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Abstract

Folate receptor alpha (FR-α) is a glycoprotein overexpressed in tumor cell 

surfaces, especially in gynecologic cancers, and can be used as a biomarker for 

diagnostics. Currently, FRα is quantified by positron emission tomography (PET) or 

fluorescence imaging techniques. However, these methods are costly and time-

consuming. We report on the development of an electrochemical biosensor for FRα 

detection based on the use of nanostructured layer-by-layer  (LbL) films as modified 

electrodes. Multilayer films were deposited on indium tin oxide (ITO) electrodes by the 

alternately assembling of positively charged polyallylamine hydrochloride (PAH) and 

negatively charged folic acid (FA), used as the biorecognition element. UV-vis and FTIR 

spectroscopies revealed the successful PAH and FA adsorption on ITO. Devices 

performance was evaluated by cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS). The [PAH/FA] films presented a good reproducibility (RSD of 

1.12%) and stability when stored in the Tris-HCl solution (RSD 6.7%). The biosensor 

electrochemical response exhibited a linear relationship with FRα concentration in the 

range from 10 to 40 nM. The limit of detection reached for CV and EIS measurements 

were 0.7 and 1.5 nM, respectively. As a proof-of-concept, we show that the devices can 

differenciate tumor cells from healthy cell, showing an excellent selectivity. The 

biosensor device based on [PAH/FA] films represents a promising strategy for a simple, 

rapid, and low-cost cancer diagnosis through FRα quantification on the surface of cancer 

cells.

Keywords: Folate receptor detection; Layer-by-layer self-assembly; Electrochemical 

biosensor; Multilayer films; folic acid



3

1.Introduction

Folate receptor (FR) is a cell membrane glycoprotein with a high binding affinity 

to folic acid (FA), an essential vitamin, highly consumed by proliferating cells because 

of its role in the synthesis of nucleotides [1,2]. In healthy tissues, FRα isoform is 

expressed at low levels, being usually located in the apical membrane, which is 

inaccessible to blood since it is oriented towards the lumen. However, FRα is 

overexpressed in the basolateral membrane – oriented away from the lumen - of many 

epithelial-derived tumors such as ovarian, cervical, prostate, and kidney carcinomas, and 

their levels may be associated with tumor aggressiveness [3–7]. Therefore, this 

glycoprotein represents an important biomarker of cancer cells, and can be used to predict 

the tumor stage [3,8].

The detection of folate receptors is usually performed by fluorescence imaging 

techniques in which folic acid labeled with a fluorescent probe is used, or by positron 

emission tomography using radioligands [3,5,9–11]. However, these methods are time-

consuming and present disadvantages, such as the use of toxic radioligands and low 

sensitivity since small dyes, for example, FA-fluorescein isothiocyanate, do not remain 

in the systemic circulation for a long time, not reaching the tumor efficiently [3,5,9–11]. 

To overcome these challenges, novel strategies for FR detection and quantification are 

required. 

Electrochemical biosensors have been employed in the medical area for diagnosis 

of many diseases mainly because they are easy-to-use and can provide rapid response 

under the point-of-care concept, with high selectivity and sensitivity [12–15]. For folate 

receptors detection, in particular, Liu et al. reported an electrochemical method to identify 

FR positive tumor cells. The authors used gold nanoparticles modified with FA, which 

were complexed to cysteamine molecules and assembled on gold electrodes [16]. Damiati 

et al. also developed a biosensor for FR detection by using gold electrodes functionalized 

with bacteria proteins conjugated to FA [8]. However, the methodologies used in these 

biosensors involve the covalent attachment of FA to pre-covered electrodes, which is a 

longer process and requires costly reagents. To overcome these challenges, the 

electrostatic layer-by-layer (LbL) self-assembly technique is very attractive because of 

its simplicity and low-cost. When used in the immobilization of biomolecules, the  LbL 

technique allows the assembly of nanostructured films within which the conformational 

structure and the function of the biomolecules are preserved [17–19]. Many studies have 
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reported LbL-based biosensors for detecting proteins [20], DNA [21], and lipids [17]. It 

has been demonstrated that even enzymes which are very sensitive to the 

microenvironment, as uricase [22] and glucose oxidase [23], keep their bioactivity upon 

immobilization in LbL films. 

In this study we developed a novel electrochemical biosensor for the detection of 

FRα. The biosensor devices were constructed by the alternating assembling of poly 

allylamine hydrochloride (PAH) as cationic polyelectrolyte and FA as the anionic 

electrolyte on the surface of indium-tin oxide (ITO) substrates. The [PAH/FA] films were 

characterized by Ultraviolet-visible (UV-Vis) and Fourier transform infrared 

spectroscopy (FTIR) spectroscopies and atomic force microscopy (AFM). To enhance 

biosensors performance, experimental parameters as the number of bilayers, immersing 

time, and pH of the dispersions were evaluated and optimized. Cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS) techniques were used to monitor the 

binding of FRα to folic acid immobilized onto the ITO surface. The developed biosensors 

were able to detect FRα at different concentrations with excellent reproducibility and 

stability, demonstrating the great potential of the LbL films for applications in the rapid, 

simple, and low-cost FRα detection for future aid in cancer diagnosis upon quantifying 

the folate receptors present in the patient's cells.

2. Materials and methods

2.1. Materials 

ITO substrates with surface resistance of 8-12 Ω were purchased from Delta 

Technologies (USA). Polyallylamine hydrochloride, bovine serum albumin, folic acid, 

and folate receptor alpha were acquired from Sigma-Aldrich. Phosphate buffered saline 

(PBS) at pH 8.0 was prepared using Sigma-Aldrich reagents: potassium phosphate 

monobasic 14 mM, dibasic sodium phosphate 87 mM, sodium chloride 136.7 M, 

potassium chloride 2.7 mM. Phosphate buffer (PB) 100 mM pH 8.0 was also prepared 

with potassium phosphate monobasic 61 mM and dibasic sodium phosphate 38 mM. 

Tris(hydroxymethyl)aminomethane (Sigma-Aldrich) was used to prepare Tris-HCl buffer 

100 mM at pH 8.0. The salts used in KCl 100 mM and NaNO3 100 mM both at pH 8.0 

were acquired from Sigma-Aldrich. Electrochemical measurements were performed 

using 1 mM potassium ferricyanide/potassium ferrocyanide (Sigma-Aldrich) as a redox 
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couple. For detection tests, solutions with different concentrations of FRα were prepared 

in Tris-HCl buffer. All aqueous solutions were prepared using Milli-Q purified ultrapure 

water with 18.2 MΩ.cm resistivity. 

2.2 Deposition of [PAH/FA]n films

ITO substrates were cleaned by subsequent sonication in acetone, isopropanol, and 

ethanol for 5 min, and ultrapure water for 15 min, using an ultrasonic bath. This procedure 

was repeated three times. Finally, the electrodes were sonicated in alcoholic KOH 

solution (1M) for 5 min, rinsed with ultrapure water and dried in N2 flow. LbL films were 

assembled onto ITO surface by immersion, firstly in aqueous PAH solution (1mg/mL, pH 

6.0) for 3 min and then in ultrapure water (pH 6.0) to remove the cationic polymer excess. 

The bilayer assembling was completed by immersing the ITO electrode in FA solution 

(1mg/mL, pH 8.0) with subsequent removal of the FA excess in ultrapure water (pH 8.0). 

This process was repeated to obtain the desired number of bilayers for each analysis. Fig. 

1 shows the schematic representation of the LbL process. 

2.3 Cell culture

Cervical cancer cells (HeLa) and Human Mammary Epithelial Cells (HMEC) 

were cultured in the complete medium [Eagle's medium and MCDB 131 medium, 

respectively, supplemented with 10% fetal bovine serum (FBS), 1% sodium pyruvate, 1% 

non-essential amino acids, 1% antibiotic and antimycotic (Life Technologies), and 

HEPES (Sigma)] at 37 °C under 5% of CO2. The cells were trypsinized with 0.05% 

trypsin-EDTA (Gibco) to release them from the bottom of the bottle and separated from 

the medium by centrifugation at 1200 rpm for 4 min followed by washing twice with 

PBS. To prepare the cell suspensions for the detection assays, the cells were re-dispersed 

in 1 ml of PBS and diluted to the concentration of 106 cells/mL. 

2.3 Characterization of LbL films

UV-Vis spectroscopy was employed to monitor the multilayers formation on 

quartz substrates (area = 450 mm2). The absorption spectra were collected using a U-2900 

spectrophotometer (Hitachi, Japan). AFM images were obtained using a NanoSurf Flexa 

microscope (Nanosurf, Switzerland) in tapping mode with a resonant frequency of 300 

kHz and spring constant k = 40 N/m. Gwyddion software was used to analyze the images 
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and to determine the average roughness of the LbL films. FTIR spectra of pure FA, PAH, 

and [PAH/FA]40 were measured using a Nicolet iS50 FTIR spectrometer (Thermo 

scientific, EUA).

2.4 Electrochemical measurements

The experiments were performed in a three-electrode electrochemical cell: 

modified ITO substrates (area = 50 mm2) as working electrode, platinum plate (area = 50 

mm2) as counter-electrode and Ag/AgCl electrode (KCl 3.0 M) as reference. 

Electrochemical measurements were carried out using a potentiostat/galvanostat 

PGSTAT30 (Metrohm Autolab) and 100 mM  NaNO3  as supporting electrolyte 

containing 1 mM [Fe(CN)6]3-/4- as the redox probe. CV measurements were performed in 

the potential range from -0.6 to 1.1 V and at a 100 mV/s scan rate. For EIS analyses, 10 

mV AC perturbation at open circuit potential was applied, and the impedance was 

measured in frequencies from 10 kHz to 0.1 Hz. FRA (Frequency Response Analyzer) 

software (Autolab) was used to fit the equivalent circuit model and determine the charge 

transfer resistance (RCT).

3. Results and discussion

3.1 Characterization of [PAH/FA]n LbL films

The [PAH/FA]n films morphology was investigated by AFM analyses using a 

Si/SiO2 substrate covered with 20 bilayers of PAH/FA. The AFM images shown in Fig. 

2 reveals a fully packed island structures on the film surface with an average roughness 

of 17 nm. This morphological profile is very desirable for electrochemical biosensors 

because rough electrodes present high electroactive areas that improve sensitivity by 

increasing the number of active sites capable of biding biorecognition molecules [24,25]. 

Fig. 3 shows the FTIR spectra of FA, PAH, and [PAH/FA]40. FTIR spectrum of 

pure FA exhibits the characteristic bands at 1510 and 3327 cm-1 attributed to pterin ring, 

at 1607 cm-1 assigned to N-H bending vibration mode, and the stretching vibration of 

C=O at 1696 cm-1 [26]. Bands at 1191 and 1450 cm-1 related to C-H bending vibrations 

of p-aminobenzoic acid moiety are also observed [27]. PAH spectrum presented bands at 

1605 and 1519 cm-1 attributed to N-H angular deformation and at 2923 cm-1 assigned to 

C-H stretching[28–30]. PAH and FA characteristic bands were observed in the 
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[PAH/FA]40 film spectrum. Moreover, the spectrum of the LbL film presented a small 

shift in three bands concerning to pure FA, from 1191, 1450, and 1696 cm-1 to 1190, 

1453, and 1693 cm-1, indicating the interaction between FA and PAH molecules. 

3.2 Optimization of [PAH/FA]n LbL films assembly

The LbL self-assembly procedure was performed using FA solutions at pH 8.0, 

10.0, and 12.0 to investigate the pH influence on the growth of [PAH/FA] LbL films. 

These pH values were established because for pH above 8.0, the FA molecule is 

negatively charged and therefore acts as an anionic electrolyte. The polycationic solution 

was used at pH 6.0 since PAH exhibits a pKa between 8-9. Fig. 4A shows the spectra of 

a [PAH/FA]10 film using FA solutions at pH 8.0, 10.0, and 12.0. The spectra presented a 

maximum absorption at 290 nm assigned to   electronic transitions from p-

aminobenzoic acid moiety of the FA and a broad band around 350 nm related to 

n  transitions in the pterin moiety [27,31,32]. By comparing the films in different pH 

values, the highest intensity of the bands was obtained for the FA solution with pH 8.0. 

At pH 10.0 there was a decrease in the absorbance at 290 nm and no significant change 

in the band around 350 nm. When the pH value was increased to 12.0, a remarkable 

decrease was observed in the entire spectrum. The absorbance at 290 nm was also 

analyzed in films assembled with different numbers of bilayers for the three pH values 

studied. Fig. 4B shows that there is a gradual increase in absorbance as the [PAH/FA] 

bilayers are added, and a linear behavior was observed for films grown at pH 8.0 and 

10.0. For films assembled at pH 12.0,  a decrease in absorbance intensity was observed, 

indicating a possible change in the chemical structure of FA at higher pH values, affecting 

the binding to folate receptors. Hence, the FA solution at pH 8.0 was selected for the 

subsequent analyses.

The immersion time required for the adsorption of FA on the LbL films was also 

optimized. Films containing 1, 2, and 4 PAH/FA bilayers were fabricated by immersing 

quartz electrodes in the PAH solution for 3 min, with the subsequent FA adsorption being 

performed at different immersion times. The absorbance at 290 nm was collected for each 

time studied, as shown in Fig. S1. An increase in absorbance was observed for immersions 

carried out up to 3 min for the three studied films, followed by an equilibrium state, 

indicating that for longer periods, there is no additional FA adsorption. FA immersion 

time was then set as 3 min for the following studies. 
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ITO electrodes modified with [PAH/FA]3 were stored in PBS, PB, KCl, and Tris-

HCl buffers for up to 24 h. At determined intervals, the electrodes were submitted to the 

electrochemical analyses. The Nyquist plots (Fig. 5) show impedance spectra containing 

a semicircle in the high-frequency region and a linear part at low frequencies, typical of 

a Randles equivalent circuit. To determine RCT values, the impedance data were fitted to 

the Randles model. A significant variation in the measurements performed with the 

electrodes stored in the PB and PBS solutions was observed, with an increase in RCT 

values as the storage time was extended. Possibly, such behavior is due to the instability 

of the FA molecules caused by the phosphate molecules present in the buffers, as 

previously discussed by Arcot e Shrestha [33]. Films stored in KCl also exhibited an 

increase in RCT values, but the variations were subtler. In the latter case, Cl- ions can adsorb 

on the film surface [34], causing a decrease in charge transfer. Finally, the storage in the 

Tris-HCl buffer provided stability for the electrodes modified with [PAH/FA] since no 

significant changes in RCT values were observed. The relative standard deviation (RSD) was 

calculated at 6.7%. The electrochemical analyses indicated that, among the tested solutions, 

the Tris-HCl buffer is the most appropriate to store the electrodes.

The influence of the number of PAH/FA bilayers on the electrochemical 

properties of the electrodes was investigated using CV and EIS. ITO electrodes were 

subjected to electrochemical measurements and then modified with 1, 3, 5, 7, 9, and 11 

PAH/FA bilayers. The change in both anodic peak current (Ipa) and RCT parameters after 

the modification was determined. As shown in Fig 6A, deposition of PAH/FA bilayers 

caused an increase in the Ipa, compared with bare ITO, due to the presence of FA 

molecules that present amine groups in their protonated form ( ) at pH 8.0, attracting NH +
3

the electrons from the [Fe(CN)6]3-/4- redox probe. The variation in Ipa (ΔIpa = (Ipa modified ITO 

– Ipa bare ITO) /Ipa bare ITO) reaches its maximum value (31.2%) for the 5-bilayer PAH/FA 

electrodes. Additional bilayers deposition resulted in a decrease of Ipa, although the 

variation remained positive (Fig 6B). This behavior is consistent with previous studies 

and can be attributed to slower electron transfer between the solution and the electrode in 

thicker LbL films [35,36]. 

As it can be seen in the Nyquist plots (Fig 6C), the RCT values obtained by EIS 

measurements were significantly decreased after the assembling of [PAH/FA] film, 

corroborating the CV results. In this case, the maximum variation in the RCT was found 

for the electrodes modified with 1 bilayer, which presented a decrease of about 80% (Fig 
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6D). Comparing the techniques, EIS is more sensitive to chemical changes occurring on 

the electrode surface. Therefore, aiming at providing a good response for both CV and 

EIS techniques, the [PAH/FA]3 modified ITO electrodes were chosen for the FR detection 

tests.

3.3 Folate receptor detection

The electrochemical response of LbL films towards FRα was evaluated using 

solutions containing the analyte in the concentration range of 10-40 nM. To avoid 

nonspecific adsorption, [PAH/FA]3 films were previously blocked with BSA solution 1% 

for 30 min. The electrodes were incubated with the analyte for 30 min, washed with Tris-

HCl buffer, and used in the CV and EIS measurements. According to the Nyquist plots 

shown in Fig. 7A, RCT increases with the FRα concentration, demonstrating the ability of 

the biosensors to respond to the FRα presence. The analytical curve was obtained from 

the EIS experiments by plotting ΔRCT versus FRα concentration which demonstrates a 

linear relationship between these parameters (Fig. 7B). The linear regression analysis 

showed that the equation better fitted for the relationship was ΔRCT = (-20.64 ± 7.32) + 

(7.77 ± 0.36) x [FRα] with a correlation coefficient (R2) of 0.998. Based on the IUPAC 

model, the limit of detection (LOD) calculated using the standard deviation of three 

independent electrodes (SD = 3.89) was 1.5 nM.

As observed in the CV measurements, the current in the voltammograms 

decreased, and the oxidation peak shifted to more positive potentials upon increasing FRα 

concentration (Fig. 8A). The analytical curve based on the Ipa variation was plotted, as 

shown in Fig. 8B. The equation obtained from linear regression was ΔIpa = (2.55 ± 0.80) 

+ (-0.61 ± 0.05) x [FRα] with correlation coefficient of 0.994. The SD for three 

independent electrodes in the blank was 0.14 and the LOD calculated was 0.7 nM. The 

biosensor repeatability was assessed by making 10 successive CV measurements after the 

interaction with a sample containing 40 nM FRα. The RSD calculated was 3% for Ipa 

values, showing that good repeatability was achieved by the sensor device. Moreover, the 

biosensor reproducibility was evaluated using three independent electrodes at the same 

conditions, and the RSD was calculated at 2.55% for CV and 1.12% for EIS 

measurements. These values are lower than those presented by other FR biosensors 

[5,37], demonstrating that the device also presents a high reproducibility. Both techniques 

were able to detect FRα molecules and exhibited a linear response to the analyte 
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concentration. For the maximum concentration tested, the |ΔRCT| and |ΔIpa| were 279.5% 

and 19.2%, respectively.

Although several biosensors have been reported to detect folate receptors, many 

of them are based on more laborious and expensive methodologies. Table 1 summarizes 

the analytical performance of some of these biosensors and compares them with the 

device developed in this study The main advantage of the biosensor described here is its 

simplicity of fabrication and low cost, which make its large scale production and 

marketing more feasible, in addition to being interesting for application in public health 

systems. The results show the possibility of using the sensors for folate receptors 

detection. However, it is important to note that to be applied in the cancer diagnosis, more 

tests need to be performed using real samples.

3.4 Selectivity test

The selectivity of the LbL-based biosensor was verified by CV and EIS 

measurements after incubating the modified electrodes for 1 h in suspensions containing 

healthy cells (HMEC) or tumor cells (HeLa) at a fixed concentration of 106 cells/mL. The 

percentage change in the RCT and Ipa parameters was calculated for both cell lines. As 

shown in Fig. 9, the electrochemical response of the biosensor is much greater for tumor 

cells in which FRα is overexpressed. The ΔRCT values obtained were 624.4% for tumor 

cells and 44.9% for healthy cells. The ΔIpa values calculated from the voltammograms 

were -40% and -4.4% for tumor cells and healthy cells, respectively. These results 

demonstrate the high selectivity of the biosensor developed in this study and its 

applicability for cancer detection. 

4. Conclusion

We reported the construction of LbL films for electrochemical detection of FRα 

proteins based on their high affinity to FA molecules. Multilayer films were fabricated 

on the surface of ITO electrodes by the alternating assembly of positively-charged PAH 

and negatively-charged FA. The methodology was optimized to improve biosensor 

performance, and the FRα detection was evaluated in the concentration range of 10-40 

nM. Calibration curves were obtained using CV and EIS measurements, which presented 

a linear response to FRα concentration and LOD of 0.7 and 1.5 nM, respectively. The 
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selectivity test revealed a huge difference in the electrochemical response of the biosensor 

to healthy and tumor cells, showing that the biosensor is capable of discriminating the 

two cell lines tested. Moreover, the biosensor exhibited good reproducibility (RSD of 

1.12% for EIS), repeatability, and stability when stored in the Tris-HCl solution. We 

successfully demonstrated a simple, rapid, and low-cost strategy to the FRα 

quantification, an important cancer cell biomarker. Therefore, this biosensor represents a 

promising analytical tool for cancer diagnosis. 
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*For all figures the color should be used 

Fig. 1. Schematic representation of [PAH/FA] multilayers assembling by the LbL technique onto 
ITO substrates

Fig 2. AFM images in 2D (left) and 3D (right) of the [PAH/FA]20 film assembled on Si/SiO2 

substrate. 
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Fig 4. UV–vis absorption spectra (A) and absorbance at 290 nm (B) of [PAH/FA]10 films at pHs 

8.00, 10.0 and 12.0 assembled on quartz substrate. 
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Highlights

- A simple and low-cost electrochemical biosensor based on LBL technique was 

developed for folate receptors detection. 

- Layer-by-layer films were constructed on ITO electrodes by the alternately 

assembling of polyallylamine hydrochloride and folic acid.

- The biosensor exhibited a linear response to the concentration of the folate 

receptors

- Good selectivity, reproducibility (RSD of 1.12%), and stability (RSD 6.7%) were 

achieved 
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