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Abstract 

 
Protein biomarkers are important diagnostic tools for cancer and several other diseases. To be validated in a clinical context, a biomarker 

should satisfy some requirements including the ability to provide reliable information on a pathological state by measuring its expression 

levels. In parallel, the development of an approach capable of detecting biomarkers with high sensitivity and specificity would be ideally 

suited for clinical applications. Here, we performed an immune-based label free assay using Surface Plasmon Resonance (SPR)-based 

detection of the soluble form of E-cadherin, a cell–cell contact protein that is involved in the maintaining of tissue integrity. With this 

approach, we obtained a specific and quantitative detection of E-cadherin from a few hundred microliters of serum of breast cancer patients 

by obtaining a 10-fold enhancement in the detection limit over a traditional colorimetric ELISA. 

© 2018 Elsevier Inc. All rights reserved. 
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The epithelial protein E-cadherin (Ecad, CDH1 gene) is a single 

pass transmembrane glycoprotein that plays a role in tissue 

organization by regulating cell contact formation and cell polarity.1 

E-cadherin is a member of the classic type I cadherin family and a 

major constituent of adherents junctions (AJs). CDH1 gene codifies 

 
for a protein of 120 kDa that is constituted by five extracellular 

calcium-binding repeats, a single transmembrane region, and a 

cytoplasmic domain that interacts with a range of proteins including 

catenins, and the underlying cytoskeleton, regulating several 

intracellular signal transduction pathways.1 
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Alterations in cellular location and expression of E-cadherin 

are frequently observed in several human diseases. For example, 

during cancer progression the expression of E-cadherin is lost with 

a concomitant progression towards a malignant phenotype.2 This 

can be mediated in different ways: i) mutational inactivation of 

CDH1; ii) hypermethylation of the DNA encoding E-cadherin; 

iii) repression by transcription factors; iv) proteolytic cleavage of 

the extracellular domain. As a result, cell polarity is lost with the 

activation of transition processes including the epithelial mesen- 

chymal transition program (EMT).3 In breast cancer, CDH1 gene 

is frequently mutated with a complete loss of E-cadherin 

expression in infiltrating lobular carcinoma4 and lobular carcino- 

ma in situ,5 but not in ductal tumors.4 In the absence of inactivating 

mutations, the expression of E-cadherin at the plasma membrane 

can be lost due to a process of proteolytic cleavage leading to the 

release of a soluble extracellular portion of 80 kDa with oncogenic 

functions.6 This cleaved fragment shows a correlation with several 

clinical parameters. For example, soluble E-cadherin (sEcad) 

levels in breast cancer patients were higher than those of control 

samples and significantly correlated with tumor/node/metastasis 

(TNM) stage, tumor grade, and lymph node metastasis.7 Soluble 

E-cadherin levels may also predict response after preoperative 

systemic chemotherapy for patients with breast cancer.8 Quanti- 

tative analysis of sEcad is therefore useful in the clinical setting. 

In this context, Surface Plasmon Resonance (SPR) biosensors 

represent a very powerful approach that is widely reported in the 

literature for the label-free detection of compounds of clinic 

interest,9,10 as well as pollutants or others.11-13 SPR biosensors 

have the great advantage to be characterized by high sensitivity 

that allows the detection of traces of analytes even in complex 

media. The optical reflectivity of the plasmonic metal, typically 

gold or silver, is very sensitive to small dielectric changes in the 

environment in contact to the active layer,12,14 such as the 

interaction with the target compound. Furthermore, SPR sensors 

are often coupled with Quartz Crystal Microbalances (QCMs), 

gravimetric sensors, to develop selective and sensitive biosens- 

ing systems.15 In this paper, we designed a label-free SPR based 

approach to accurately detect the soluble form of E-cadherin in 

sera. It employs a protein A strategy to immobilize anti-E- 

cadherin antibody (Ab) onto a specific chemically modified 

substrate. The developed Ab immobilization strategy produces a 

stable layer that enables the specific detection of soluble E-  

cadherin as revealed by QCM with Dissipation monitoring 

(QCM-D) combined with Water Contact Angle (WCA) and 

Atomic Force Microscopy (AFM) studies. The bioanalytical 

performance of the developed SPR system was then validated 

and compared to that of a commercialized ELISA kit using 

secretomes of breast cancer models and serum clinical samples. 

The obtained results demonstrated that our SPR-based immuno- 

assay is promising for producing high sensitive and fast response 

SPR biosensors for cancer diagnosis. 

 
 

Methods 

Cell culture and vectors 

Human tumor cells were cultured as described in the 

Supplementary Methods section and as previously described.16,17 

Gold substrates functionalization 

Before each experiment, gold (Au/mica) substrates for WCA 

and AFM were cleaned with ultrapure water and ethanol, and 

functionalized using the MUA/NHS/EDC procedure.18 Briefly, 

the gold substrate was immersed overnight into a 10 mM ethanol 

solution of mercaptoundecanoid acid (MUA) in order to obtain 

the thiol self-assembled monolayer (SAM). After rinsing, the 

crystal was incubated for 3 h into a mixture of 15 mM N- 

hydroxysuccimide (NHS) and 75 mM N- (3-Dimethylamino- 

propyl)-N-ethylcarbodiimide hydrochloride (EDC) for activation of 

carboxyl groups. After washing with water and a phosphate 

buffer solution (PBS), the substrate was immersed into a PBS 

solution of protein A (protA, 1 μg/mL) for 2 h. After washing 

with PBS, the sample was incubated into ethanolamine (EA)   

1 M in PBS for 10 min and washed again in PBS. Then, gold 

surfaces have been incubated into 0.2, 1, 2 μg/mL concentration 

of specific Ab in PBS for two hours. The sample incubated with 

the highest antibody concentration (2 μg/mL) was immersed in 

an E- cadherin solution (2 μg/mL in PBS) for 2 h. 

 

QCM experiments 

Two different types of QCM sensors were prepared with the 

aim of a) estimating the Ab coverage (QCM-Ab) and b) defining 

the E-cadherin range of surface saturation (QCM-Ecad) in the 

view of optimizing the bonding conditions for SPR assays for E- 

cadherin fine detection. 

QCM-Ab experiments. The sensor was functionalized ex-situ 

following the procedure described above up to the EA step, 

inserted into the QCM chamber, and conditioned with PBS. After 

acquiring a reliable baseline for 30 min at 14.1 μl/m, the sensor 

surface was incubated for 2 h with an anti-Ecad Ab (2 μg/mL). To 

remove the unreacted Abs, sensor was washed with PBS for  

30 min at 40 μl/m. 

QCM-Ecad experiments. The sensor was functionalized ex-situ 

following the procedure described above up to the Ab step at 2 μg/mL, 

inserted into the QCM chamber and conditioned with PBS. After 

acquiring a reliable baseline for 10 min at 14.1 μl/m, the sensor 

surface was incubated for 2 h with E-cadherin (0.1, 0.5, 1 and 

2 μg/mL). This was followed by a washing step with PBS for 

40 min at 30 μl/m to remove the unreacted protein. As control 

experiment, QCM-Ecad experiment was performed using a sensor 

functionalized with isotype control Ab flowing E-cad at 2 μg/mL. 

QCM measurements were performed using the Q-Sense E1 

system (Q-Sense, Sweden), as described elsewhere19 and in the 

Supplementary Methods section. 

 

Surface Plasmon Resonance (SPR) measurements 

A Nanofilm apparatus was used to perform SPR measurements20 

as described in the Supplementary Methods section. 

 
 

Results 

Soluble E-cadherin levels in breast cancer samples 

To determine the soluble levels of E-cadherin in breast cancer 

samples and to determine whether alterations of the E-cadherin 



 

protein complex might alter the secretome profile, we cultured 

breast cancer cell lines in serum-free medium, collected sera 

from a cohort of breast cancer patients and determined levels of 

soluble E-cadherin by western blot and ELISA. 

In luminal epithelial breast cancer cells, E-cadherin is part of a 

protein complex that plays a role in establishing cell–cell 

adhesions (Figure 1, A). Both E-cadherin and its binding proteins 

are differentially expressed in luminal and triple negative models 

where the expression of E-cadherin is transcriptionally down- 

regulated by promoter methylation (Figure 1, A),21 it is less clear if 

these differences are maintained in the secretomes of these cell 

lines. Notably, as demonstrated by western blot, the proteomic 

signature that is observed at the cellular level is confirmed in the 

secretome of MCF-7 and MDA-231 cells that were subjected to 

serum-deprivation for 4 h (Figure 1, A and Supplementary Figure 

1). At this time point, sEcad is already detectable by western blot 

with a negligible signal from cytoskeletal intracellular proteins 

(Supplementary Figure 1, B). Thus, E-cadherin complex proteins 

expression at the secretome level well mirrors the observed cellular 

differences. In this way, loss of E-cadherin has two main effects 

that regard the organization of protein complex at the cellular 

membrane, and the expression of soluble markers in biological 

fluids. To further investigate this, we stably transfected MCF-7 

with an E-cadherin shRNA plasmid (shEcad) and determined by 

western blot the expression of E-cadherin complex proteins in 

whole cell lysates and secretomes (Figure 1, B). Interestingly, 

shEcad cells showed a clear modulation in the expression of E- 

cadherin complex proteins both in whole cell lysates as well as in 

the secretomes. We quantified sEcad levels by a commercialized 

ELISA kit (Figure 1, C). Compared to control cells, sEcad levels 

were significantly lower in shEcad cells after 4 h and 24 h of serum- 

deprivation, providing an evidence of the time-dependent release of 

the marker in the secretome, and further highlighting the correlation 

between E-cadherin at the cellular and secretome levels. 

ELISA assay was then applied to a panel of luminal breast cancer 

models (Figure 2, A, B) and to a cohort of seven serum samples from 

breast cancer patients and seven control samples (Figure 2, C). 

Significant levels of sEcad were detected in the secretomes of breast 

cancer cells and quantified in much larger amounts by tumor cells 

with a higher expression of cellular E-cadherin (Figure 2, B). Finally, 

ELISA results show that the mean level of sEcad is increased in 

breast cancer compared to the normal controls (Figure 2, C). 

Mean concentrations for soluble E-cadherin in cancer group vs 

control group were 1420 ± 762 ng/mL vs 597 ± 390 ng/mL, 

respectively. 

 
Design, optimization, and application of the SPR-based immunoassay 

for biological samples 

The stable functionalization of the surface sensor is an 

essential step for a sensitive detection of E-cadherin at low 

concentration. To do this, the anti-Ecad Ab that we validated by 

western blot using the secretomes of breast models was 

covalently attached onto a gold surface. On the basis of the well- 

known thiol-chemistry,22 we produced a compact SAM ofMUA 

that was activated to promote protA attachment via amidebond. 

The un-reacted sites were blocked using EA. ProtA has the 

capability to bind antibodies at the Fc region23 so to force its 

orientation on the surface leaving free the portion that reacts with 

soluble E-cadherin. We applied a combination of techniques to 

optimize the Ab coverage on the sensor surface: a) WCA, b) 

AFM, c) QCM and FT-IR spectroscopy. WCA and QCM 

allowed to quickly monitor each step of functionalization and to 

screen the concentration corresponding to a high and uniform 

coverage of Ab. QCM was used to estimate the Ab surface 

coverage and to establish the optimal conditions for the detection of 

soluble E-cadherin in secretomes and serum samples. As WCA 

values reported in Table 1 show, the addition of protA to aMUA 

SAM increases the surface hydrophobicity, because the 

carboxylic groups of the SAM have been replaced by EA and by 

the proteins that probably expose more hydrophobic domains. 

The addition of Ab at growing concentrations (0.2, 1, 2 μg/mL) 

determines a progressively increase of hydrophilicity of the surface 

(46.75° ± 0.53° at 0.2 μg/mL and 37.88° ± 1.68° at 1 μg/mL) 

that reaches its maximum (WCA drops to 0°) for 2 μg/mL solution 

of Ab. WCA variations are associated to an increase of the surface 

roughness as calculated by AFM measurements (Table 1 and 

Supplementary Figure 2). This is expected considering that several 

molecular layers were assembled on the sensor surface. AFM 

measurements were also used to estimate the Ab surface coverage 

in combination with QCM measurements (QCM-Ab experiments 

described above). Assuming the overestimation that is related to tip 

effects, we calculated a single Ab diameter of 25 ± 5 nm, a value 

that is consistent with previous AFM experiments.24 

Figure 3, A represents the QCM spectrum acquired to 

quantify the amount of antibody bond to the sensor surface after 

2 h of incubation with a solution of 2 μg/mL. After the 

stabilization in pure PBS, the Ab solution was flowed into the 

QCM chamber for 25 min and allowed to react for two hours 

stopping the flow (area of red diagonal stripes in Figure 3, A). A 

frequency signal was observed after 10 min from the Ab 

injection, indicating a mass increase. The process occurring at 

the sensor–liquid interface is sketched as inset of Figure 3, A. 

After rinsing with PBS flow, only covalently attached antibodies 

persisted on the surface. The specificity of protA anti-Ecad Ab 

binding was confirmed by FT-IR spectroscopy analysis. FT-IR 

spectra are reported in Figure 3, B. The successful functionaliza- 

tion by anti-Ecad Ab molecules was confirmed comparing the 

spectrum of the multi-layer film obtained after the binding of the 

Ab at a concentration 2 μg/ml (Figure 3, B, curve ii) to the FT-IR 

spectra of cast film of protA and anti-Ecad Ab onto gold 

substrates (Figure 3, B, line i and iii, respectively). All the FT-IR 

spectra are reported in the 1800-1400 cm−1 frequency range in 

order to observe Amide I and II contributes, which can be 

considered as marker bands for protein characterization25 and are 

due to C=O stretching mode and N-H bending mode of the amide 

group.26 Any protein presents its own Amide I/Amide II profile 

and such features were used to confirm the presence of each 

molecular layer in the developed multi-layer system, namely 

protA, anti-Ecad Ab and, finally, the bonded E-cadherin. ProtA 

Amide II has a characteristic signal located at about 1544 cm−1 

(highlighted in red), with Ab at 1596 cm−1 (blue highlighted). 

The spectrum of the functionalized film (Figure 3, B, line ii) is 

characterized by the presence of such signals confirming the 

binding of anti-Ecad Ab molecules to the protA layer. Moreover, 

the   Amide   I   (at   about   1650  cm−1)/Amide   II   (at  about 



 
 

Figure 1. Differential expression of E-cadherin complex proteins in breast cancer models. (A) Representative image of the E-cadherin complex at the plasma 

membrane. Through its intracellular domain, E-cadherin interacts with β-catenin and other proteins that in turn bind with the cytoskeleton. Western blot of 

selected proteins was performed on whole proteins and secretomes of MCF-7 and MDA-231 cells. (B) Western blot of selected proteins was performed on whole 

proteins and secretomes of MCF-7 and MCF-7 shEcad cells. (C) Soluble E-cadherin levels (ng/mL) measured by ELISA in the secretomes of MCF-7 and MCF-7 

shEcad cells after 4 h and 24 h of growth in a medium without serum. Data are mean ± SD of three independent experiments. *** P b 0.001. 

 
 

1596 cm−1) intensity band ratio is clearly comparable to such a 

ratio obtained for the anti-Ecad Ab cast film (curve iii). 

QCM experiments were then performed to determine the 

binding efficiency of the Ab monolayer and the maximum protein 

coverage (1:1 Ab:Ecad ratio). To do this, we injected into the 

QCM chamber four solutions of E-cadherin at different 

concentrations, using a  sensor  with  an  Ab  concentration  of 

2 μg/mL (QCM-Ecad experiments described above). After an 

initial stabilization in PBS, the E-cadherin solution was flowed 

 
and allowed to react for two hours after stopping the flow (area 

of red diagonal stripes in Figure 3, C). After this step, the surface 

sensor was fluxed with PBS to wash away the un-reacted E- 

cadherin, while the bound protein was quantified. To verify the 

detection specificity of our Ab, QCM experiments were 

performed in the same experimental conditions using a non- 

specific antibody (isotype control). After the initial adsorption 

step, PBS was fluxed and a large amount of adsorbed E-cad was 

washed away (Figure 3, C, red curve). This indicates that the 



 
 

Figure 2. Soluble E-cadherin levels in the secretomes and serum of breast cancer samples. (A) Phase contrast images of epithelial breast cancer cell lines 

(Olympus IX51 inverted microscope, 4× magnification). (B) Levels of cellular E-cadherin and soluble E-cadherin in whole cell lysates and secretomes as 

determined by western blot and ELISA data, respectively. Actin was used as loading control. ELISA data are mean ± SD of three independent experiments. (C) 

Levels of soluble E-cadherin in serum as determined by ELISA. Serum samples from 7 control samples were compared to the levels of E-cadherin in 7 patients 

with breast cancer. The horizontal long line in each dot blots indicates the mean, while the top and bottom shorter lines mark the standard deviation. P value was 

calculated by Mann–Whitney test. 

 

 
Table 1 

 
Rq (root mean square) roughness as calculated from AFM images of Supplementary Figure 2 and WCA values for samples at different functionalization steps. 

 MUA MUA/protA/EA MUA/protA/EA/Ab MUA/protA/EA/Ab/E-cad 

Rq (nm) 0.25 ± 0.02 0.50 ± 0.09 0.69 ± 0.14 1.52 ± 0.18 

WCA (°) 47.64 ± 2.16 50.53 ± 0.34 0 52.57 ± 1.36 

 
 

selected Ab is able to maximize the interaction with E-cad and 

demonstrates the selectivity of the developed immunoassay for 

E-cad specific molecular recognition. These experimental 

evidences represented the starting point for the development of 

the SPR based transduction system. 

The E-cadherin binding on the sensor was further confirmed 

by FT-IR spectroscopy analysis. The spectrum of the multi-layer 

sensor after E-cadherin binding within the QCM cell was 

recorded and shown in Figure 3, D (black spectrum). By 

comparing this spectrum to the E-cadherin cast film onto gold 

substrate spectrum (Figure 3, D, gray spectrum), the presence of 

E-cad was assessed due to specific interaction among the antigen 

and the Ab. In fact, the Amide I band, in the range 1690- 1650 

cm−1, resulted affected by the binding with Ecad, as highlighted 

in Figure 3, D, with an evident contribute located atabout 1680 

cm−1, ascribable to the Ecad Amide I. Furthermore,the signal at 

1510 cm−1, typical of Ecad molecules, is present inthe spectrum 

of the film after the interaction with the antigen. Notably, the 

peaks arising from protA and anti-Ecad Ab (highlighted in red 

in the Figure 3, D) are still noticeable in the spectrum, 

underlining that the molecular architecture of the sensor is stable 

under the tested conditions. 

The optimized protocol was indeed exploited to develop an 

SPR-based assay for the detection of E-cadherin in biological 

fluids like secretome and sera. A schematic representation of the 

SPR based system used is reported in Figure 4, A. In order to 

calculate the concentration of Ecad in the investigated biological 

samples, we determined a calibration curve, SPR angle shift 

(ΔAOI) vs Ecad concentration (Figure 4, C). The ΔAOI was 

obtained by measuring the SPR angle when the multi-layer film 

was exposed to a DMEM flux (2 mL as total DMEM volume 

fluxed during the calibration) for 90 min (ΑΟΙi), then by 

inducing the Ecad binding fluxing protein solutions (in DMEM) 

at known concentration within the cell for 90 min, and, finally, 

measuring the SPR angle of the washing step, fluxing a fresh 

DMEM solution for 90 min (AOIf), in order to remove eventual 

non-specific adsorptions. The ΔAOI was calculated as ΑΟΙi − AOIf. 

In particular, the response of the multi-layer system was investigated 

by fluxing different E-cad concentrations (50, 100, 200, 370 and 

500 ng/mL). A dynamic response was recorded in the investigated 

range. Nonetheless, a linear correlation between ΔAOI and Ecad 

concentration (ng/mL) could be found by fixing the working 

concentration range between 0 and 200 ng/mL (Figure 4, C). SPR 

curves obtained for each investigated Ecad concentrations in DMEM 



 
 

Figure 3. QCM analysis of soluble Ecad. (A) QCM spectrum of a sensor functionalized ex-situ with MUA/protA/EA and treated with a 2 μg/mL solution of Ab. After 

flowing PBS for 10 min, the Ab solution was added and allowed to react for 2 h. The red panel represents the incubation step followed by a washing step in PBS. 

Inset: sketch of the surface steps of functionalization. (B) FT-IR spectra of (i) cast film of protA onto gold substrate, (ii) dried multi-layered film obtainedby 

using a solution 2 mg/mL of anti-Ecad Ab and (iii) cast film of anti-Ecad Ab onto gold substrate, 1800-1400 cm−1 range. (C) QCM spectrum of a sensor 

functionalized ex-situ with MUA/protA/EA/Ab and treated with a 2 μg/mL solution of E-cad. After flowing PBS for 10 min, E-cad solution was added and 

allowed to react for 2 h. The red panel represents the incubation step followed by a washing step in PBS. The black curve was acquired using a sensor 

functionalized with a specific Ab. The red curve was acquired using a sensor functionalized with a non-specific Ab. Inset: sketch of the surface steps of 

functionalization. (D) FT-IR spectra of a cast film of Ecad onto gold substrate (gray spectrum) and dried multi-layered film treated with Ecad (black spectrum) 

within the QCM cell in the 1800-1400 cm−1 range. 

 

(50, 100, 200, 370 and 500 ng/mL) are reported in Figure 4, B. It is 

evident that the ΔAOI increases as the Ecad solution concentration 

increases as well, until the reaching of a plateau phase, after 200 ng/ 

ml Ecad solution fluxing, where to E-cad concentration change 

corresponds very small AOI shift, due to presumable active sites 

saturation. FT-IR spectroscopy was also carried out to confirm the 

binding of E-cad molecules (Figure 4, D). 

In the spectrum obtained after the binding (Figure  4,  D, 

line e), the signals at about 1680 cm−1 and 1660 cm−1, attributed to 

the C=O stretching mode of the Amide I of Ecad (squared in 

Figure 4, D, line e and f), and the signal at 1510 cm−1 related to 

the Ecad backbone vibration mode are well-visible. 

The developed multi-layer system was then tested for the 

detection and quantification of Ecad levels present in the 

secretome of MCF-7 cells after 4 h of starvation. The amount of 

Ecad was calculated by using the calibration curve shown in 

Figure 4, B. The ΔAOI was obtained as the difference between the 

SPR angle measured when a DMEM (2 mL) solution was fluxed 

within the cell (Supplementary Figure 4, A, black line), and the SPR 

angle measured by fluxing a DMEM solution after that the 



 
 

Figure 4. SPR analysis of soluble Ecad. (A) Schematization of the SPR system (Kretschmann configuration). (B) SPR curve for the Au/glass substrate 

functionalized by the multi-layered film obtained by using a solution 2 μg/ml of anti-Ecad Ab (black line), after fluxing 0.05 μg/mL (gray line), 0.1 μg/mL (red 

line), 0.2 μg/mL (green line) and 0.5 μg /mL Ecad solution (pink line). (C) calibration curve ΔAOI vs Ecad concentration in DMEM solution and the obtained 

linear fitting in the linear range 0-200 ng/mL. (D) FT-IR spectra of (c) cast film of Protein A onto gold substrate, (d) cast film of anti-Ecad Ab onto gold 

substrate, (e) dried multi-layered film obtained by using a solution 2 μg/mL of anti-Ecad Ab and treated by fluxing Ecad solution 0.2 mg/mL within the SPR cell and 

(f) cast film of Ecad onto gold substrate in the 1800-1400 cm−1 frequency range. 

 

secretome solution (2 mL) was fluxed for 90 min (Supplementary 

Figure 4, A, gray line). The obtained ΔAOI  was calculated to  be 

0.19 and by data interpolation on the calibration line, we 

determined a concentration of Ecad in the secretome of 59.56 ± 

10.34 ng/mL that is in good agreement with data obtained by 

ELISA (Figure 2, B). 

Finally, two clinical samples were analyzed using the SPR 

sensor (Supplementary Figure 4, B and inset). ΔAOI was calculated 

as the difference between the SPR angle measured when a solution 

of DMEM (2 mL) was fluxed on the film, and the SPR angle 

measured by fluxing a fresh DMEM solution after that the sensor 

was exposed for 90 min to the flux of the serum solution. In detail, 

0.6 mL and 0.08 mL of control and patient serum were diluted in 

DMEM to a final volume of 2 mL. After DMEM washing, we 

measured an SPR shift of 0.29 for the control and 0.31 for the 

patient  and  we calculated  a concentration of Ecad of  90.90 ± 

15.78 ng/mL and 97.17 ± 16.86 ng/mL. These values were 

multiplied for the dilution factor of each sample to obtain a 

concentration of 300 ± 52.07 ng/mL for the control and 2420 ± 

419.7 ng/mL for the patient serum, in good agreement with ELISA 

(314 ± 24.7 ng/mL and 2390 ± 192.7 ng/mL, respectively). 

 

 
Discussion 

 
The EMT process has a central role in physiological and 

pathological conditions. During cancer progression, EMT 

promotes invasion and confers tumor cells with stem cell-like 

properties.27 Recent data from different tumor types have 

defined a set of biological networks and pathways modified 

during EMT.28,29 This includes also a long list of biomarkers 

including proteins, nucleic acids, and lipids that demonstrated a 

robust clinical validity.3,30 If these biomarkers showed diagnos- 

tic or prognostic value when their expression is investigated at 

the tissue level, it is reasonable to propose these as potential 

circulating markers if released in blood or other biological fluids. 

Based on this assumption, we validated the different 

expression of selected EMT markers in breast cancer models 



 

and investigated their presence in the secretomes of our models. 

As shown, the classical EMT markers E-cadherin and vimentin 

well characterized MCF-7 and MDA-231 cells for their epithelial 

and mesenchymal phenotype, respectively (Figure 1, A). By 

western blot, we confirmed this difference in the secretome of 

both cell models (Figure 1, A). Our hypothesis was subsequently 

verified at pathway level. Alterations in the organization of cell– 

cell junction proteins orchestrate the activation of EMT, with 

important consequences on the expression of these markers at 

cellular level. As we demonstrated here, when we compared 

western blot data from the secretomes with that collected from 

cell lysates, epithelial and mesenchymal breast cancer cells 

showed a different expression of the protein components of the 

E-cadherin complex (Figure 1, A). Similar findings were 

described for the secretome of MCF-7 and MCF-7 shEcadcells. 

Down-regulation of E-cadherin induced changes in the 

expression of E-cadherin complex proteins at cellular level with 

a consequent reduction of their secreted levels (Figure 1, B). This 

confirms that the secretome is functionally linked to the cell 

phenotype, and that the release of proteins is a time-dependent 

process, as demonstrated by ELISA (Figure 1, C). With the aim 

to transfer these biological results in the realization of an SPR- 

based immunoassay, we decided to focus our attention on E- 

cadherin. To determine the analytical potential of our system, we 

determined sEcad level in secretomes and serum samples by 

ELISA. As shown in Figure 2, A and B, we selected a panel of 

epithelial breast cancer models and we determined sEcad levels 

in their secretomes, and E-cadherin levels in their cellular lysates. 

Data reported in the histograms describe the sEcad levels 

detected for each concentrated conditioned media samples after 4 

h of serum starvation (Supplementary Figure 1), with a range to 

less than 50 ng/mL to 200 ng/mL. Serum levels of E-cadherin 

were significantly higher compared to secretomes, and signifi- 

cantly increased in breast cancer samples (Figure 2, C). Overall, 

these experiments allowed assessing the concentration range of 

E-cadherin in secretome and serum samples for the development 

of QCM-sensor and SPR application. To do this, we assembled 

an E-cadherin sensing layer using different functionalization 

steps (consisting of MUA/ProtA/EA/Ab). AFM, WCA and FT- 

IR studies, shown in Figure 3, B and Supplementary Figure 2, 

and the values reported in Table 1 performed at the different 

functionalization steps, give a clear indication of the multilayer 

structures assembled on the top of the sensor. 

Subsequently, QCM-Ab experiments were performed to 

calculate the amount of Ab on the top of the functionalized 

sensors corresponding to 703 ng/cm2. Considering that from the 

AFM estimation, the area occupied by a single Ab is 491 nm2, 

and that the Ab molecular weight is 150 kDa, we calculated a 

concentration of immobilized Ab of 4.69 × 10−12 mol cm−2. This 

corresponds to a sensor surface coverage of 91%, which means 

that a homogeneous distribution of Ab molecules has been 

achieved using the proposed functionalization method. 

QCM data reported in Supplementary Figure 3, permitted to 

determine a correlation between the levels of Ecad in solution 

and those adsorbed onto the sensor surface. When the sensor was 

incubated with a solution of Ecad concentrated at 2 μg/mL, 

113.02 ± 4.63 ng/cm2 of protein was immobilized. A linear trend 

was observed with a slope of 51.98 ± 3.61 μL/cm2. If the 

sensor surfaces were saturated, a concentration of 4,69 × 10−12 

mol cm−2 should be present. The weight of Ecad calculated via 

QCM would be of 281 ng/cm2 corresponding to a solution of 

5.4 μg/mL, which represents the highest Ecad concentration that 

can be measured using the optimized functionalization. This is the 

range of soluble Ecad concentration described in several studies or 

public databases (http://www.plasmaproteomedatabase.org/). 

Therefore, this preliminary study demonstrates that the developed 

functionalization is efficient enough to allow the detection of E-cad 

in sera without the risk to saturate the active sites. As further result, 

FT-IR spectra of Figure 3, D confirm that the mass increase, 

registered by QCM, is due to the bond of E-cad to the sensing layer. 

All these experimental evidences were exploited to develop a SPR 

system, tested for the detection of E-cadherin into DMEM, cells 

secretome and human sera. Even in this case, FT-IR spectroscopy 

characterization was used to ensure the functionalization and E- 

cadherin binding, allowing the identification of the protein marker 

bands in the assembled multi-layer. Then, the system response to 

different concentrations of E-cadherin in DMEM solutions was 

investigated, showing a dynamic response up to 500 ng/mL of the 

protein. For this reason, a static range was found between 0 and 

200 ng/mL and a calibration linear curve ΔAOI vs protein 
concentration (ng/mL) was obtained and is reported in Figure 4, 

C (correlation coefficient of 0.9839). The limit of detection 

(LOD) was calculated from the slope of the calibration linear curve 

and the standard deviation on multiple measurements of the blank 

sample (n = 5), as previously described31,32: 

 
σ ω F 

LOD ¼ 
b

 

 
where σ is the standard deviation of the blank sample, F is a factor 

of 3.3 and b is the slope of the regression line. A LOD of 16 ± 

6.5 ng/mL of E-cadherin was found, corresponding to a 

concentration of about 200 pmol that is 6 times higher than the 

LOD of the employed ELISA test (100 ng/mL; ~1.25 nmol). The 

analytical sensitivity was calculated by the ratio of the amount of 

detected protein (ng/mL) and the ΔAOI (degrees) correspondent, 

and was found to be 300 (ng/ml)/°. Overall, this highlights the 

feasibility of our system in the detection of tissue leakage markers 

whose concentration in plasma ranges from 106 to 102 pg/mL.33 

The attractiveness of this method relies also in the absence of pre- 

concentration step as we determined Ecad in serum using only few μl 

of sample. Sensitivity should be further improved to characterize 

signal proteins such as cytokines and growth factors and this is a 

common issue for SPR detection of protein in biological fluids.34–36 

In this direction, a possible approach, widely employed in the 

literature, could be based on the amplification of the signal by 

introducing colloidal gold nanoparticles37,38 or plasmon metal 

nanostructures,39,40 allowing a detection down to femtomolar 

amount of proteins. 
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