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Abstract 

Biosensors for early detection of cancer biomarkers normally depend on specific 

interactions between such biomarkers and immobilized biomolecules in the sensing 

units. Though these interactions are expected to yield specific, irreversible adsorption, 

the underlying mechanism appears not to have been studied in detail. In this paper, we 

show that adsorption explained with the Langmuir-Freundlich model is responsible for 

detection of the antigen p53 associated with various types of cancer. Irreversible 

adsorption was proven between anti-p53 antibodies immobilized in the biosensors and 
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the antigen p53, with the adequacy of the Langmuir-Freundlich model being confirmed 

with three independent experimental methods, viz. polarization-modulated infrared 

reflection absorption spectroscopy (PM-IRRAS), nanogravimetry with a quartz crystal 

microbalance and electrochemical impedance spectroscopy. The method based on this 

irreversible adsorption was sufficiently sensitive (limit of detection of 1.4 pg/mL) for 

early diagnosis of Hodgkin lymphoma, pancreatic and colon carcinomas, bladder, 

ovarian and lung cancers, and could distinguish between MCF7 cells containing the 

antigen p53 from Saos-2 cells that do not contain it.   

 

Keywords: models for adsorption, Langmuir-Freundlich, biosensors, detection of cancer 

biomarkers, electrochemical impedance spectroscopy  
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1 Introduction 

 The detection of biomarkers has been consolidated as suitable for early 

diagnosis of various types of cancer, since cancer cells secrete specific biomolecules 

that may be identified long before the symptoms of the disease are manifested
1
. This has 

prompted a worldwide search for appropriate biomarkers, as is the case of the gene p53, 

which is a tumor suppressor gene located on the short arm of chromosome 17
2
. 

Inactivation of p53 is found in many types of tumors, including those related to 

adrenocortical, breast, leukemia, lymphomas, lung, gastrointestinal and skin cancers, 

resulting from mutations that cause loss of wild-type p53 activity
3
. Various are the 

methods to detect biomarkers, most of which rely on the specific interaction between a 

biomolecule immobilized in the biosensor and the biomarker in the sample under 

analysis
4
. Because in many cases the biomolecule-analyte pair consists of antibodies 

and antigens, these biosensors are referred to as immunosensors
4
.  

 The Enzyme Linked Immuno Sorbent Assay (ELISA) test
5
 is perhaps the most 

widely used assay for antigen detection, in spite of its high cost and limited sensitivity 

that may hamper its use for detecting cancer at early stages
6
. Immunosensors have also 

been produced whose principle of detection may involve electrochemistry
7,8,9

, 

chemiluminescence
10,11

, piezoelectricity
12,13

, surface plasmon resonance,
14,15,16

 and 

impedance spectroscopy
17,18,19

 including its electrochemical version
20

. The sensing units 

for these immunosensors are normally made with nanostructured films, such as self-

assembled monolayers (SAMs)
21,22

, and layer-by-layer (LbL) films
23,24,25

, which are 

suitable for preserving the activity of the biomolecules immobilized. For the antigen 

p53, in particular, biosensors have been made mostly with DNA modified electrodes, as 
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with films containing composite nanofibers with polymers and carbon nanotubes
26

, 

silver nanoparticles
27

 and a DNA-binder in a MOSFET (metal oxide semiconductor 

field-effect transistor) device
28

. Other immunosensors for detecting the p53 biomarker 

include the combination of immunomagnetic separation and 

electrochemiluminescence
29

 and deflection of microcantilevers with 

piezoresistors
30,31,32

. 

 The strong, specific interaction between antigens and antibodies is an indication 

that the mechanism behind biosensing in an immunosensor is irreversible adsorption. 

Indeed, there is ample experimental evidence from earlier work
17,19,33

 for such an 

adsorption, obtained with distinct methods, including with atomic force microscopy
34

 

and polarization-modulated infrared reflection absorption spectroscopy (PM-IRRAS). 

However, a systematic study about adsorption processes appears to be lacking, which is 

the main purpose of the present paper.  

 Models for adsorption have been proposed for almost a century since the 

pioneering contribution from Langmuir
35

. They were developed primarily for 

adsorption of atoms or small molecules, depending essentially on whether the adsorbing 

species interact among themselves and whether monolayers or multilayers are formed 

on the surface. The simplest Langmuir model quantifies how a monolayer of an 

adsorbate is formed on a given surface based on an equilibrium of ions between the 

solid and liquid phases
35,36,37

. Langmuir adsorption isotherms are then obtained from 

plots of the amount of material adsorbed versus its concentration in solution. Since the 

simplifications in the Langmuir model are severe, modifications have been introduced 

to generate more realistic models. The Langmuir-Freundlich model
36,38,39

 , for instance, 
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considers adsorption to occur in multiple layers, being useful to describe adsorption on 

heterogeneous surfaces.  

 In spite of the over simplifications in these models, they have been shown 

applicable to adsorption of macromolecules, such as semiconducting polymers in layer-

by-layer (LbL) films
40

. In this paper, we apply the most simple models of adsorption to 

show that the detection mechanism for the antigen p53 can be explained with the 

Langmuir-Freundlich model. This hypothesis was proven through three techniques, 

namely PM-IRRAS, nanogravimetry using a quartz crystal microbalance QCM), and 

electrochemical impedance spectroscopy, using biosensors with an architecture 

containing immobilized anti-p53 antibodies in a self-assembled monolayer (SAM). We 

also demonstrate that the irreversible adsorption between anti-p53 antibodies and p53 

antigens is sufficiently specific to yield highly sensitive and selective biosensors, 

capable of detecting the biomarker at early stages of various types of cancer.  

 

2 Experimental  

 The sensing units were fabricated using 11mercaptoundecanoic acid (Sigma 

Aldrich, USA), N-Hydroxysuccinimide (Sigma Aldrich, USA), 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (Sigma Aldrich, USA), p53 antibody (Dako), 

bovine serum albumin (BSA) (Sigma Aldrich, USA), while the samples to be detected 

consisted of antigen p53 (ABCAM, UK) in a phosphate buffered saline (PBS) solution, 

pH 7.4. In addition, whole cell lysates from MCF7 (p53-expressing) and Saos-2 (p53-

null) cell lines were also used as p53 antigen sources. Whole cell lysates were obtained 

by three cycles of freeze-thaw and stored at -80°C. 

The nanostructured films were deposited on gold, in the following sequence:   
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1) a thiol self-assembled monolayer (SAM) of 11mercaptoundecanoic acid 

(MUA) was adsorbed on gold  by immersing the solid support into a .5.0 mmol/L
 

solution for 24 h. It was then activated for an effective adsorption of p53 antibodies by 

incubation into 0.1 mol/L
 
N-Hydroxysuccinimide (NHS) and 0.1 mol/L

 
1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) for 24 h. 

2) The MUA-NHS-EDC film was coated with a layer of p53 antibodies by 

immersion into 25 μL of antibody (AB) solution AB:PBS (1:1000) at 37°C for 10 min 

under controlled humidity.  

3) In order to avoid non-specific adsorption of the antigens in the detection 

measurements, the film containing anti-p53 antibodies was immersed into a BSA 1% 

solution. 

Detection was carried out with three different techniques, namely PM-IRRAS, 

QCM and electrochemical impedance spectroscopy. In all cases, the sensing unit 

(MUA-NHS-EDC/anti p53-BSA) was exposed to the sample in PBS (either antigen p53 

in PBS or whole cell lysates), and left for 10 min for adsorption of the analyte at 25
o
C 

after which it was washed with PBS solution and dried. For PM-IRRAS and QCM, 

therefore, the measurements were performed with solid films. PM-IRRAS 

measurements were performed using a KSV PMI 550 Instrument, Helsinki, Finland, 

with spectral resolution of 8 cm
-1

 and an incidence angle of 80°. QCM measurements 

were carried out with a QCM 200, Stanford Research Systems Inc, with the 

nanostructured film (MUA-NHS-EDC/anti p53-BSA) adsorbed on a quartz crystal 

coated with gold.  

The electrochemical impedance measurements were performed with a PGSTAT 

204, Autolab electrochemical system (Eco Chimie, Netherland) and controlled by 

NOVA software. All measurements were carried out in a 25 mL thermostated glass cell 
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at 25°C, with a three-electrode configuration: the nanostructured film deposited onto a 

gold interdigitated electrode as the working electrode (geometric area 9.5 mm²), a 

Ag/AgCl (3 mol/L KCl) as a reference and a platinum foil (1.0 cm²) as an auxiliary 

electrode. The solution within the cell was neither stirred nor aerated during the 

measurements. Electrochemical impedance spectroscopy (EIS) data were acquired in 

the frequency range between 0.1 Hz and 100 kHz with amplitude of 10 mV and under 

open circuit potential (OCP) conditions in solution containing 5.0 mmol/L of 

K3[Fe(CN)6]/K4[Fe(CN)6] (Sigma Aldrich, USA). 

It is worth emphasizing that in all detection measurements, with the three 

techniques, the MUA-NHS-EDC/anti p53-BSA film was washed after being exposed to 

the samples under analysis, in order to remove non-adsorbed molecules. Therefore, 

because the MUA-NHS-EDC/anti p53-BSA film is highly stable, its properties should 

only be affected if irreversible adsorption of molecules from the sample occurred. 

The impedance data were treated with information visualization
41,42

 methods 

implemented in a free software suite referred to as Projection Explorer for Sensors 

(PEx-Sensors)
41,42

 . Specifically, the spectra for the imaginary component of the 

impedance obtained from EIS measurements were analyzed using the projection 

technique Interactive Document Mapping (IDMAP)
43 

, which uses Euclidean distances 

for the mapping of the data points. With a projection technique, we assume that the 

original data (Z" vs frequency curves in our case) are represented by X={x1, x2, …,xn}, 

where the dissimilarity between two samples (i and j) is given by  
ji xx , , and plotted 

on a 2D space where the distance between two projected data points (yi and yj) is 
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 
ji yyd  . With IDMAP, in particular, the projection is made using an injective 

function f: XY, which minimizes     Xxxyydxx jijiji  ,, , defined in Eq. (7)
43

  

 

 
 

ji

ji

IDMAP yyd
xx

S ,
,

minmax

min










                                                                 (1) 

 

where max  and min  are the maximum and minimum distances between data 

instances. 

 The PM-IRRAS, QCM and EIS signals were analyzed with regard to adsorption 

of the analyte on the immunosensor. The relationship observed between signals and 

adsorption of the analyte could be explained with a Langmuir-Freundlich model
36,38,39 

according to which the amount of material adsorbed is given by equation 2  

                    
 

  1


n

eqa

n

eqam

CK

CKQ
q                                                                                            (2) 

where q is the amount of adsorbed material on the substrate at equilibrium, Qm is the 

adsorption capacity, which is related to the number of available binding sites, Ceq is the 

aqueous phase concentration at equilibrium, Ka is the affinity constant for adsorption 

and n is the index of heterogeneity.  

 

3 Results and Discussion 

 The purpose of this study was twofold. First, we wished to verify the adsorption 

mechanisms responsible for the specific interaction between antibodies and antigens, 
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9 

 

which allows for the fabrication of efficient immunosensors. Second, we demonstrate 

that the robust immunosensors can be produced for the antigen p53 detection.  

Specific antigen-antibody adsorption as the detection mechanism 

The PM-IRRAS spectra for the MUA-NHS-EDC/anti p53-BSA film adsorbed on 

gold, displayed in Figure 1A with base line correction, exhibits the following bands: i) 

amide I between 1600-1700 cm
-1

 assigned to vibrational modes of carbonyl (C=O) from 

the carboxylic acid groups in the amino acids; amide II between 1500-1600 cm
-1

, where 

60% of the potential energy in the vibration are associated with the N-H bond while the 

remaining 40% are related to the C-N bond stretch of amide groups; iii) at 1440, 1260 

and 1087 cm
-1

 assigned to aliphatic amines, C-O-H groups and the angular deformation 

of –CH2- groups, respectively, all from proteins
17,44,45

. Note that no bands are assigned 

to MUA and NHS-EDC since the baseline correction was made taking the spectrum of a 

MUA-NHS-EDC film as the reference. The bands are all directed upward, which means 

that the dipole moments of the groups involved are preferably oriented on the film 

plane. Since the bands in this region of the spectrum originate from proteins, all of them 

were affected by exposing the MUA-NHS-EDC/anti p53-BSA film to the antigen p53. 

We took the amide band centered at 1650 cm
-1 

for a quantitative analysis, and as 

expected the area under the band increased with the concentration of p53, thus reflecting 

stronger adsorption. This is best illustrated in the plot of Figure 1B where the area is 

seen to increase with concentration as in other biosensors based on adsorption of the 

analyte
33

. It results from saturation of available antibody molecules to which the antigen 

molecules could bind. The concentration dependence in Figure 1B may be explained 

with the Langmuir-Freundlich model, as shown by the adequate fitting of the data. The 

detection limit (LOD) calculated from the linear part in the beginning of the curve in 
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Figure 1B for the area below the band of 1650 cm
-1

 is 0.136 Ucell/mL. In subsidiary 

analysis, we tried to fit the data with the Langmuir model, but the quality of the fitting 

was inferior to that with the Langmuir-Freundlich model. It should be stressed that in 

this analysis we assumed that the intensity of specific PM-IRRAS bands was 

proportional to the quantity of p53 adsorbed. This is only the case if there are no 

changes in molecular orientation of the groups leading to the bands, since the band 

intensity does depend on such orientation. 
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Figure 1. (A) PM-IRRAS spectra for the MUA-NHS-EDC/anti p53-BSA film adsorbed on 

gold, before (black line) and after exposure to the antigen p53 sample at various 

concentrations (colored lines).  (B) Area under the 1653 cm
-1

 band versus concentration of 

antigen p53 in the cell lines, with a dependence fitted with the Langmuir-Freundlich 

model.  

A detection mechanism based on adsorption of the analyte, as shown to be the 

case in the PM-IRRAS spectra, can also be investigated with a QCM. Indeed, Figure 2a 

shows the frequency shift in the resonance of the crystal quartz coated with the MUA-

NHS-EDC/anti p53-BSA film when the concentration of antigen p53 in the cell lines 

was varied. Using the Sauerbrey equation
46

, we calculated the mass of p53 antigen 

adsorbed in each step (Figure 2a) for adsorption during 130 s. Moreover, a sharp 

increase in adsorbed mass followed by a saturation was observed (Figure 2b),  fitted 
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with a Langmuir-Freundlich isotherm
36,38,39,47

, again consistent with saturation of 

available sites as shown for the PM-IRRAS data in Figure 1B.  
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Figure 2. (A) Kinetics of adsorption of cell lines containing antigen p53 with adsorption steps 

of 130 s, shown as a decrease in the resonance frequency of the quartz crystal. (B) Plot of the 

adsorbed mass versus concentration of antigen p53 in the cell lines, with fitting using the 

Langmuir-Freundlich model.  

 

 The suitability of the adsorption mechanism for detecting antigen p53 allows 

one to produce less sophisticated immunosensors, with cheaper techniques than those 

discussed above. Here we use electrochemical impedance spectroscopy (EIS), which is 

useful to investigate molecular interactions at interfaces
48

. We should keep in mind, 

nevertheless, that electrical properties leading to the impedance of a given system may 

be affected by any change in the analyte as well as in the film. It is therefore a non-

specific method, but there is expectation that it will be suitable to distinguish between 

samples containing the antigen p53 from others that do not, owing to the experimental 

procedure adopted to wash the MUA-NHS-EDC/anti p53-BSA film after each exposure 

to a sample under analysis. Indeed, the Nyquist plots for the impedance data with the 

MUA-NHS-EDC/anti p53-BSA film (Figure 3A) indicate considerable changes when 

the concentration of antigen p53 varies for both cell line lysates.  
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. 

 

 

Figure 3. (A) Nyquist plots of the impedance spectra from 100 kHz to 1 Hz for a gold electrode 

modified with a MUA-NHS-EDC/anti p53-BSA film in K3Fe(CN)6 and K4Fe(CN)6 

following exposure to different concentrations of cells containing the antigen p53 
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(positive cells). (B) Plot of the relative change in Rct against the concentration of the positive 

cells, which is fitted with the Langmuir-Freundlich model. 
 

  

 A more straightforward manner to probe the concentration dependence is to 

analyze the Nyquist plots using a Randles equivalent circuit from which several 

parameters may be inferred. The use of such a circuit, as the one shown in the inset of 

Figure 3A, is justified in cases where the total impedance depends on several parameters 

and may not be easily related to molecular mechanisms. The Nyquist plots were fitted 

with the Electrochemistry-ZView 2 software-free and applying a Randles circuit 

RS(CPE[RctZW]) to determine the parameter Rct.  The components of the Randles 

circuit are: electrolyte resistance (Rs), charge transfer resistance (Rct), and a constant 

phase element (CPE), to account for capacitance dispersion. Rs and Zw represent the 

bulk properties of the electrolyte solution and diffusion of the analyte toward the film 

surface, respectively. From the plots in Figure 3A it is clear that Rct varies with the 

concentration, whose increase is shown in Figure 3B. Consistent with the PM-IRRAS 

and QCM data, saturation of the change in Rct  is observed at very high concentrations, 

and the curve can be fitted with the Langmuir-Freundlich model. Taking the part of the 

curve at low concentrations, which is practically linear, one may obtain the limit of 

detection of 0.151Ucell/mL, using the IUPAC method (LOD = 3SB/S) where SB is the 

standard deviation of 10 measurements taken from the signal obtained from the blank (a 

solution identical to that analysed but without the analyte) and S the slope of the 

calibration curve (sensitivity of the analytical method)
49,50

.  

 In contrast, for the p53-null Saos-2 cell lysate used at several dilutions, the 

Nyquist plots in Figure 4A practically coincide with each other. Figure 4B indeed 
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shows almost no change in Rct with the varying concentration for this p53-null cell 

lysate, where the behavior for the p53-expressing MCF7 cells from Figure 3B is 

reproduced for comparison.  
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Figure 4. (A) Nyquist plots of the impedance spectra from 100 kHz to 1 Hz for a gold 

electrode modified with a MUA-NHS-EDC/anti p53-BSA film in K3Fe(CN)6 and K4Fe(CN)6 

following exposure to different concentrations of cells that did not contain the antigen p53 

(negative cells). (B) Plot of the relative change in Rct against the concentration of negative 

cells. The plot for positive cells from Figure 3 is shown for comparison. 

 

 In order to verify if the sensitivity of the immunosensor made with the MUA-

NHS-EDC/anti p53-BSA film should be sufficient for detecting the antigen p53 as it 

occurs in different types of cancer, we performed a series of subsidiary experiments 

with synthetic samples. That is to say, rather than using cell line lysates containing the 

antigen p53 biomarker, we deliberately added this biomarker commercially acquired to 

a PBS buffer. The Nyquist plots obtained with the MUA-NHS-EDC/anti p53-BSA film 

exposed to these samples with different p53 concentrations are shown in Figure 5A. The 

charge transfer resistance Rct varies with the antigen p53 concentration in Figure 5B 

much in the same way as for the positive cells in Figure 3B. From the linear part of this 
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concentration dependence curve, we obtained a limit of detection of 0.0014 ng/mL
 
(1.4 

pg/mL). This sensitivity is actually sufficient to detect the antigen p53 in real cases, as 

the threshold for detection is considerably higher. Indeed, this threshold is 30 pg/mL
 
for 

Malignant lymphoma, 50 pg/mL
 
in Hodgkin lymphoma; 50 pg/mL in Pancreatic 

carcinoma; 50 pg/mL
 
in Bladder cancer; 200 pg/mL

 
in Ovarian cancer; 50 pg/mL

 
in 

Colon carcinoma; 50 pg/mL in Lung cancer and 10 pg/mL
 
in Small-cell lung cancer

49
. 
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Figure 5. (A) Nyquist plots of the impedance spectra from 100 kHz to 1 Hz for a gold electrode 

modified with a MUA-NHS-EDC/anti p53-BSA film in K3Fe(CN)6 and K4Fe(CN)6 following 

exposure to standard solutions of PBS containing different concentrations of the antigen p53. 

(B) Plot of the relative change in Rct against the concentration of the antigen p53, which was 

fitted with the Langmuir-Freundlich model. 

  

 Robustness of the detection based on the Langmuir-Freundlich adsorption 

mechanism 

 One major challenge for obtaining efficient, highly selective immunosensors is 

to avoid non-specific adsorption. In this study, we adopted experimental procedures to 

guarantee that the measurements with distinct types of principles of detection were only 

affected by the specific antigen-antibody interaction. Specifically, the selectivity of the 

immunosensor made with the MUA-NHS-EDC/anti p53-BSA film was verified by 

exposing it to other antigens and non-specific analytes which may be contained in 
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patient blood samples. We used as non-specific analytes samples of p24 antigen for 

HIV, HCV antigen for Hepatitis C, glucose, ascorbic acid and uric acid. Figure 6 shows 

the charge transfer resistance calculated from the impedance data for the film exposed 

to each of these analytes, where one may see that only the antigen p53 gave a 

considerably different value from the PBS buffer. All the others had Rct very close to 

PBS, perhaps with the exception of ascorbic acid which had some effect, though easily 

distinguishable from the large change for the antigen p53.  

 

Figure 6. Charge transfer resistance (Rct) for an immunosensor made with a MUA-NHS-

EDC/anti p53-BSA film exposed to PBS and various analytes introduced in PBS, as 

follows: PBS (1), antigen p24 for HIV (2), antigen for HCV (3), glucose (4), ascorbic acid (5), 

uric acid (6) and antigen p53 (7). 

 

 The impedance data (considering the whole spectrum for each sample) for all the 

samples can be visualized using multidimensional projection techniques, which have 
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been useful to analyze biosensing data. With this type of method, one hopes to plot 

similar instances from a large set of samples very close to each other, while dissimilar 

samples should be placed far from each other on the plot. Figure 7 shows an IDMAP 

plot for the imaginary component of the impedance, from which it is clear that the real 

samples obtained with various dilutions of cell line lysates containing the antigen p53  

(referred to as positive samples and represented by the whole cell lysate of MCF7 cells) 

can be easily distinguished from the negative samples, made with cell line lysates 

(obtained from Saos-2 cells) that did not contain antigen p53. The samples with p53 

antigen added to PBS (referred to as standard samples) are placed close to the positive 

ones, as one should expect, far from the negative samples. Furthermore, within each 

cluster of points (samples), distinction can be made of samples with different 

concentrations of p53 antigen or of the cells containing it. Note,  for instance, the trends 

for increasing concentrations within each cluster. For the so-called negative samples, in 

contrast, there is no such trend since the changes observed in the electrical properties 

are much smaller, originating from mere fluctuations owing to the dispersion in the 

samples.  
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Figure 7. IDMAP plot for the Z” vs. frequency curves for different concentrations of cell lines 

containing the antigen p53 (referred to as positive) and of cell lines that did not contain p53 

(negative). Also shown are standard samples made with PBS buffer to which distinct 

concentrations of antigen p53 were added. 

 

4 Conclusion 

 We have confirmed that adsorption of the antigen biomarker p53 onto 

immobilized antibodies is the main mechanism responsible for the high sensitivity of an 

immunosensor made with nanostructured films. To the best of our knowledge, ours was 

the first attempt to model the adsorption mechanism, which can be explained with the 

simple Langmuir-Freundlich model. The latter result was confirmed with three different 

techniques, namely PM-IRRAS, nanogravimetry and electrochemical impedance 

spectroscopy. In addition to obtaining essentially the same adsorption behavior in these 

three techniques, the sensitivity in all cases was sufficiently high for allowing to 
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distinguish between cell lines containing the p53 antigen or not. Moreover, experiments 

with electrochemical impedance spectroscopy indicated that with such sensitivity 

different types of cancer associated with p53 can be detected at early stages.  

 The second aim in our study was to prove that the immunosensor was selective 

and robust. A series of control experiments were performed to guarantee that only 

samples containing the p53 antigen would yield a positive response in the 

immunosensor. Indeed, the procedure adopted in the sensing experiments, through 

which poorly adsorbed analytes could be removed, was proven robust with no false 

positives for various possible interferents, such as other antigens, glucose, ascorbic acid 

and uric acid. 
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