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inted polymers as effective
capturing receptors in a pseudo-ELISA
immunoassay for procalcitonin detection in
veterinary species†

Federica Battaglia, *ab Francesca Bonelli,b Micaela Sgorbini,b Luigi Intorre,b

Maria Minunni,a Simona Scaranoa and Valentina Meucci*b

In this study, a new sandwich-type immunoenzymatic assay, based on a molecularly imprinted polymer

(MIP) as an artificial antibody (pseudo-ELISA), was developed for the determination of procalcitonin (PCT)

in veterinary species. The quantification of PCT in human medicine represents the state of the art for the

diagnosis of sepsis; instead the clinical studies on the relevance of PCT as a sepsis predictor in veterinary

patients are few, likely due to the total absence of validated assays. MIPs have been widely used as

antibody mimics for important applications, and MIP-based sandwich assays have emerged as promising

analytical tools for the detection of disease biomarkers. Herein, a polynorepinephrine (PNE)-based

imprinted film was directly synthesized on the well surface of a 96-well plate. Subsequently, based on

a commercial ELISA kit, the PCT quantification was accomplished via a colorimetric sandwich assay by

replacing the capture antibody of the kit with the PNE-based MIP. This method was performed to detect

canine and equine PCT in buffer and in plasma samples. Under optimal conditions, the results obtained

in plasma samples showed a limit of detection (LOD) of 5.87 ng mL−1 and a reproducibility (CVav%) of

10.0% for canine samples, while a LOD = 4.46 ng mL−1 and CVav% = 7.61% were obtained for equine

samples.
Introduction

Immunoassays, conventionally based on the antibody–antigen
reaction, are an essential tool widely used in a multitude of
bioanalytical elds for the determination of biomarkers for
clinical purposes, food safety, environmental monitoring, and
forensic analysis.1–4 Among the immunoassays, the so-called
enzyme-linked immunosorbent assay (ELISA) is considered
the gold standard and it is probably the most commonly used
method in clinical routine measurement.5,6 ELISA tests offer
signicant advantages such as sensitivity and selectivity for the
target analyte, are generally convenient for a large sample, and
allow the detection of substances from different types of
matrices, without pre-treatment and without the need for skil-
led technicians.7,8 Capturing receptors of conventional ELISA
tests are antibodies, and at present still almost the only choice
in the eld due to their extraordinary ability in expressing
specic sites for molecular recognition against a huge variety of
ersity of Florence, 50019 Sesto Fiorentino,

ty of Pisa, 56122 Via Livornese, PI, Italy.

tion (ESI) available. See DOI:

f Chemistry 2023
target antigens.9,10 However, they have many drawbacks corre-
lated to the high cost and the production, together with the
need to use laboratory animals. Furthermore antibodies, as
proteins, tend to be sensitive to environmental conditions and
are physically, chemically and biochemically unstable.

On this basis, molecularly imprinted polymers (MIPs) are
excellent versatile tools in different research elds, including
biosensing, and have already displayed good performance as an
alternative to antibodies capable of binding their target analyte
in a specic and selective manner.11–16 Due to the capability of
MIPs to create selective recognition sites in synthetic polymers,
they offer the specicity and selectivity of naturally occurring
receptors with the explicit improvements of ease and speed of
preparation, low cost, and good stability to environmental
conditions.17–20 MIPs have been applied to a wide range of target
analytes from small molecules (e.g. pesticides, drugs, sugars) to
macromolecules such as peptides and proteins.21–28 At present,
there is an increasing interest in the use of these mimetic
receptors for the development of diagnostic antibody-free assay
employing a variety of sensitive detection methods such as
enzymatic amplication (BELISA); radiodetection; uorescence
and chemiluminescence.29–35 As concerns macromolecule
imprinting, the relentless research for new materials for MIP
production led to green bio-inspired polymers and in this
Anal. Methods, 2023, 15, 27–35 | 27
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View Article Online
perspective, the natural neurotransmitter dopamine (DA) and,
more recently, norepinephrine (NE), have played a key role. The
two catecholamines share the same ability to easily self-
polymerize, under alkaline conditions, to form strongly
adherent nanolms on almost any surface such as noble
metals, metal oxides, glass, and synthetic polymers.35–41 Thanks
to these advantageous features, polydopamine (PDA) has
already been applied for the development of MIPs both for
small molecules15,31,42–44 and for protein detection.14,45–51

Compared to its PDA analogue, PNE (polynorepinephrine)
exhibits a smoother and more hydrophilic surface, due to the
presence of intermediate 3,4-dihydroxybenzaldehyde norepi-
nephrine, that reduces the non-specic adsorption, being
particularly advantageous for applications in medical and
analytical and bioanalytical elds.40,52,53 Based on these
considerations we have recently developed two biosensors
which utilize PDA- and PNE-based MIPs as capturing receptors
for equine and canine procalcitonin (PCT) detection in buffer
and plasma. In detail, DA and NE were used as monomers for
the synthesis of MIP nanolms directly on surface plasmon
resonance (SPR) gold chips and the imprinting efficiencies of
proteins were compared.54 PCT, a prohormone of calcitonin, is
encoded by the CALC-1 gene and is synthesized by the C-cells of
the thyroid gland. Under normal conditions, PCT is quickly
cleaved into three epitopes: (1) an N-terminal region; (2) calci-
tonin; and (3) katacalcin; therefore, healthy humans commonly
have very low levels of plasma PCT (<0.5 mg L−1).55,56 In contrast,
in systemic microbial infection, the level of the protein
increases up to several thousand-fold, within 6 to 12 hours, and
in a correlation manner to the severity of infection. Nowadays,
the quantication of PCT in human medicine represents the
state of the art for the diagnosis of sepsis, the monitoring of
disease and antimicrobial stewardship.57,58 In contrast to the
high interest in human procalcitonin, there is no clinical use of
PCT in veterinary species and there are very few papers dedi-
cated to its detection.59,60 Among domestic animals, procalci-
tonin studies are more in horses than in other species. An
increase in the circulating level of PCT has been observed in
adult horses during pathological conditions caused by bacteria
or by the translocation of bacteria and/or their products into the
bloodstream.61–64 Moreover, under physiological conditions,
PCT levels were traced to be higher in horses than in humans
due to the different compositions of intestinal bacterial ora.65

Only about ve papers evaluated the plasma levels of canine
PCT, showing that septic dogs have higher PCT concentrations
than non-septic dogs.66–69 Regarding cattle, high PCT concen-
trations were observed in neonatal calves with septicaemic
colibacillosis and other pathologic conditions such as respira-
tory and inammatory diseases and in staphylococcal mastitis.
Furthermore, a positive correlation was noted between PCT and
other pro-inammatory cytokines (i.e., TNF-a and INF-g) and
amyloid A protein, the main acute phase protein studied in
cattle for the diagnosis of infections.70,71

It is evident that the published studies in the literature for the
measurement of PCT principally referred to the human species
and include a plethora of papers dedicated to development of
innovative analytical methods such as immunological assay and
28 | Anal. Methods, 2023, 15, 27–35
electrochemical and optical biosensors. In the eld of veterinary
medicine, the search for innovative and appropriate methods for
the quantication of PCT is still, today, an ongoing challenge.
Moreover, all the published papers dedicated to PCT detection in
animals refer to the use of commercially available ELISA kits that
are not fully validated in the target species, are expansive, and are
useful only for research purposes.72 Notably, no analytical
parameters are reported in the literature for equine PCT ELISA
kits, and the only ones present referred to the use of human anti-
PCT antibodies, due to the current lack of specic anti-equine
antibodies.73–75 At the same time, acceptable analytical parame-
ters are reported only for one type of canine PCT ELISA kit.68,69,76

Based on the lack of fully reliable and practical tests, the aim of
this work is to develop an innovative analytical assay, for the
detection of PCT in veterinary species, by combining the practi-
cality of commercial ELISA kits with the advantages of MIPs. All
commonly commercial assays work in a sandwich format in
which the rst antibody is immobilized on a microplate that
serves to capture the antigen, while the secondary antibody
(conjugated to an enzyme) is applied as a last step before quan-
tication. The intensity of the signal is directly related to the
concentration of the analyte in the sample and involves the
horseradish peroxidase (HRP) enzyme as a signal reporter and
tetramethylbenzidine (TMB) as a substrate that develops an
optical signal in the visible range. Here, commercial ELISA kits
were used by replacing the capture antibody with a PNE-based
MIP as a capturing receptor for canine and equine PCT detec-
tion both in buffer and plasma. For this aim the MIP for equine/
canine PCT has been grown on 96-well microplates, obtaining
a very sensitive and selective pseudoELISA immunoassay test in
a sandwich format with advantages in terms of cost effectiveness
and easy preparation of the synthetic receptor.
Experimental
Materials

±-Norepinephrine hydrochloride (NE S 98.0%), tris(hydrox-
ymethyl)aminomethane hydrochloride (Tris–HCl S 99.0%), ace-
tic acid, L-lysine (S98.0%), L-cysteine hydrochloride monohydrate
(S98.0%) and tris(hydroxymethyl)aminomethane (Tris-base)
were purchased from Sigma-Aldrich (Milan, Italy). Recombinant
canine procalcitonin (cPCT) and recombinant equine procalcito-
nin (ePCT) were purchased from Biovendor (Asheville, North
Carolina, USA). Polystyrene (PS) 96-well at-bottom microplates
were obtained from Sarstedt (Nümbrecht, Germany).

Two different commercial ELISA kits were used:
(1) Recombinant Canine Procalcitonin ELISA kit (Biovendor

Asheville, North Carolina, NC, USA).
(2) Human Procalcitonin DuoSet® ELISA (R&D Systems, Inc,

Minneapolis, USA).
Water used for all the preparations was obtained from

a Milli-Q system.
Preparation of reagents and buffer solutions

All ELISA kits used in this study are sandwich immunoassays.
Reagents and all the buffer solutions were prepared according
This journal is © The Royal Society of Chemistry 2023
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to the manufacturer's instructions. The tests were carried out as
reported in the technical data sheet. cPCT was measured with
the recombinant canine procalcitonin ELISA kit (Biovendor),
while ePCT was measured with the human procalcitonin
DuoSet® ELISA kit (R&D Systems). Both the commercial kits
included dilution buffers, biotin labelled lyophilized antibody,
streptavidin-HRP (S-HRP) solutions, wash buffers, substrate
solutions (3,3′,5,5′-tetramethylbenzidine, TMB) and stop solu-
tions (H2SO4, 2 N). The biotin labelled antibody anti-canine PCT
was reconstituted and diluted 1 : 100 just prior to the assay,
whereas, for the ePCT detection, the biotinylated sheep anti-
human procalcitonin antibody was reconstituted and diluted
to a working concentration of 50.0 ng mL−1.
Preparation of imprinted polymers on microplates

PNE-imprinted nanolms were directly polymerized on the 96-
well plate by dropping a monomer solution (100 mL per well)
prepared by mixing NE, at a concentration of 5.00 mg mL−1 in
20.0 mmol L−1 Tris–HCl (pH 8.50), in the presence of the
template (cPCT/ePCT) at four different concentrations (0.500,
5.00, 50.0 and 500 ng mL−1). For simplicity, in the text, the MIP
imprinted with cPCT is renamed cMIP, whereas the one
imprinted with ePCT is renamed eMIP. The plates were le
upside down and the polymerization was conducted at 25.0 °C
for 5 hours. Aer polymerization was complete, the 96-well
plates were washed with deionized water to remove unreacted
reagents and then a surface passivation step was performed
according to the following procedure: 100 mL of an aqueous
solution consisting of 1.00 mmol L−1 cysteine, 1.00 mmol L−1
Fig. 1 Schematic illustration of the imprinting process onto the 96-well m
(NE) and the template (PCT) were dropped as a mixture on the 96-well p
the template was washed out of the polymeric matrix, and the sandwich
analyte (PCT) addition. After the washing steps, streptavidin conjugated w
final washing, the substrate TMB is added, and color development is obs

This journal is © The Royal Society of Chemistry 2023
lysine and 1.00 mmol L−1 tris(hydroxymethyl)aminomethane
was dropped onto the MIP surface and le overnight at 25.0 °C
by avoiding evaporation. The passivation step is based on the
Michael addition reaction and allows the covalent binding of
the amines and thiols to the PNE surface in order to minimize
possible non-specic interactions of biomolecules present in
biological matrices. Finally, the plates were washed with acetic
acid (aq. 5.00% v/v, 200 mL per well) three times to remove the
template from the MIP, and then with deionized water (200 mL
per well, three times).
Sandwich assay protocols

Canine PCT. The sandwich assay for quantitative detection
of cPCT was carried out using the commercial ELISA kit for
recombinant canine procalcitonin (Biovendor) by replacing the
capturing Ab with the imprinted lm (cMIP), directly grown on
the 96-well microplate. Moreover, the Biovendor kit is the only
one for which acceptable analytical parameters are reported in
the literature.68,69,72,76 The preparation of reagents and all incu-
bations and washes were performed according to the manu-
facturer's instructions with slight modications. Briey 100 mL
of diluent buffer (blank wells) and 100 mL of standard PCT
properly diluted in the same buffer at different concentrations
(5.00, 10.0, 12.5, 25.0, 50.0 and 100 ng mL−1) were added, in
triplicate, into the appropriate wells. The plate was incubated at
room temperature (ca. 25.0 °C) for 1 hour, by shaking at ca.
300 rpm on an orbital microplate shaker. Aer being washed
with the washing buffer three times (350 mL per well), to each
well on the plate, 100 mL of biotin labelled solution was added
icroplate and theMIP-based ELISA sandwich. The functional monomer
lates and the polymerization was conducted at 25 °C for 5 hours. Then,
assay was set up by using a secondary biotinylated antibody following
ith the enzymeHRP is added to bind the biotinylated antibody; after the
erved.

Anal. Methods, 2023, 15, 27–35 | 29
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and incubated as above. Then, the streptavidin-HRP conjugate
(100 mL per well) was added, and the plate was incubated for 30
minutes. Aer the nal wash process, 100 mL of substrate
solution was added to each well and the plate was incubated in
the dark at room temperature for 15 min without shaking. The
reaction was stopped by adding 100 mL of the stop solution
(Fig. 1). The absorbance was determined for each well using
a microplate reader (Synergy HTX, BioTek, Ahsi S.p.A., Bernar-
eggio, MB, Italia) and by subtracting the readings at 630 nm
from the readings at 450 nm.

Equine PCT. Equine PCT was measured with commercial
ELISA kits for human PCT (DuoSet® ELISA) by replacing the
capturing Ab with the imprinted lm (eMIP). According to
DuoSet's instructions 100 mL of standard ePCT, properly diluted
in buffer at different concentrations (50.0, 100, 200, 400 and 600
ngmL−1), was added into the appropriate well (three replicates),
and the plate was incubated at room temperature (ca. 25.0 °C)
for 2 hours, by shaking at ca. 300 rpm on an orbital microplate
shaker. Aer being washed three times (300 mL per well) with
the washing buffer, 100 mL of biotin labelled antibody (50.0 ng
mL−1) was added and incubated as above. Aerwards, the
washing process was repeated and streptavidin-HRP (100 mL per
well) was incubated for 20 minutes. Finally, 100 mL of substrate
solution was added to each well and the plate was incubated in
the dark at room temperature for 20 min. The reaction was
stopped by adding 50.0 mL of the stop solution. The absorbance
was determined for each well by subtracting the readings at
540 nm from the readings at 450 nm. For both the proteins, the
standard curve was constructed by plotting the mean absor-
bance of the standard against the known concentration for all
ELISA kits. The absorbance of the blanks was subtracted from
each sample absorbance.
Analysis of procalcitonin in plasma samples

The sandwich assays were further tested to detect PCT in spiked
horse and dog plasma samples. Blood samples were collected
from healthy animals at the Department of Veterinary Science
of the University of Pisa. Aer collection, samples were imme-
diately centrifuged at 3000 rpm for 10 min and plasma aliquots
were stored at −80.0 °C from the time of collection and thawed
just before use. Hence, the canine/equine plasma samples were
diluted 1 : 10 properly in buffer and spiked respectively, with
a known amount of cPCT at concentrations of 25.0, 50.0, 100,
200 and 400 ng mL−1 and ePCT at concentrations of 200, 400,
600, 800 and 1000 ng mL−1. Spiked samples were explored
following the same experimental procedure reported above (see
paragraph 2.1.4).
Fig. 2 Comparison of calibration curves obtained in buffer for cPCT
(a) and ePCT (b) on MIPs imprinted with four different concentrations
(0.500, 5.00, 50.0 and 500 ng mL−1) of the template (cPCT and ePCT
respectively).
Results and discussion
Optimization of the experimental conditions

The template concentration (cPCT/ePCT) to be used during PNE
imprinting was rst optimized to obtain the highest binding
performances with the imprinted material. The concentration
of the template theoretically reects the density of binding sites
obtained on the MIP surface; therefore, choosing the right
30 | Anal. Methods, 2023, 15, 27–35
concentration is a crucial step of the imprinting process. For
both the proteins, the MIPs were synthesized by using four
different concentrations of the template (0.500, 5.00, 50.0 and
500 ng mL−1) leaving the starting concentration of the func-
tional monomer (5.00 mg mL−1) unchanged. As shown in
Fig. 2a and b, an excellent linearity was obtained for all the
tested concentrations for both proteins. In detail, for cPCT
(Fig. 2a), a signicantly lower absorbance signal was observed at
500 ng mL−1; therefore the highest template concentration was
not further considered. Conversely, the best binding ability and
the higher absorbance signal were observed for the three lower
densities of imprinting (0.500, 5.00 and 50.0 ng mL−1). Among
these concentrations, almost overlapping responses were ob-
tained, except for a slight improvement trend that was noted
with the decreasing template concentration. For this reason, the
This journal is © The Royal Society of Chemistry 2023
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subsequent experiments were conducted by using 0.500 ng
mL−1 as the template, especially considering that in this study
the whole protein was used as a template for MIP synthesis.
Instead, for ePCT (Fig. 2b), a different behaviour was observed:
similar responses were recorded for template concentrations of
5.00, 50.0 and 500 ng mL−1, whereas an improvement of the
absorbance signal was obtained for the lower density of
imprinting (0.500 ng mL−1).

It is interesting that the absorbance signal increases, for
both biomarkers, in an inverse way to the concentration of the
template, while it does not increase the absorbance of the
negative control (dilution buffer without PCT). This might be
attributed to the fact that during the copolymerization, the
lower concentration of the template minimizes the steric
crowding of the molecules leading to a more efficient creation
of the binding cavities for PCT. On the other hand, higher
template concentrations could have excessively reduced the
amount of norepinephrine available for polymerization,
resulting in the formation of insufficient specic cavities for the
recognition of the template molecule. On this basis, subsequent
experiments were conducted by using 0.500 ng mL−1 as
a template concentration for MIP synthesis for canine and
equine procalcitonin.
Fig. 3 Linear fitting obtained for cPCT on cMIPs (a) and ePCT on eMIPs
(b) in buffer with the sandwich assay.
Sandwich assay on MIP-coated microplates

Canine PCT. Once the template concentration for MIP
imprinting was optimized, the sandwich assay was performed
according to the protocols reported in the Materials and
Methods section. Briey, the PNE-based MIP for cPCT detection
was rst grown on the surface of a transparent 96-well plate and
the sandwich assay was directly carried out. A biotinylated
secondary antibody was used for signal amplication; thus, the
target antigen was bound between the MIP and the detection
antibody. In this case, biotinylated anti-PCT was conjugated to
the signal reporter, S-HRP, to develop a colorimetric reaction by
using TMB as the substrate. The signal produced was directly
dependent on the enzyme–substrate pair used for detection and
it was directly proportional to PCT concentrations. The stan-
dard curve with cPCT in buffer (Fig. 3a) was constructed within
the range of 5.00–100 ng mL−1 and showed a correlation coef-
cient (R2) of 0.993. The signals measured were expressed as the
absorbance of the standard sample minus the absorbance of
the blank wells. The values shown in the graph were obtained
from the average of ve calibration curves based on the analysis
of triplicate standard solutions. The limits of detection (LOD)
and quantication (LOQ) were calculated as three times and ten
times the standard deviation, for the blank sample, divided by
the slope of the standard curve, resulting in 3.75 ng mL−1 and
12.5 ng mL−1, respectively. Furthermore, the reproducibility of
the assay was calculated in terms of intra-assay and inter-assay
variability and expressed as an average of coefficient of variation
(CVav%). In detail, four replicates for each concentration were
considered for the calculation of the intra-assay CV%, while ve
calibration curves were analyzed for the calculation of the inter-
assay CV%. The CVav% resulted in 2.82% and 6.57%,
respectively.
This journal is © The Royal Society of Chemistry 2023
Equine PCT. As already performed for cPCT, the analysis of
ePCT was carried out by replacing the capture antibody of the
commercial ELISA kit with PNE-based eMIP and a sandwich test
was developed by using a biotinylated secondary antibody
(conjugated to an enzyme) as a last step before quantication
(provided in the commercial kit). The analysis of the dilutions
of ePCT used as the standard (50.0, 100, 200, 400 and 600 ng
mL−1) generated a calibration curve with a correlation coeffi-
cient of 0.987 (Fig. 3b). In detail, three different curves based on
the analysis of triplicate standard solutions were considered to
obtain the graph. The developed assay resulted in a LOD of 2.28
ng mL−1 and a LOQ of 7.61 ng mL−1, with a CVav% intra-assay
and inter-assay of 4.16% and 4.78% respectively.

Plasma sample analysis

MIP selectivity. Regarding the selectivity of the imprinted
material, to express the ratio between the ability of the MIP in
discriminating between the imprinted template and one or
more other (similar or not) molecules, possibly present in the
Anal. Methods, 2023, 15, 27–35 | 31
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real sample under analysis, we refer here to a factor called the
selectivity factor (a).77 In particular, we have tested the blank
plasma, containing all the possible competing molecules except
for PCT (pooled plasma from healthy animals). Basically, our
selectivity estimation is performed considering the assay
responses when using plasma alone, in the absence (plasma −
PCT) and in the presence (plasma + PCT) of the analyte. These
responses appear signicantly different, and this consideration
is valid for all the tested ‘plasma + PCT’ concentrations. In
detail, by considering a values (a = QMIP target/QMIP competitor),
where Q is the mean absorbance response of the lowest ‘plasma
+ PCT’ analyte concentration, we obtain a(ePCT) = 14.8 and
a(cPCT) = 2.7. In both the cases, and in line with the accepted
guidelines for the interpretation of a values, both conrm the
consistency of our results in real matrices. This represents really
the most complex situation that one could face, and undoubt-
edly represents the ‘alpha factor’, expressed as MIP (plasma +
PCT)/MIP (plasma − PCT).

Canine PCT. To evaluate the performance of the novel MIP-
based assay in a real matrix, pooled blank plasma samples were
spiked with the respective protein and analyzed. This, at the
moment, represents the most realistic simulation due to several
limitations. First, to classify plasma samples as “septic patients
positive to PCT”, a validated reference method for PCT quanti-
cation should be available. But this is actually the main lack
for this kind of diagnostics. Second, due to the lack of robust
and validated methods for PCT detection in equine and canine
species, the related reference ranges and cut-off values required
to classify patients as positive/negative septic, on the basis of
this biomarker, are not available. Therefore, classifying animals
as healthy or sick under these conditions is potentially highly
misleading and risky, eventually penalizing our method.

Accordingly, different dilutions of the plasma samples,
fortied with cPCT, were compared in order to obtain the
Fig. 4 Procalcitonin (PCT) sandwich assays in canine plasma samples
diluted and fortified with cPCT (25.0, 50.0, 100 ng mL−1). Samples
were tested undiluted (ND) and at different dilutions (1 : 2, 1 : 5 and 1 :
10, respectively). Three replicates for each concentration.

32 | Anal. Methods, 2023, 15, 27–35
maximum output signal and to reduce the residual nonspecic
response in plasma. In detail, cPCT was spiked in pooled blank
plasma at 25.0, 50.0 and 100 ng mL−1 and 1 : 2, 1 : 5, and 1 : 10
diluted with dilution buffer provided in the kit. Moreover, “as it
is” plasma samples fortied with cPCT at the same concentra-
tions were tested. The results reported in Fig. 4 show that the
undiluted plasma gave a negligible signal, due to some plasma
component that impaired the test function, while the 1 : 10
dilution allowed the best signal. This is likely related to the
dilution of some plasma components that tend to unspecically
adsorb to the MIP, reducing the availability of specic recog-
nition sites for the target protein. As a result, aer 1 : 10 dilu-
tion, the signal signicantly increased the dilution of the
matrix.

The 1 : 10 dilution was the most favourable condition for the
detection of cPCT in plasma samples. This dilution was thus
selected for cPCT quantication. For this aim, cPCT was spiked
in diluted plasma (1 : 10 with buffer) for a nal concentration of
Fig. 5 Linear fitting obtained for cPCT on cMIPs and ePCT on eMIPs in
species-specific plasma (diluted 1 : 10) with the sandwich assay
(nonspecific signals were subtracted).

This journal is © The Royal Society of Chemistry 2023
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25.0, 50.0, 100, 200 and 400 ng mL−1 for testing. As reported in
Fig. 5a, the assay displays a linear response with cPCT
concentrations, showing an excellent linear correlation (R2 =

0.999). The calibration range of cPCT in plasma resulted in 25–
400 ng mL−1, showing a lower slope than in the buffer. The
resulting LOD and LOQ were, respectively, 5.87 and 19.6 ng
mL−1, with a CVav% of 10.0% vs. 6.57% obtained in buffer, but
still in line with the EMA guidelines.78

Equine PCT. The commercial ELISA kits that are generally
reported in the literature for ePCT detection are not fully vali-
dated. An exception is a study by Rieger and collaborators, in
which they developed an ELISA sandwich, for ePCT detection,
based on human anti-PCT antibodies, thanks to the homology
between equine and human proteins (83%).73,79 In fact, to our
current knowledge anti-equine antibodies are not commercially
available. Moreover, a recent study showed that one of the
commercially available ELISA kits for the measurement of ePCT
did not detect the recombinant standard protein, whereas the
human PCT ELISA kit was found suitable to detect the equine
biomarker.62 On this basis, the detection of ePCT in plasma
samples was also performed with an ELISA kit for human PCT
(DuoSet® ELISA). As for cPCT, different dilutions of plasma
fortied with ePCT were compared (1 : 2, 1 : 5 and 1 : 10). Once
again, the 1 : 10 dilution has been demonstrated to improve the
output signal (data not shown). Analysis of dilutions of the
recombinant equine protein in 1 : 10 diluted plasma (200, 400,
600, 800 and 1000 ng mL−1) generated a calibration curve with
a R2 of 0.982 (Fig. 5b). The observed trend in plasma is very
similar to that obtained in buffer; in contrast, the slope is
signicantly lower in the matrix than in the buffer and thus
worse LOD and LOQ were estimated respectively at 4.46 ng
mL−1 and 14.9 ng mL−1. On the other hand, the reproducibility,
expressed as an average of coefficient of variation, was
conrmed to be optimal also in plasma samples with values of
5.43% (intra-assay) and 7.61% (inter-assay).

In this study, for the rst time, a PNE-based mimetic
receptor was produced onto disposable 96-well microplates for
detection of ePCT and cPCT. To the best of our knowledge, for
PCT detection in animal species, there are only sandwich ELISA
tests, completely based on antibodies, available on the market
and not applicable in the clinical eld. None of the well-
conceived studies in the literature succeeded in the develop-
ment of innovative analytical methods for the determination of
these biomarkers in veterinary medicine. Moreover, in the
context of biomimetic receptors, the only example available in
the literature reports an optical biosensor based on a molecu-
larly imprinted polymer for the real-time detection of human
procalcitonin.80 Therefore, in this work, we aimed to realize new
MIP-based sandwich assays for equine and canine PCT detec-
tion, in which biomimetic receptors were employed as target-
capturing probes. The assay was capable of measuring e/c
PCT in buffer and in untreated plasma (except for 1 : 10 dilu-
tion), thus being particularly useful in terms of speed and
simplicity. The sensitivity of the assay, for ePCT quantication,
is in accordance with the clinical performance demonstrated by
previous studies in which home-made ELISA assay, based on
human anti-PCT antibody, were used. Furthermore, Battaglia
This journal is © The Royal Society of Chemistry 2023
et al. (2020) have validated a commercially available ELISA assay
based on human anti-PCT antibodies, by using an external
standard, but showing a LOD of 56.0 ng mL−1 in plasma,
signicantly higher than the ePCT pseudo-ELISA assay here
reported (4.46 ng mL−1). Anyway, it is difficult to establish an
optimal LOD value for PCT detection assay in veterinary medi-
cine since little information is still available on the reference
ranges as well as cut-off values for the lack of validated analyt-
ical methods.
Conclusions

A sandwich pseudo-ELISA method that exploits molecularly
imprinted nanolms as articial antibodies for the detection of
equine and canine PCT is presented. This method exhibited
good performance both in buffer and plasma, suggesting
a possible application to detect PCT in real dog and horse
samples. The binding capacity, as well as the synthesis condi-
tions of MIPs for both biomarkers were previously tested via
a SPR platform by developing the polymer on the surface of gold
chips. Here, the innovative assay has been developed allowing
detection of the targets by using a portable, low-cost, and
common platform, the ELISA microplate reader. Based on
commercially available kits in the novel assay, working in
a sandwich format, the capture antibody was replaced with
a PNE-based MIP and secondary biotinylated Ab was main-
tained to bind S-HRP and to give a colorimetric signal. This
ELISA method was able to detect both the biomarkers (canine
and equine PCT) in buffer and in plasma samples (diluted 1 :
10). Under optimal conditions, the results obtained in plasma
samples showed a limit of detection and a reproducibility of
5.87 ng mL−1 and 10.0% respectively for the canine sample and
4.46 ng mL−1 and 7.61% for the equine sample. Future studies
could be dedicated to further improve the detection limit, by
using more sensitive detection strategies such as uorescence,
and to accelerate the transition to a completely antibody-free
assay. In this context, catecholamine-based MIPs, norepineph-
rine in this case, have shown to be a performing and very
promising material for new generation MIPs, suitable for the
effective detection of peptides and proteins in disposable
microplates. The aim here was to maintain the routine protocol
of commercial “ready to use” ELISA assay while introducing new
and attractive elements as MIPs, in order to enhance the nal
assay in terms of stability, cost-effectiveness and reusability and
open up new possibilities in the scenario of point of care (POC)
tests. Moreover, to get closer to the real applicability of the
method, in the future, the purpose of an advanced stage of this
work could be the collection, over time, of “suspected septic
patients” to be tested and the subsequent correlation analysis
between the experimental results obtained by this method and
the other traditional clinical evidence of sepsis.
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