOOC-MBs were placed in a
magnetic separator and concentrated for 3 min before remov-
ing the supernatant. This procedure was repeated for all the
washing steps. Surface carboxylic groups were activated
through incubation with 25 μL of a freshly EDC/sulfo-NHS
mixture solution (50 mg mL−1 each, prepared in MES buffer)
for 35 min (25 °C, 950 rpm). Subsequently, the activatedMBs
were washed twice with MES buffer and incubated for 10 min
(25 °C, 950 rpm) in 25 μL of a 25 μg mL−1 solution of the
specific PD-L1 capture antibody (CAbPD-L1) for the sandwich
configuration, or for 15 min (25 °C, 950 rpm) in 25 μL of a
10 μg mL−1 CAbPD-L1 solution for the competitive format.
The CAbPD-L1-MBs were then washed twice withMES buffer
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and incubated in a 1.0 M ethanolamine solution (prepared in
0.1 M phosphate buffer, pH 8.0) for 1 h (25 °C, 950 rpm) to
block the residual activated carboxylic groups. Thereafter, the
CAbPD-L1-MBs were washed with 0.1 M Tris-HCl buffer
(pH 7.2), twice with PBS, and stored at 4 °C in filtered PBS
until their use.

Regarding the sandwich assay format, the CAbPD-L1-MBs
complexes were incubated in 25 μL of PD-L1 standard solu-
tion (or the sample to analyze) both prepared in PBS for
10 min (25 °C, 950 rpm). After washing twice with BB solu-
tion, the modified MBs were incubated with 25 μL of a
0.5 μg mL−1 PD-L1 biotinylated detector antibody solution
(bDAbPD-L1) prepared in BB solution for 30 min (25 °C,
950 rpm), followed by incubation for 5 min in 25 μL of a
1/10,000 diluted Strep-HRP solution (prepared in BB). The
MBs bearing the sandwich immunocomplexes were washed
twice with BB and re-suspended in 50 μL of 0.05 M phos-
phate buffer (pH 6.0) to perform the amperometric
measurements.

The competitive assay involved the incubation of the
CAbPD-L1-MB complexes in 25 μL of PD-L1 standard solu-
tion (in PBS) for 45 min (25 °C, 950 rpm). After a washing
step with PBS, they were incubated (10 min, 25 °C, 950 rpm)
in 25μL of 1.0μgmL−1 biotinylated PD-L1 solution prepared
in PBS. The modified MBs were further labeled through in-
cubation in 25 μL of a 1/10,000 diluted Strep-HRP solution,
prepared in BB, for 30 min. Thereafter, the modified MBs
were washed twice with BB and re-suspended in 50 μL of
0.05 M phosphate buffer (pH 6.0).

Regarding the simultaneous determination of PD-L1 and
HIF-1α, the optimized conditions for the single determination
of PD-L1 were slightly modified to unify the procedure for the
dual detection. So, the immobilization time of the CAbPD-L1
onto activated HOOC-MBs was 15 min, and the incubation
time of the PD-L1 standard (or the sample) was 1 h. All other
conditions remained the same as employed for the single deter-
mination. The already reported experimental conditions were
used for the determination of HIF-1α [38]. Furthermore, the
MBs bearing the sandwich immunocomplexes were re-
suspended in 5μL of 0.05Mphosphate buffer, pH 6.0, because
of the smaller area of the SPdCEs working electrodes.

Amperometric measurements

After placing the commercial electrode (SPCE for the single
determination of PD-L1 or SPdCE for the simultaneous deter-
mination of PD-L1 and HIF-1α) over the appropriate PMMA
casing, the suspension of modified MBs was dropped and
magnetically captured onto the WE surface of the correspond-
ing screen-printed electrode. After immersing the ensemble
SPCE/magnet holding block into an electrochemical cell con-
taining 10 mL of 0.05 M PB (pH 6.0) and 1 mM HQ, amper-
ometric signals were recorded in stirred solutions at − 0.20 V

vs. the Ag pseudoreference electrode upon addition of 50 μL
of a 0.1 M H2O2 solution and waiting until reaching the
steady-state cathodic current. All the amperometric data were
calculated as the difference between the steady-state and the
background currents reached after and before the addition of
H2O2 (in the presence of HQ), respectively, and expressed as
the mean values of three replicates (α = 0.05). Error bars pro-
vided in the Figures were estimated as the standard deviation
of three replicates.

Analysis of biological samples

The sandwich immunosensor developed for the single deter-
mination of PD-L1 protein was applied to the analysis of
lysates from the breast (MCF-7 cells grown in the absence
or in the presence of 150 μM CoCl2 to induce hypoxia con-
ditions and simulate metastatic processes, and SK-BR-3) and
colorectal (KM12C, KM12SM, KM12L4a, SW480, and
SW620) cancer cells. Moreover, serum samples from two
healthy individuals and two patients with two different sub-
types of BC were analyzed. In addition, the dual
immunosensor was applied to the analysis of lysates of breast
and colorectal cancer (CRC) cells (MCF-7 treated with and
without CoCl2, MDA-MB-436, KM12C, and KM12L4a).

Both the single and dual determinations of the target pro-
teins in cancer cell lysates were carried out using the standard
additions method by adding increasing concentrations of PD-
L1 (0.0–2.5 ng mL−1 for its single determination and 0.0–
1.0 ng mL−1 for the dual determination) and HIF-1α (0.0–
5.0 ng mL−1) standards in the presence of 0.5 μg of raw cell
lysate. The same method was employed for the single deter-
mination of PD-L1 in 10 μL of non-diluted blood serum
samples.

The obtained results for the determination of PD-L1 in cell
lysates using the developed immunosensor were compared
with those obtained by means of the ELISA method using
the same immunoreagents and sample amount. Thus, the
well-microplate was coated with 50 μL per well of the
4 μg mL−1 CAbPD-L1 solution prepared in PBS and incubated
for 2 h. After triple-washing of each well with 400 μL of wash
buffer, a blocking stepwas accomplished by adding 150 μL of
reagent diluent to each well and incubating for 1 h. After three
additional washings with 400 μL of wash buffer, incubation
with 50 μL of the corresponding PD-L1 standard or cell lysate
solution, both prepared in Reagent Diluent, was accomplished
in each well for 2 h. Three additional washings were carried
out as described above. Then the well-microplate was coated
with 50 μL of the 50 ng mL−1 bDAbPD-L1 solution in Reagent
Diluent and incubated for 2 h. After washing, each well was
incubated with 50 μL of 1/1000 Strep-HRP dilution, prepared
in Reagent Diluent, for 20 min. Once the last washing was
performed, 50 μL of TMB commercial solution was added to
each well and incubated for 20 min coating the well-
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microplate with aluminum foil to avoid direct light. The color
reaction was ended by adding 25 μL of Stop Solution to each
well, and the optical density was measured immediately using
a microplate reader set at 450 nm. All incubation steps were
carried out at room temperature. Endogenous contents of PD-
L1 in cell lysates were determined by the standard additions
method, adding PD-L1 standard concentrations ranging from
0.0 to 1.0 ng mL−1 in the presence of 0.5 μg of raw cell lysate.

Results and discussion

This work reports the first electrochemical immunoplatforms
prepared for the determination of PD-L1 as well as the first
dual immunoplatform for the determination of PD-L1 and
HIF-1α.

Immunoplatform for the single determination of PD-
L1

Two different immunoassays, sandwich or direct competitive
format, were assayed for the single determination of PD-L1
(Fig. 1). Covalent immobilization of the capture antibody
(CAbPD-L1) on the surface-confined carboxylic groups of the
MBs was performed by using EDC/sulfo-NHS chemistry,
which was followed by a blocking step of the remaining acti-
vated sites with ethanolamine. The sandwich assay involved
sandwiching of the target PD-L1 with a biotinylated second-
ary antibody (bDAbPD-L1) labeled with a Strep-HRP polymer
(Fig. 1a). In the case of the direct competitive format, the

CAbPD-L1 immunocomplexes were incubated in a PD-L1
standard solution, followed by an incubation step in Avi-tag
biotinylated PD-L1 (bPD-L1) which was labeled with a Strep-
HRP solution (Fig. 1b). Avi-tag biotinylated proteins have
shown interesting features in terms of uniform labeling and
orientation and equivalent bioactivity to the untagged proteins
[41].

Both MBs bearing immunoconjugates were magnetically
captured on the surface of SPCEs and the cathodic current
was measured at −0.20 V vs the Ag pseudoreference electrode
using the H2O2/HQ system. The change in the cathodic current
was proportional to the concentration of the target protein. It is
important to note that no success was found when an indirect
competitive format was implemented by immobilizing bPD-L1
onMBs modified with streptavidin (Strep-MBs) or neutravidin
(Neu-MBs), and making a limited concentration of bDAb la-
beled with Strep-HRP, to compete for the recognition of free
and MB-immobilized PD-L1.

Optimization of the working variables for the PD-L1
immunosensor

a) Sandwich configuration

The optimization of the involved working conditions was
carefully evaluated. Each variable value was selected accord-
ing to the ratio obtained between the amperometric response
measured for 2.5 ng mL−1 PD-L1 standard (signal, S) and 0
(blank, B) (signal-to-blank, S/B ratio) at − 0.20 V (vs. the Ag
pseudoreference electrode). The tested working variables,

Fig. 1 Schematic display of the steps and reactions involved in sandwich (a) and direct competitive (b) MB-based immunoassays for the determination
of PD-L1
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along with the selected values, are summarized in Table S1
and displayed in Fig. S1 in the Supplementary Information
(ESM).

Fig. S1a shows that it was not possible to significantly
discriminate the presence of PD-L1 at the assayed concentra-
tion level in the absence of CAb (bars at 0 in ESMFig. S1a), in
agreement with the rationale of the immunoassay strategy
displayed in Fig. 1a). Moreover, the S/B ratio was remarkably
large when 25 μg mL−1 of CAbPD-L1 (ESM Fig. S1a) were
immobilized for 10 min (ESM Fig. S1b), reaching a leveled
specific current for larger CAbPD-L1 concentrations, probably
due to the CAb saturation on the MBs surface. Different
30 min working step-protocols were tested: (A) three sequen-
tial incubation steps of the CAbPD-L1-MBs in PD-L1,
bDAbPD-L1, and Strep-HRP solutions, respectively; (B) two
sequential incubation steps in PD-L1 standard solution
followed by incubating in a solution containing both
bDAbPD-L1 and Strep-HRP; (C) two sequential incubations
in a PD-L1 and bDAbPD-L1 mixture solution and, thereafter,
in the Strep-HRP solution; (D) a single incubation in a mixture
solution containing PD-L1, bDAbPD-L1, and Strep-HRP solu-
tion. As it can be seen in Fig. S1c, the 3-step working protocol
provided by far the best S/B ratio (ESM Fig. S1c, bars A),
probably due to agglutination phenomena that occur when
working with immunoreagents mixtures or to the worse im-
munological recognition of the target analyte by the bDAbPD-
L1 once labeled with Strep-HRP. Thus, protocol A was select-
ed for further work. The influence of the incubation time with
PD-L1, depicted in Fig. S1d (see ESM), showed that a large S/
B ratio was reached in only 10 min. The effect of bDAbPD-L1
concentration showed an increase in the S/B with the
bDAbPD-L1 concentration up to 0.5 μg mL−1, and a dramatic
decrease for larger concentrations possibly due to agglutina-
tion phenomena in a homogeneous solution that favored non-
specific adsorptions and impaired the specific recognition
(ESM Fig. S1e). Moreover, after 30 min of incubation in a
0.5μgmL−1 bDAbPD-L1 solution, the S/B ratio did no increase
very much (ESM Fig. S1f); therefore, this time was selected
for further studies. Finally, the dilution and incubation time
with the Strep-HRP solution showed large S/B ratios for a
1/10,000 dilution (ESM Fig. S1g) and a 5 min incubation time
(ESM Fig. S1h).

b) Direct competitive configuration

The competitive format (Fig. 1b) implies a decrease in the
sensor response with increasing the concentration of analyte.
Therefore, the variables affecting the developed PD-L1
immunosensor were optimized by taking as selection criteria
the ratio between the current values measured at − 0.20 V (vs.
Ag pseudoreference electrode) in the absence (B) and in the
presence of 250 ng mL−1 PD-L1 (S) (B/S ratio). The obtained

results are summarized in Table S2 and depicted in Fig. S2 in
the ESM.

The B/S ratio slightly increased with the concentration of
immobilized CAbPD-L1 up to 10.0 μg mL−1 (ESM Fig. S2a)
and for 15 min incubation (ESM Fig. S2b). Similarly, with
bPD-L1 concentration up to 1.0 μg mL−1 (ESM Fig. S2e). In
both cases, the ratio decreased for larger concentrations,
confirming that the use of large concentrations of CAb and
bPD-L1 hindered sensitivity as they required a larger target
concentration to provide an efficient competition. As it is
shown in Fig. S2c (see ESM), the discrimination was not
possible when the competition was performed in a single step
(by incubating the CAb-MBs in a mixture solution containing
PD-L1 and bPD-L1). Moreover, better B/S ratios were obtain-
ed for an incubation time in PD-L1 standard solution of
45 min (ESM Fig. S2d) and of 10 min for the competition in
bPD-L1 solution (ESM Fig. S2f). In addition, Fig. S2g and h
(see ESM) show that better B/S ratios were found for incuba-
tion in a 1/10,000 solution of Strep-HRP for 30 min to make
the enzymatic labeling.

Analytical characteristics

The calibration plot constructed under the optimized working
conditions for the amperometric determination of PD-L1 using
the sandwich format immunosensor is displayed in Fig. 2a with
a linear range (r2 = 0.998) between 240 and 5000 pg mL−1

fitting into the equation: − i (nA) = (260 ± 10) [PD-L1]
(nA ng−1 mL) + (100 ± 30) (nA). Real amperometric traces re-
corded for the indicated concentrations are displayed in Fig.
2a(ii). According to the 3 × sb/m criterion, where sbwas estimat-
ed as the standard deviation for 10measurements recorded in the
absence of PD-L1 and m is the slope of the linear calibration
plot, a limit of detection (LOD) of 71 pg mL−1 was obtained. A
relative standard deviation (RSD) value of 2.2%, was calculated
from the amperometric responses for 2.5 ng mL−1 PD-L1 mea-
sured with 10 different MB-sandwich-based immunoplatforms
prepared in the same manner, thus indicating the excellent re-
producibility of the protocols involved in the preparation of the
immunosensor.

Regarding the immunosensor prepared using the direct
competitive assay, the calibration plot for PD-L1 and repre-
sentative real amperometric traces are displayed in Fig. 2b).
As expected for a competitive assay, the larger the target con-
centration the lower the amperometric response due to the
lower concentration of bPD-L1 and consequently of Strep-
HRP attached to the MBs. The experimental data were fitted
to a four-parameter non-linear logistic model, known as Hill’s
equation, according to the expression:

y ¼ imin þ imax−iminð Þ
1þ x

IC50

� �−p

404 Muñoz-San Martín C. et al.



where imax is the maximum amperometric response in the ab-
sence of analyte, imin is the asymptotic minimum current, IC50 is
the analyte concentration at the inflection point (concentration
giving 50% inhibition of imax), and p is the slope at the steepest
part of the curve also known as Hill slope [42, 43]. An IC50

value of 130 ng mL−1 was obtained. The dynamic range from
59 ng mL−1 to 289 ng mL−1 was calculated as the analyte con-
centration interval for which the amperometric signal was be-
tween 20% and 80%of themaximum signal. In addition, a LOD
of 37 ng mL−1 was achieved, which was calculated as the ana-
lyte concentration for which the maximum amperometric signal
was reduced by 10%. It is important to note the considerably
lower sensitivity achieved with this competitive format despite
the use of an Avi-tag biotinylated recombinant protein (bPD-L1)
which provides unique advantages in terms of uniform labeling.
Indeed, biotinylation only occurs on the single lysine residue in
the Avi-tag, thus allowing its uniform labeling with Strep-HRP,
and providing equivalent bioreactivity to that of the untagged

protein because the restriction of biotinylation to the Avi-tag
keeps unchanged the rest of the protein. In fact, this equivalent
bioreactivity of PD-L1 and bPD-L1 may be partly responsible
for not obtaining better sensitivity in the competitive format,
which would suggest that the use of Avi-tag reagents in com-
petitive formats does not seem to be advantageous over those
biotinylated in a conventional way. An RSD value of 5.8% was
calculated from the amperometric responses for 100 ng mL−1

PD-L1 provided by 10 different immunosensors constructed
following the same protocol and prepared on the same day,
showing the acceptable reproducibility of the protocols involved
in the preparation and the electrochemical transduction with the
developed competitive PD-L1 immunoplatforms.

The analytical features achievedwith the direct competitive
assay are not suitable for the determination of PD-L1 consid-
ering the cut-off value in serum of 0.8 ng mL−1, defined by
soluble PD-L1 levels determined in a healthy control cohort
[44]. In addition, this configuration required a longer time for

Fig. 2 Calibration curve (i) and amperometric traces (ii) recorded for the amperometric determination of PD-L1 using the developed immunosensors
using sandwich (a) and direct competitive (b) configurations
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the determination (85 vs. 45 min starting from CAbPD-L1-
MBs). Therefore, the sandwich assay format, which provided
a more than 500 times lower LOD (71 pg mL−1 vs.
37 ng mL−1) was selected for further work and utilized for
the determination of PD-L1 in real samples.

In this context, the storage stability of the CAbPD-L1-MB
conjugates was only evaluated for the sandwich immunoassay
methodology (Fig. S3 in the ESM). CAbPD-L1-MBs were
stored at 4 °C in 50 μL of filtered PBS and each working
day a couple of the prepared bioconjugates were used to pre-
pare the immunoplatforms and measure the amperometric re-
sponses in the absence (ESM Fig. S3 white bars, B) or in the
presence (ESM Fig. S3 gray bars, S) of 2.5 ng mL−1 PD-L1
standards according to the procedure described in Sections
Modification of MBs and Amperometric measurements. Fig.
S3 shows the control chart constructed by setting as central
value the mean value of the S/B ratios measured with 10
different immunosensors the first day of the study (day 0 in
ESM Fig. S3) and ± 3× the standard deviation of this value as
the upper and lower control limits. As it can be observed, the
stored CAbPD-L1-MB conjugates provided S/B ratios inside
the control limits for at least 39 days, which support the pos-
sibility of undertaking the determination in just 45 min.

PD-L1 protein has been determined in human serum and
cancer cells using colorimetric [45], fluorimetric [46],
immunoimaging [47], and near-infrared (NIR) [48] techniques.
Moreover, several methodologies have been proposed for the
determination of PD-L1+ exosomes employing either optical
[49–51] or electrochemical detection [52]. These methodolo-
gies provide high sensitivity but they need relatively expensive,
hardly portable, and miniaturizable instrumentation, and re-
quire much longer assay times than that of the developed

immunosensor (45 min). However, there are available several
commercial ELISA kits for the determination of PD-L1 with
LODs ranging between 0.6 and 154 pgmL−1, which are similar
or even smaller than that achieved with the sandwich-based
immunosensor (71 pg mL−1). Nevertheless, it is important to
note that the developed first electrochemical immunosensor
described so far for PD-L1, exhibits a sensitivity, which is
adequate for clinical purposes. In addition, it requires shorter
assay times (45 min vs. 90 min to 5 h for available ELISA kits)
and cheaper instrumentation easy to miniaturize and portable,
making its use possible at the point of attention. Furthermore,
as it is shown in the following sections, unlike the ELISA
methodology, the electrochemical immunosensing strategy is
compatible with the simultaneous determination of different
biomarkers.

Selectivity

The selectivity of the sandwich immunoplatform was checked
by comparing the amperometric responses measured for 0.0
and 2.5 ng mL−1 PD-L1 solutions prepared in the absence and
in the presence of other proteins and tumor biomarkers found
in serum such as human IgG, Hb, HSA, BSA, TNF-α, CDH-
17, E-CDH, HIF-1α, endoglin, IFN-γ, FGFR4, IL-13Rα2,
and human p53.

Figure 3 shows as no significant differences were apparent
in the presence of BSA (bars 4), TNF-α (bars 5), CDH-17
(bars 6), E-CDH (bars 7), HIF-α (bars 8), endoglin (bars 9),
and p53 (bars 13). Slightly different responses were found in
the presence of IFN-γ (bars 10), FGFR4 (bars 11), and IL-
13Rα2 (bars 12). Despite this, all the calculated S/B ratios
remained inside the control limits set at ±3 times the standard

Fig. 3 Amperometric signals measured with the PD-L1 immunosensor
prepared using the sandwich configuration for 0.0 (white bars, B) and 2.5
(gray bars, S) ng mL−1 PD-L1 (and the corresponding S/B ratio, red
squares) prepared without (0) or with potentially interfering compounds:
1.0 mg mL−1 human IgG (1A), 0.1 mg mL−1 human IgG (1B),
0.01 mg mL−1 human IgG (1C), 5.0 mg mL−1 Hb (2A), 0.5 mg mL−1

Hb (2B), 50.0mgmL−1 HSA (3A), 5.0 mgmL−1 HSA (3B), 5.0 mgmL−1

BSA (4), 10 ng mL−1 TNF-α (5), 500 ng mL−1 CDH-17 (6), 10 ng mL−1

E-CDH (7), 460 pg mL−1 HIF-α (8), 10 ng mL−1 endoglin (9),
50 pg mL−1 IFN-γ (10), 1.0 ng mL−1 FGFR4 (11), 50 ng mL−1 IL-
13Rα2 (12), and 200 ng mL−1 human p53 (13)
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deviation of the S/B ratio calculated for PD-L1 standards pre-
pared in the absence of interferent (bars 0).

However, the presence of IgG (Fig. 3, bars 1A–1C), hemo-
globin (Fig. 3, bars 2A and 2B), and HSA (Fig. 3, bars 3A and
3B) at different concentrations did affect notably the ampero-
metric measurements. The interference observed in the pres-
ence of human IgG can be related to the presence of circulat-
ing human antibodies reactive with animal proteins (human
anti-animal antibodies, HAAA), which are typically IgGs and
recognize epitopes on the Fc portion of foreign immunoglob-
ulins [53]. It is worth mentioning that there are some commer-
cially available solutions to eliminate this widely reported
human IgG interference in sandwich immunoassays [54].
The observed interference in the presence of Hb (Fig. 3, bars
2A) can be attributed to its peroxidase activity [55].
Nevertheless, no significant interference occurred when Hb
was present at a 10 times lower concentration (Fig. 3, bars
2B). In this sense, it is important to note that the concentration
of Hb in the plasma of human individuals is within the 1.6–
5.8 μg mL−1 range, whose upper limit is more than 800 times
lower than the concentration assayed (0.5 mg mL−1; Fig. 3,
bars 2B) [56]. Regarding HSA, it is known that unless highly
purified, it can contain IgGs with a wide range of specificities
that can disturb the assay. HSA interference has been de-
scribed for other sandwich immunoassays for concentrations
above 5 mg mL−1 [57]. However, no apparent interference
was found when this HSA concentration was tested (Fig. 3,
bars 3B). As it is shown in the next section, these potential
interferences did not hinder the successful application of the
developed immunosensor for the determination of PD-L1 in
the analyzed biological samples.

In addition, the supplier of the CAbPD-L1 and bDAbPD-L1
used for implementing the sandwich immunosensor claimed
no potential cross-reactivity with B7-1/Fc Chimera, B7-2/Fc
Chimera, B7-H2/Fc Chimera, B7-H3, B7-H4, B7-H6/Fc
Chimera, PD-L2/Fc Chimera, recombinant mouse B7-H1/Fc
Chimera, recombinant rat B7-1/Fc Chimera and recombinant
human PD-1/Fc Chimera at concentration levels lower than
50 ng mL−1.

Application to the determination of PD-L1 in serum samples
and cell lysates

The developed bioplatform was applied to the determination
of PD-L1 in serum samples from healthy individuals and BC
patients, as well as in lysates of BC cells grown under normal
or hypoxic conditions and isogenic pairs of CRC cells with
different metastatic potential.

Considering the presence of matrix effect in serum samples
and the low amount of PD-L1 in the cell lysates (no matrix
effect was observed for lysates), the determinations were car-
ried out by applying the standard additions method which
involved the addition of increasing concentrations of PD-L1

standards in the range of 0.0 to 2.5 ng mL−1 to 10 μL of raw
undiluted serum or 0.5 μg cell lysate.

The results provided by the immunosensor in the serum
samples were 915 and 950 pg mL−1 for the two healthy indi-
viduals and 1060 and 1759 pg mL−1 for BC patients diag-
nosed with HER2- and HER2+ subtypes, respectively. The
limited availability of these samples did not allow making
replicas or analyzing them by the ELISA methodology.
Although scarce quantitative data for PD-L1 have been report-
ed in the literature, the remarkable higher PD-L1 concentra-
tion found in the serum of the HER2+ patient compared with
the HER2- one, agrees well with other reports showing a larg-
er proportion of PD-L1 in the HER2+ than in the HER2-
subtype (15 vs 1.3%) [58].

The results obtained in the analysis of cell lysates are
displayed in Fig. 4 and summarized in Table 1. The quantitative
data agree with the low expression level of PD-L1measured by
flow cytometry in the MCF-7, SKBR3, and SW480 cells [59]
and with the reported increased expression during metastasis in
CRC [60, 61]. This latter effect can be clearly visualized in the

Fig. 4 PD-L1 concentrations determined in cell lysates with the
developed immunoplatform

Table 1 Concentrations of PD-L1 provided by the developed
immunoplatform in the different lysates analyzed

Cell type [PD-L1], ng mg−1* texp

Biosensor ELISA

BC MCF-7 10 ± 1 10 ± 1 0.674
MCF-7 (CoCl2) 11 ± 2 12 ± 4 0.002
SKBR3 11 ± 2 13 ± 2 1.747

CRC KM12C 25 ± 4 24 ± 5 0.544
KM12SM 25 ± 4 29 ± 3 0.146
KM12L4a 22 ± 2 24 ± 3 0.218
SW480 4.4 ± 0.6 6 ± 1 2.740
SW620 32 ± 4 24 ± 5 1.992

*Mean value ± ts/√n; n = 3; α= 0.05
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significantly larger expression found in SW620 cells (lymph
node metastasis) compared with SW480 cells (isogenic line
with the same genetic background as SW620 but without met-
astatic capacity). However, the similar expression found in iso-
genic pairs of KM12 with different metastatic capabilities may
be due to the heterogeneity of expression in different cell lines.
The difficulty to validate methods for the determination of PD-
L1 has been attributed to intra-tumor and inter-tumor heteroge-
neity, as well as low PD-L1 expression for some patients or
expression changes especially after chemotherapy [16, 20, 62,
63]. Importantly, Table 1 shows that no significant differences

were observed between the results obtained with the developed
immunoplatform and the conventional ELISAmethodology (t-
exp values lower that ttab of 2.776, and slope and intercept
values of the immunosensor vs. ELISA results plot of
0.8 ± 0.3 and 4 ± 6, respectively).

Simultaneous determination of PD-L1 and HIF-1α

Due to the mentioned high interest for the simultaneous mon-
itoring of PD-L1 and HIF-1α, we have developed a dual
immunoplatform for the amperometric determination of both

Fig. 5 a Scheme and reactions involved in the dual amperometric
immunoplatform developed for the simultaneous determination of HIF-
1α and PD-L1. b Amperometric measurements performed with the dual
immunoplatform (WE1: PD-L1, blue bars and WE2: HIF-1α, orange
bars) for standard mixtures containing: (I) 0 ng mL−1 of both biomarkers;

(II) 2.5 ng mL−1 PD-L1 and 0 ng mL−1 HIF-1α; (III) 0 ng mL−1 PD-L1
and 2.5 ng mL−1 HIF-1α; and (IV) 2.5 ng mL−1 PD-L1 and 2.5 ng mL−1

HIF-1α (V). c Calibration curves obtained for the amperometric determi-
nation of HIF-1α (orange) and PD-L1 (blue) standards
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biomarkers. The immunoplatform usedMBs and SPdCEs and
involved electrochemical sandwich-type configurations with
bDAbs conjugated with Strep-HRP (Fig. 5a).

The optimized experimental conditions for the single de-
termination of both biomarkers were slightly modified as in-
dicated in “Modification of MBs” to match the developed
individual strategies and with a minimal deterioration of sen-
sitivity. The potential cross-talking between the two adjacent
working electrodes of the SPdCEwas evaluated by comparing
the amperometric measurements recorded with both WEs for
mixture solutions containing different concentrations of PD-
L1 and HIF-1α standards. Figure 5b shows as no apparent
cross-talking occurred due to the presence of the non-target
biomarker in the adjacent electrode surface. Blue bars
displaying the currents recorded with the WE1 in experiments
I and III, and orange bars in experiments I and II (WE2) were
not significantly different, thus demonstrating the feasibility
of the dual immunoplatform for the simultaneous determina-
tion of both biomarkers.

The calibration curves for the simultaneous amperometric
determination of PD-L1 and HIF-1α are displayed in Fig. 5c.
The linear range for PD-L1 extended from 290 to
2500 pg mL−1 (r2 = 0.994), fitting the equation – i
(nA) = (90 ± 10) [PD-L1] (nA mL ng−1) + (20 ± 10) (nA).
The calibration plot for HIF-1α was linear over the 930–
10,000 pg mL−1 concentration range (r2 = 0.998) fitting the
equation – i (nA) = (28 ± 2) [HIF-1α] (nA mL ng−1) + (14 ±

9) (nA). The LOD values, calculated according to the same
criterion indicated in Section Analytical characteristics
Section 3.1.2.) were 86 and 279 pg mL−1 for PD-L1 and
HIF-1α, respectively. It is important to note that, as expected,
these LOD values are slightly higher than those obtained with
the single immunosensors (71 and 76 pg mL−1 for PD-L1 and
HIF-1α, respectively), due to the smaller working electrode
surface area of the dual electrodes compared with the single
electrodes (6.3 vs. 12.6 mm2). Nevertheless, the LODs are still
considerably lower than the cut-off values established in se-
rum for both target proteins (460 and 800 pgmL−1 for HIF-1α
[64] and PD-L1 [44], respectively) to discriminate between
healthy individuals and cancer patients. The amperometric
responses measured for 1.0 ng mL−1 PD-L1 and
5.0 ng mL−1 HIF-1αwith ten different dual immunoplatforms
provided RSD values of 2.6 and 3.1% respectively, thus
confirming the reproducibility of the protocols used in the
preparation and the transduction of the dual immunoplatform.
Importantly, to date, no electrochemical platform had been
reported in the literature for the simultaneous determination
of PD-L1 and HIF-1α.

Application to the simultaneous determination of
both hypoxia-related biomarkers in cell lysates

The dual bioplatformwas applied to the determination of HIF-
1α and PD-L1 in breast and colon cancer cell lysates. As in the
case of the single determinations, the standard additions meth-
od was used with increasing concentrations of HIF-1α (0.0–
1.0 ng mL−1) and PD-L1 (0.0–5.0 ng mL−1) standards to
0.5 μg of each analyzed lysate.

Figure 6 and Table 2 show a higher expression of both
target biomarkers in CRC than in BC cells. It is important to
note that these results agree with those reported using the
ELISA methodology and the biosensors developed for the
single determination of PD-L1 and HIF-1 [38]. According to
that previously reported [29], a significantly higher HIF-1α
content was observed in metastatic cancer cells (MDA-MB-
436 and KM12L4a) lysates as well as in the lysates of cells
grown in simulated hypoxic conditions (MCF-7 cells treated
with CoCl2) compared with their counterparts (non-metastatic
KM12C and normoxia-growth MCF-7). Interestingly, these
differences were not found in the case of PD-L1, which may
be due to several factors such as intratumoral heterogeneity. In

Fig. 6 Target biomarkers concentrations provided by the dual
immunoplatforms in the analyzed cellular lysates

Table 2 Concentration of the
target biomarkers, in ng mg−1,
obtained with the dual
bioplatform in different cell
lysates

Target biomarker MCF-7 MCF-7 (CoCl2) MDA-MB-
436

KM12C KM12L4a

HIF-1α 20 ± 2 53 ± 7 77 ± 6 100 ± 10 200 ± 20

PD-L1 11 ± 1 12 ± 3 13 ± 2 34 ± 6 26 ± 6

Mean value ± ts/√n; n = 3; α= 0.05
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the future, it is intended to deepen these results by analyzing a
larger number of samples and comparing them with those
provided by a reference method.

Conclusions

An amperometric immunosensor for the determination of the
PD-L1 protein cancer biomarker was developed by selecting a
sandwich format. The immobilization of specific capture anti-
body was carried out on activated commercial carboxylate
MBs. The immune complex formed after incubating the modi-
fied MBs with PD-L1 was recognized with a specific biotinylat-
ed detection antibody, which was subsequently labeled with the
Strep-HRP conjugate. The modified MBs were magnetically
captured on the working electrode of a SPCE and amperometric
detection was carried out in the presence of H2O2/HQ.

A dual immunoplatform that allowed, for the first time, the
simultaneous determination of PD-L1 and HIF-1α, bio-
markers of high relevance in tumor hypoxia and metastasis,
in just 1 h and 45 min has been also developed. The high
reproducibility, selectivity and sensitivity achieved, with
LOD values lower than the clinical thresholds, permitted the
use of the dual immunoplatform for clinical applications. So,
it was employed to the analysis of lysates of breast and colon
cancer cells with different metastatic potential by applying the
standard additions method and using only 0.5 μg of sample.
The reduced analysis time, low cost, easy handling, and min-
iaturization ability of this dual bioplatform are potentially
implementable in devices at the point of care or immediate
diagnosis. In this way, more routine controls of the progres-
sion of cancer disease and the efficiency of therapies and
treatments could be made in outpatient settings or even at
home.
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