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A B S T R A C T   

The combination of molecularly-imprinted polymers (MIPs) on paper substrates for capturing a cancer antigen 
15–3 (CA15-3) with the traditional coloured transduction scheme of enzyme-linked immunosorbent assay 
(ELISA) using 3,3′,5,5′-tetramethylbenzidine (TMB), horseradish peroxidase (HRP) and H2O2 is presented here 
for the first time. 

Here, the paper surface was modified with a silane derivative containing an amine function that allows 
subsequent binding of 3-aminophenylboronic acid (3-APBA). The target protein, CA15-3, was then bound via the 
boronic groups of APBA. The empty space around CA15-3 was filled by polymerization of dopamine. Finally, the 
CA15-3 template was removed by breaking the imine function to create vacant sites for which CA15-3 has a high 
affinity. Binding of CA15-3 was detected by oxidation of TMB substrate by HRP in the presence of H2O2. 

The results showed that the MIP was able to selectively recognize CA15-3 within 3–500 U mL− 1, even in 
complex samples. Quantitative data were extracted by analysing the colour coordinates of images captured with 
a smartphone using ImageJ. This selective behaviour was confirmed by comparison with a control material (non– 
polymer, NIP). 

Overall, the described approach has advantages over conventional ELISA, namely low cost and high stability, 
which is due to the use of MIP as a trapping element acting as a selective pre-concentration point of CA15-3. To 
our knowledge, this is the first biomimetic ELISA (B-ELISA) on paper substrate used for macromolecules such as 
proteins. We believe that this approach has the potential to be applied to other protein disease biomarkers, 
making it a suitable tool for screening glycoproteins at the point-of-care.   

1. Introduction 

Glycoproteins are involved in important biological processes such as 
molecular recognition, cell signalling, immune response, and control of 
cell development. Abnormal expression of glycoproteins is generally 
associated with the occurrence of many diseases [1]. Thus, these mol
ecules can be used as both target biomarkers and therapeutics [2], and 
their monitoring is essential. 

Cancer antigen 15–3 (CA15-3) is the soluble form of mucin 1 (MUC- 
1) [3] with ≈400 kDa. It is overexpressed in 90 % of breast cancer cases 
[4,5] being the most widely used biomarker in serum of patients with 
breast cancer [3]. Several biosensors were already reported for CA15-3 
detection, in which different recognition elements as antibodies [6–8], 
MIPs [9–11] or aptamers [12] were coupled with electrochemical 
[7–9,11] or optical [6,12,13] signal transduction approaches. 

The enzyme-linked immunosorbent assay (ELISA) is the gold 

standard for monitoring various glycoprotein-based biomarkers. It offers 
high sensitivity and selectivity [14], but is time-consuming and requires 
expensive reagents and specialised equipment for analysis that is not 
portable. It also produces hazardous waste. All these characteristics are 
unsuitable for point-of-care analysis, which would be of great impor
tance in the clinical context. 

Scientists tried to overcome the disadvantages of the traditional 
ELISA by replacing the traditional 96-well plate with cellulose paper 
substrates and developed the paper-based ELISA (P-ELISA) [15]. The P- 
ELISA combines the high selectivity and sensitivity of the traditional 
ELISA with the advantages of using a renewable substrate. Cellulose is 
also flexible, portable, and inexpensive. Its capillary action enables rapid 
procedures, which, together with its porous structure, facilitates reagent 
storage [16–18]. The P-ELISA can be performed in less than one hour 
and consumes only small amounts of samples and reagents (1–10 µL), 
which reduces the time and cost of the test. Therefore, it is a suitable 
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diagnostic platform for biomarker detection, especially in resource- 
limited settings [15,19–22]. In terms of readout, various enzymes and 
substrates can be used in ELISA protocols, with horseradish peroxidase 
(HRP) in combination with 3,3′,5,5′-tetramethylbenzidine (TMB) being 
the most commonly used [18,23]. 

Since P-ELISA also uses natural antibodies to detect target bio
markers, there is room for further improvement. Natural antibodies are 
expensive and unstable biological compounds [24,25], which can be 
replaced by biomimetic analogues produced using molecularly imprin
ted polymers (MIPs) [16]. MIPs were originally developed for sample 
purification and pre-concentration of analytes, but they are also used as 
recognition elements for various biomarkers [17,26]. Their recognition 
ability is due to the complementary cavities formed during their pro
duction and allows their use as replacements for natural antibodies in 
ELISA, leading to biomimetic enzymatic immunoassays (B-ELISA). MIPs 
as alternatives to natural receptors can help overcome these drawbacks 
by improving sensor performance, shortening reaction time and 
increasing selectivity and sensitivity [26]. 

The first B-ELISA was published in 2000 [27]. It is cheaper, more 
stable and easier to produce, and has lower batch-to-batch variability 
than conventional ELISA approaches [2,24,28]. Various approaches 
have been used to integrate MIPs into ELISA assays. These include direct 
polymer growth on the substrate, including 96-well microplates [1] or 
paper substrates [16,24,29–32], or fabrication of MIP nanoparticles to 
coat the substrates [28]. 

In general, paper is a versatile substrate for the growth and immo
bilisation of MIPs [24], and the inclusion of MIPs as recognition ele
ments in paper analytical devices (PADs) has led to new advances in low- 
cost and highly selective analytical devices [26]. Paper-based MIPs have 
been developed for various molecules (e.g. disease biomarkers [31], 
metal ions [16], pesticides [29] or pollutants [33]), with colorimetry 
being the main detection mode. Colour detection offers a simple visual 
readout that can provide qualitative or semi-quantitative data. Quanti
tative data is also possible, although colorimetric detection usually has 
low sensitivity and some non-specific adsorption [26]. 

This paper therefore presents a B-ELISA method for the detection of 
CA15-3, combining traditional ELISA (detection method) with MIP 
(detection element) and paper as substrate. 

2. Experimental 

2.1. Reagents and solutions 

All chemicals employed in the present work were of analytical grade 
and water was ultrapure Milli-Q laboratory grade. 

Sodium phosphate dibasic dihydrate and sodium chloride (NaCl) 
were acquired from Panreac (Spain). Sodium dihydrogen phosphate 
dihydrate was from Scharlau (Australia), while sodium hydroxide 
(NaOH) was sourced from EKA (Brazil). 3-Aminopropyltriethoxysilane 
(APTES) and 3-aminophenylboronic acid monohydrate (3-APBA) 98 % 
were both from Acros Organics (United States). As chromogenic sub
strate we relied TMB liquid Substrate System for ELISA and HRP (275 U 
mg− 1) from Sigma Aldrich (Germany). Dopamine, in the form of 3- 
hydroxytyramine chloride was purchased from Merck (Germany). 
Ammonium persulfate (APS) was acquired from Analar Normapur 
(Belgium). N,N,N’,N’-Tetramethyl-ethylene diamine ≥ 99 % (TEMED) 
was obtained from Fisher Chemical (United States). Triethox
yphenylsilane (TEPS) < 98 % was acquired from Fluka (United States). 
Hydrogen peroxide (H2O2) 35 % was purchased from Labchem (United 
States). Absolute ethanol 99.8 % was purchased from Riedel-de-Haën 
(United States). 

Whatman® quantitative filter paper (ash-free, grade 40, 110 mm 
diameter, 210 μm thickness, 8 μm pore size), from Sigma Aldrich 
(Germany), was used as substrate. 

CA15-3 from human host (reference MBS536585) was purchased 
from MyBioSource (United States). The detection antibody (recombi
nant monoclonal antibody against MUC1 labelled with HRP, reference 
EPR1023) was purchased from Abcam (United Kingdom). 

Stock solutions of proteins and antibodies were prepared in phos
phate buffer (PB, 0.081 M Na2HPO4 and 0.019 M NaH2PO4, pH = 8.5). 

2.2. Apparatus 

Scanning electron microscopy (SEM) and thermogravimetric anal
ysis (TGA) were used to characterize modified cellulose paper. SEM 
Images were acquired on FEI Quanta 400FEG ESEM/EDAX PEGASUS 
X4M instruments with gold sputter coating. TGA measurements were 

Fig. 1. Schematic representation of the sensor construction. Production of a first layer of polymerization with 3-APBA (A), production of MIP (B), removal step (C), 
rebinding step (D), HRP incubation (E), and color development with TMB solution (F). 
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performed with ≈1.5 mg of sample using a platinum holder from 30 to 
1000⁰C under a nitrogen atmosphere of 40 mL min− 1. 

A homemade darkroom (19 cm width × 13.5 cm height × 13.5 cm 
depth) with a light-emitting diode strip (LED) (high luminosity, 4000 K, 
50/60 Hz, DC12V) covering the four sides of the chamber was used for 
image acquisition. 

2.3. Methodologies 

The complete process of synthesis and detection of the protein con
sists of 6 main steps and is shown in Fig. 1. Before the imprinting step, 
the cellulose Whatman® paper was washed and functionalized. Then 3- 
APBA was polymerised on the surface of the paper (Fig. 1A) to react with 
the glycosylated CA15–3 protein. In the imprinting stage, the polydop
amine layer is formed by polymerization of dopamine in the presence of 
CA15-3 (MIP) or in its absence (NIP) to produce a control material 
(Fig. 1B). The template was removed (Fig. 1C) and CA15-3 was allowed 
to bind the formed cavities (Fig. 1D). For the colour development, the 
HRP was incubated (Fig. 1E), adsorb to the proteins present and then the 
substrate TMB was allowed to react with H2O2 (Fig. 1F). 

2.3.1. Synthesis of the biomimetic material 
Prior to MIP production, the papers were first washed to remove 

impurities and functionalized to obtain functional groups. A circular 
Whatman® filter paper (area ≈ 95 cm2) was immersed in H2O2 (5 M) for 
2 h in a horizontal shaker. It was then soaked in water to remove 
unreacted products. A silane coupling technique was then used by 
immersing the paper in 50 mL of a 10 % silane mixture (APTES:TEPS, 
1:1) prepared in absolute ethanol for 2 h at room temperature in a 
horizontal shaker. The paper was then thermally treated at 80 ◦C for 2 h. 
It was then rinsed with ethanol to remove unbound silanes and dried 
again. It was then stored in a desiccator until use. 

After the washing and functionalization steps, the cellulose paper 
was cut into 8 mm circles with a hole punch and modified with poly- 
APBA by polymerization of the monomer APBA (1.0 × 10-4 M) using 
APS (1.0 × 10-6 M) and TEMED (1.0 × 10-6 M) as catalysts. These 
components were mixed in equal proportions and incubated on the 
paper circles for 2 h at room temperature in 48-well plates in a hori
zontal shaker. Each paper was washed with 3 mL PB (pH = 8.5) and 
dried at 37 ◦C for 15 min. MIPs were then prepared using CA15-3 as the 
template molecule, dopamine as the functional monomer, and TEMED 
and APS as catalysts. A solution containing dopamine (1.0 × 10-4 M) and 
CA15-3 (at a final concentration of 100 U mL− 1) was incubated on a 
small vial for 1 h with stirring and protected from light. During this step, 
the protein was bound to the APBA layer with its boron groups (on the 
outer surface) and vicinal hydroxyl groups of the glycoprotein. Then a 
solution containing APS and TEMED (1.0 × 10-6 M) was added to the vial 
and stirred for another hour. In parallel, a NIP was prepared. This final 
mixture was placed on paper filter circles in a 48-well plate and incu
bated for one hour at 25 ◦C with horizontal shaking to obtain a uniform 
polydopamine film around the paper substrate. Then, polymerization 
was continued for another 2 h without shaking. Finally, the papers were 
washed with PB to remove unreacted components and dried at 37 ◦C for 
15 min. All solutions used for the polymerization mixture were freshly 
prepared and purged with nitrogen. 

To remove the template, the NIPs and MIPs were incubated with 
sodium chloride (0.1 M) [34] for 2 h with horizontal shaking to allow 
imine cleavage. Then, the papers were washed with PB and left in the 
wells with PB for 1 h. Finally, the obtained MIPs with specific binding 
sites for CA15-3 were washed with PB and dried at 37 ◦C for 15 min. 

2.3.2. Colorimetric protein detection 
Under the optimized experimental conditions, the calibration assays 

were performed with 5 µL CA15-3 antigen standards (from 3 to 1000 U 
mL− 1) prepared in PB, pH = 8.5. The standards were added to the paper 
filters and incubated at 37 ◦C for 10 min. As a negative control, PB was 

added to a paper filter instead of CA15-3 to obtain a background signal. 
After incubation, the papers were washed with PB to remove unbound 
target protein and dried at 37 ◦C for 15 min. 

In the final step of sensor construction and before color development 
by adding a chromogenic substrate, incubation with HRP is essential 
because it reduces hydrogen peroxide and oxidizes TMB, resulting in a 
blue color. Since the optimum pH of HRP is 7 [35] and we intend to work 
at physiological conditions, PB with a pH of 7.4 was used to prepare the 
HRP solutions. In this step, 5 μL of HRP solution (50 µg mL− 1) was 
incubated at 37 ◦C for 10 min. Subsequently, the papers were washed 
with PB and dried at 37 ◦C for 15 min. 

A ready-to-use redox indicator solution of TMB (150 µL) was added 
to each paper in a 48-well plate. Let them react in the dark for 5 min. The 
papers were removed from the plate, the excess reagent was removed 
with absorbent paper, and the images were immediately captured in the 
homemade darkroom. 

2.3.3. Real samples assay 
To test the developed sensor in the presence of real samples, CA15-3 

standards (from 3 to 1000 U mL− 1) were added to aliquots of fetal 
bovine serum using a 1000-fold dilution of the serum and incubated on 
the sensing paper circles. 

2.3.4. Selectivity assay 
The selectivity of the sensor was evaluated by incubating various 

interfering molecules that may be present in human serum samples. 
These include CA15-3 (250 U mL− 1) plus CEA (0.25 ng mL− 1), CA15-3 
(250 U mL− 1) plus CA-125 (0.35 U mL− 1), CA15-3 (250 U mL− 1) plus 
glucose (1 mg mL− 1) and CA15-3 (250 U mL− 1) plus IgG (0.1 mg mL− 1), 
prepared in PB, and incubated on the sensor surface. 

2.3.5. Analysis of results 
To obtain quantitative results, images were analysed using ImageJ 

software. Several parameters were evaluated, and the average value of 
each parameter was transferred to an Excel workbook for further anal
ysis. The YIQ system was used, where Y represents luminance and I and 
Q represent chrominance. The Y and Q channels were chosen because 
they are best suited to describe the absence/presence of the protein, 
being proportional to its concentration. Y is given by the equation Y =
0.229R + 0.587G + 0.114B and represents the grey scale. Q is given by 
the equation Q = 0.211R-0.523G + 0.312B [36] and represents the 
quadrature. R stands for red coordinates, G for green and B for blue 
coordinates. 

During the optimisation steps, the difference between the Q values of 
NIP and MIP control (incubated with buffer) and the Q values of NIP and 
MIP incubated with CA15-3 was calculated. The condition where MIP
control-MIPCA15-3 gives a higher value than NIPcontrol-NIPCA15-3 was 
selected and used for further experiments. 

3. Results and discussion 

3.1. Characterization techniques 

3.1.1. TGA analysis 
Modification of cellulose paper substrates with sensor materials was 

evaluated by thermal degradation at TGA (Figure S1). As expected, the 
degradation profile of the cellulose paper shows a maximum degrada
tion rate after 320 ◦C, leaving a residual solid of 5.6 % at 500 ◦C. The 
addition of silanes to the cellulose substrates changes the thermal sta
bility of the material, as silanes remain stable at higher temperatures. 
This reduces the percentage of the material that can be subjected to 
degradation, leaving a residual amount of 18.7 % at 500 ◦C. The sub
sequent steps lead to the formation of MIP or NIP materials, including 
poly-APBA and polydopamine on the silane-cellulose composite, which 
in the case of MIP also contains CA15-3. Overall, the MIP and NIP 
polymer layers are unstable and undergo thermal degradation mainly at 
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temperatures between 275 ◦C and 365 ◦C, which is accompanied by the 
decomposition of the cellulose materials. The fact that the degradation 
profile of all samples was similar agrees well with the similar chemical 
composition of all sensor materials and the fact that CA15-3 is present 
only at an extremely low percentage. Nevertheless, it is important to 
emphasize that the NIP sensor had a higher weight loss before template 
removal than the MIP with template. This essentially indicates that the 
polymer film NIP was formed to a higher extent because CA15-3 hin
dered the polymerization of the polydopamine film on the MIP, justi
fying the lower residual amount of NIP (11.3 % at 1000 ◦C) 
corresponding to the pure silane composition. Removal of CA15-3 from 
the MIP film changed the residual amount of MIP from 15.4 to 18.1 %, 
confirming the presence of the protein. However, the same procedure 
used to remove NIP resulted in a higher percent weight loss, with the 
residual amount increasing from 11.3 to 17.9 %. Since NIP does not 
contain protein to be removed, this change is likely due to the loss of the 
polymeric network that was not firmly attached to the sensor film. In 
general, the TGA information confirms the formation of the imprinted 
film and the effects of removal on the modified cellulose substrates, 
resulting in sensor materials that contain a similar percentage of poly
mer as the silane/cellulose composite. 

3.1.2. SEM analysis 
The morphology of the bare and modified cellulose substrates was 

characterized using SEM. Fig. 2 shows magnification images of the 
cellulose paper showing the typical microfibers of cellulose (Fig. 2A), 
which were also modified with polydopamine in the form of NIP 
(Fig. 2B) or MIP (Fig. 2C). The images show that the cellulose fibers were 
coated with polydopamine during the polymerization step, resulting in 
an increase in fibre diameter (Fig. 2B and Fig. 2C) compared to the bare 
cellulose separator (Fig. 2A). Higher magnification images show the 
polydopamine fibers and the rough polymeric surface in MIP (Fig. 2F) 
compared to bare cellulose (Fig. 2D) and to NIP (Fig. 2E), which is still 
smooth [29]. This roughness suggests that the presence of the template 
on MIP led to a different structural polymer growth. Nevertheless, the 
imprinted cavities on the MIP cannot be observed because the di
mensions of these binding sites are below the resolution limit of the 
technique. 

3.2. Synthesis of the biomimetic material 

The biomimetic material was assembled as shown in Fig. 1, where a 
cellulose substrate was modified with silane chemistry, resulting in the 
interaction of the template with boronic acid and subsequent polymer
ization with dopamine to form the MIP layer. 

An important aspect of any chemosensor is reproducibility, which 
depends first on the homogeneity of the starting material. Therefore, all 
paper substrates were washed with H2O2 before any further modifica
tion; H2O2 is a strong oxidizing agent that is said to oxidize impurities, 
increasing their water solubility in water. It also adds hydroxyl groups to 
the paper surface, which helps to increase the efficiency of subsequent 
chemical modifications with involving covalent hydroxyl bonds (as in 
silane chemistry) [16]. Physical adsorption would also be possible as an 
immobilization technique for any intended biological recognition 
element, but desorption of the molecules may occur during the washing 
steps. Therefore, cellulose was modified with silane chemistry by incu
bating the paper in silanes. Binding to the vicinal hydroxyl groups of the 
cellulose (treated with H2O2) and crosslinking through the porous 
structure of the cellulose provided stable chemistry of the silane/cellu
lose matrix [22,37]. 

Next, 3-APBA was incubated on the silane/cellulose composite fol
lowed by the protein (in the case of the MIP), to undergo the reversible 
reaction between boronic acid (in 3-APBA) and the cis-diol groups (in 
glycoproteins) [38]. This stage corresponds to the formation of a tem
plate monomer complex in a pre-polymerization solution, giving rise to 
a cyclic bromate ester. This ester is easily reversed by a change in pH/ 
ions, releasing the protein as needed. The stability and suitability of this 
complex is critical, as this stage establishes the functional groups to 
which CA15-3 will bind after contact with the MIP in the sample. 

The subsequent addition of a monomer/cross-linker and an initiator 
allowed the formation of the MIP film [26]. In this work, dopamine was 
considered as the monomer. It is a small molecule containing catechol 
and amine functional groups that self-polymerize in a weak alkaline pH 
[39]. Its polymerization is based on the oxidation of catechol group to 
quinone and further reaction with amine groups and other catechols and 
quinones, allowing the formation of a biocompatible and hydrophilic 
polymeric film. This polymer is highly reactive towards amine and thiol 

Fig. 2. SEM images of bare paper (A), NIP (B) and MIP (C) with 500 × magnification and bare paper (D), NIP (E) and MIP (F) with 15000 × magnification.  
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groups, which has advantages for covalent binding of target bio
molecules for sensing purposes [40]. To our knowledge, the first 
polydopamine-based MIP was reported for nicotine sensing [41], but 
since then dopamine has been used in the preparation of MIPs as 
recognition elements for sensing of macromolecules, including proteins 
[40]. 

Removal of the template was the next step, a critical step in molec
ular imprinting. Efficient template removal should be performed to 
create the imprinted sites and allow subsequent rebinding of CA15-3 
present in the sample. In addition, residual template molecules should 
be minimized as they are responsible for background signals [1]. Tem
plate removal was optimised by incubating NIPs and MIPs under 
different conditions that affect the reaction between the diol and phe
nylboronic acid and the conformation of the protein, while the effects on 
the polymer surface should be minimal. In this work, water [42], sodium 
chloride (0.1 M) [34], acetic acid (10 %) and sodium dodecyl sulphate 
(SDS, 1 %) [43] or acetic acid (3 %) and Tween-20 (0.1 %) [44] were 
tested, under the same experimental conditions (temperature and time). 
This study was made by checking how the colour of the MIP/NIP sensor 
paper changes between the control solution and the CA15-3 standard 
solution of 2000 U mL− 1 to check the effect of removal conditions upon 
the sensitivity of the system. The collected images and the analytical 
output are shown in Figure S2. The results showed that the use of a 
detergent with acetic acid was undesirable, and the use of water or 

sodium chloride gave similar results, but with the naked-eye, sodium 
chloride (ΔMIP-NIP = 2.90) was slightly better than water (ΔMIP-NIP =
2.58), due to the greater differenced between the results of the control 
and the protein detection. 

3.3. Colorimetric protein detection 

The presence of CA15-3 was detected by a color change from 
colorless to blue because the incubation of HRP was followed by addi
tion of a ready-to-use peroxidase substrate with TMB. The more intense 
the blue coloration was, the more HRP was bound to the sensor surface. 
This meant that HRP was bound to CA15-3 by nonspecific protein–
protein interactions. This also meant that this HRP-biomarker interac
tion was more intense than any interaction of HRP with polydopamine. 
Because this interaction was nonspecific, a larger amount of HRP would 
also result in color development because it binds to different sites on the 
sensor than the protein CA15-3. Therefore, the best experimental con
ditions should be optimized. 

This principle was confirmed by testing different conditions for color 
development, as shown in Figure S3. Incubation of a TMB solution in PB 
on the sensor papers did not result in color development, either on NIP 
or on the MIP. The same was true for the sensor paper incubated with 
CA15-3 standard solution (1000 U mL− 1), which remained colorless. 
This indicates that the peroxidase substrate is stable with TMB and that 

Fig. 3. Photographs of buffer calibration in MIP (A). Calibration curve based on grey intensity for NIP (B) and MIP (C). Calibration curve based on quadrature values 
for NIP (D) and MIP (E). 

M. C.C.G. Carneiro et al.                                                                                                                                                                                                                     



Microchemical Journal 196 (2024) 109640

6

this substrate is not oxidized in the absence of HRP. As with conven
tional ELISA methods using antibodies, incubation of an antibody 
labelled with HRP was also attempted for CA15-3. It showed a good 
response with a higher value for ΔMIP than for ΔNIP, but this condition 
also gave high background signals. This was certainly due to the non- 
specific adsorption of the antibody to the polymeric material, since 
the epitope region of the antibody corresponds to only a small portion of 
the antibody and the control assays do not contain CA15-3. This was also 
confirmed by the more intense colour in the control assay of NIP 
(compared with MIP), in which CA15-3 was not present. This confirms 
that the MIP surface is less susceptible to non-specific adsorption. The 
higher color intensity of the MIP signals compared with the signals from 
NIP in the presence of CA15-3 proves the selective response of the MIP 
surface to CA15-3. Incubation of HRP alone (5 µg mL− 1), not in com
bination with an antibody, was subsequently tested. This condition 
resulted in a significant decrease in background signal compared to 
antibody binding, as no color was obtained in controls. MIP incubated 
with CA15-3 also showed a good (color intensive) response, which was 
also significantly higher than the response obtained with NIP. Increasing 
the amount of HRP (to 50 µg mL− 1) showed a very weak response on the 
MIP control, but the signal from the paper incubated with CA15-3 also 
had a blue colour. Since the ΔMIP/ΔNIP ratio is higher at the highest 
HRP concentration, the following tests were performed with 50 µg mL− 1 

HRP. 
From another point of view, the volume of the solution used was 

important for the homogeneity of the sensor surface and the sensitivity 
of the response, as shown in Figure S4. In the previous tests, 3 μL CA15-3 
solution (or buffer) and then 3 μL HRP solution were incubated on each 
paper circle. The results showed that only high concentrations of CA15-3 
could lead to color development under these conditions and that no 
color was visible to the naked eye at lower concentrations. For this 
reason, higher volumes (4 and 5 μL) were tested. Incubation of 4 μL or 5 
μL CA15-3 and HRP solutions resulted in an increase in colorimetric 
reaction intensity with increasing concentration of CA15-3. It was also 
found that not only MIPs can also recognize lower concentrations of this 
protein, but also NIPs can adsorb some targets. However, the recognition 
capacity of the MIP surface is obviously greater than the adsorption that 
occurs on NIPs. Five microliters were selected for further investigation 

because this gave the best linear response, as shown in Figure S4 (B to 
C). Under this condition, the quadrature signal of the sensor was satu
rated for concentrations > 500 U mL− 1, which by far includes CA15-3 
levels > 30 U mL− 1, which are clinically important in breast cancer. 

3.4. B-ELISA paper-sensor calibration 

Fig. 3 shows the images of the paper sensors incubated in different 
concentrations of CA15-3, from 3 to 500 U mL− 1, in buffered solutions. 
The average points obtained from triplicate measurements of each data 
point were plotted against grey intensity or Quadrature. The error bars 
included correspond to the standard deviation (SD). The linear regres
sion equation of the MIP was grey intensity = -0.0858 × CA15-3 U mL− 1 

+ 149.44 (R-squared 0.9892) or Quadrature = -0.0102 × CA15-3 U 
mL− 1 + 11.032 (R-squared 0.9794). The NIP showed no linear response. 

3.5. Selectivity 

Selectivity is a crucial parameter to be investigated when evaluating 
the performance of a biosensor to assess whether it can be used in real- 
world conditions. The selectivity assay was performed by incubating 
CA15-3 solutions prepared alone or in the presence of a possible inter
fering substance. Assays were performed in triplicate and data were 
expressed as mean ± SD. Fig. 4 shows the mean values in terms of 
percent signal change compared with CA15-3 alone. CEA (1 %) and CA 
− 125 (5.5 %) resulted in small differences in grey scale compared with 
the effect of glucose (10.4 %) and IgG (11 %). Overall, the effect of the 
four interfering species tested in this assay was negligible with error 
values equal to or below 11 %. The results show that the MIP surface has 
high selectivity for CA15-3 compared to the interfering molecules tested. 
This is mainly due to the presence of the imprinted cavities for CA15-3. 
These results suggest that these sensors could be used to detect CA15-3 
in complex matrices. 

3.6. B-ELISA paper-sensor in serum samples 

Fig. 5 shows the sensor response for detection of CA15-3 in fetal 
bovine serum. Calibrations were performed in a background medium of 
serum to achieve an analytical level of communication well matched to 
the composition of the sample. For this purpose, the standard samples of 
CA15-3 contained real serum in their composition. As with the buffered 
solutions, calibrations were performed in triplicate and data are re
ported as mean ± standard deviation. The overall behaviour showed a 
linear trend for both grey-scale and quadrature values as a function of 
CA15-3 concentration (U mL− 1), corresponding to grey-scale = -0.0956 
× CA15-3 U mL− 1 + 158.05 (R square 0.997) and quadrature = -0.0098 
× CA15-3 U mL− 1 + 11.006 (R square 0.9903). Compared with the 
experiments with buffer, the slope values were similar, as was the range 
of linear response. The results obtained indicate that this sensor can be 
used to detect CA15-3 in serum samples. 

4. Conclusions 

The combination of MIPs, paper and ELISA has already been re
ported, but only for small molecules [16,24,29–31]. As we know, no one 
has yet used this for the detection of (glyco)proteins (Table 1). Never
theless, several biosensors for CA15-3 have been described using 
different recognition elements and transduction systems. Most of the 
mentioned works have LODs between 0 and 2 U mL− 1 [6–11,13], but 
some of them can actually reach a very low LOD, such as the work by Wu 
et al. (LOD = 2.56 × 10-5 U mL− 1) [12]. Despite the high sensitivity of 
this work, the fluorescence signal emitted by the sensor requires a 
fluorometer, which may be a limitation. In addition, some of them report 
very narrow linear ranges (e.g., 0.1–20 U mL− 1 [7], 0.25 to 10 U mL− 1 

[11], 0.25–14 U mL− 1 [12]), which might not be very useful in clinical 
practice because the CA15-3 cut-off is 30 U mL− 1. 

Fig. 4. Images and the respective bar chart of selectivity study based on 
comparison of the response of CA15–3 with different interferent species. 
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This work demonstrates that it is possible to assemble a MIP material 
on a paper substrate that can selectively bind target proteins of interest, 
in this case CA15-3. This highlights the increasing attention given to 
MIP-based sensors, as they are easy to fabricate, robust, stable, and 
inexpensive. Their incorporation into PADs provides a versatile tool that 
can be used in a variety of situations. The use of an ELISA-like system 
was also introduced presented as a simple approach to identify the 
presence of bound CA15-3. The results confirmed the need for HRP, but 
the presence of an antibody for this purpose (as within conventional 
ELISA) was not required. The paper-based B-ELISA showed good linear 
correlation over a wide range of concentrations (3 to 500 U mL− 1) and 
the selectivity of the developed sensor was very high. 

The advantages of using cellulose paper as ELISA substrate for CA15- 
3 were already demonstrated in a previous work [6], but antibodies 
were used as recognition elements. In the present work, we maintain the 
choice of cellulose paper as substrate and colorimetric substrate for the 
transduction system, but we would like to highlight the outstanding 
advantages of using a MIP instead of an antibody as detection element. If 
we compare the traditional ELISA (in 96-wells) with the P-ELISA, we can 

find that the latter has outstanding advantages such as portability, ease 
of use, and rapid response due to the use of paper as a substrate and is 
also more cost-effective because it does not require the use of natural 
antibodies. In terms of analytical performance, both works achieved 
very similar linearity (R2≈0.99) when the sensors are calibrated with 
serum samples. Despite the advantages, the B-ELISA takes more time, 
which is due to the steps associated with the MIP design. The proposed 
approach can be easily extended to other glycoproteins that need to be 
monitored at the point-of-care, as a screening test in the physician’s 
office or in countries that do not have easy access to healthcare facilities. 
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