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cell was developed for the first time using folic acid coupled to chitosan as an excellent 

biocompability biosensor film. 
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Abstract 

A highly sensitive and recyclable quartz crystal microbalance QCM biosensor was 

developed using chitosan (CS) and folic acid (FA), generating conjugates that are 

selectively recognized by MCF-7 cancer cells over-expressed folic acid receptors. The 

prepared CS-FA conjugation was characterized with UV–vis spectroscopy and Fourier 

transform infrared spectroscopy. Atomic force microscopy and scanning electron 

microscopy further presented the morphology of the CS-FA conjugation interface. The 

hydrophilicity of films was characterized by measuring the contact angle. The 

recognition of MCF-7 cancer cells was investigated in situ using QCM. Captured by 

FA, MCF-7 cell was determined on-line using quartz crystal microbalance and a wide 

linear range of 4.5×10
2
 - 1.01×10

5
 cells mL

-1 
was obtained, with a detection limit of 

430 cells mL
-1

. Fluorescence microscope further confirmed the specificity and 

biocompatibility of the constructed biosensor. In addition, the regeneration of the 

QCM biosensor was studied by using lysozyme. This receptor-bound ligand based 

QCM biosensor also showed good selectivity, repeatability in cell mixture. For the 

first time, this simple, economical and label-free chitosan-based QCM sensing was 

demonstrated, and such design could provide a promising detection strategy for 

sensitive detection of cancer cells over-expressed folic acid receptors. 

 

Keywords: Quartz crystal microbalance; Chitosan; Folic acid; real time; recyclable; 

Breast cancer cell 
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1. Introduction 

Nowadays, breast cancer is the most common women's cancer worldwide. 

Development of early detection techniques for breast cancer is primarily important for 

improving survival rates.
1, 2

 Conventional diagnostic methods, including polymerase 

chain reaction (PCR)-based methods,
3, 4

 cytometric methods,
5
 and cell-enrichment 

6
 

have been developed for cancer cell analysis. Although they have a high detection rate, 

many of these methods are expensive and time-consuming. They also require 

advanced instrumentation and enrichment of the target cells in the sample or 

expression of protein biomarkers or antibodies in the cells. Therefore, the 

developments of simple, time-saving, convenient and more economical methods for 

cancer cell detection are still needed. 

The most recent efforts in cancer cell detection have focused on biosensors with 

good sensitivity and selectivity, as well as rapid and easy operation. Various 

biosensors using different transducers have been reported as effective in detecting and 

identifying cancer cell, including those based on electrochemical measurement,
7-12

 

fluorescence measurement,
13, 14

 single nanotube field effect transistor array,
15

 

microfluidic devices.
16

 Although many of them have been applied at the laboratory 

research level, they are difficult to regeneration or suffer from time-consuming steps 

for labeling or off-line analysis. Hence, constructing a biosensor that avoids 

labor-intensive labeling steps and can be regeneration and allows real-time, on-line 

analysis is of great importance for simple and rapid cell analysis. 

Alternatively, more attention has been paid to quartz crystal microbalance (QCM) 

as a sensor due to its rapid analysis speed, satisfactory sensitivity, simple 

instrumentation, and low cost.
17, 18

 QCM is a non-invasive, real-time and label-free 

technology that has been applied in many cell researches such as attachment, adhesion 

and spreading of cells on diverse kinds of coating layers.
19-21

 The QCM technique can 

also detect the cellular responses to drugs
22

 and exogenous stimulations,
23

 

nanoparticle,
24

 or microparticle.
6
 The advantages of QCM in these studies are that it 

can be used as a continuous monitoring device and can detect cumulative effects in a 
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non-invasive way with high sensitivity. However, only a few references have reported 

the detection of cancer cells via QCM. Pan et al.
6
 proposed a method for collection 

and detection of leukemia cells on a magnet-quartz crystal microbalance system using 

aptamer-conjugated magnetic beads, but this method suffer from time-consuming 

steps for collection of cells. Shan et al.
17

 developed an aptamer-based QCM biosensor 

for detection of leukemia cells, but the artificial aptamer is expensive and difficult to 

regeneration after immobilized on the QCM sensor surface. Nevertheless, QCM 

cytosensors are still in the development phase, the key is to develop a recyclable 

functionalized biosensor interface with good biocompatibility for selective 

recognition and capture of target cancer cells.  

Thus, choosing interface materials was the critical step in the preparation of a 

recyclable functionalized biosensor. Chitosan (CS), an abundant natural biological   

macromolecule in the world, has attracted high consideration due to its nontoxicity, 

biocompatibility and biodegradability.
25

 Much attention has been attracted to 

CS-based biomedical materials and their applications in tissue engineering.
26, 27

 Up to 

now, many chitosan-based QCM cytosensors have been reported to study cell 

adhesion,
28, 29

 however, few reports has been focus on using chemical coupling 

functional chitosan in cancer cell detection filed. Therefore, In order to make the 

sensor specific for cancer cell, the CS was functionalized with folic acid (FA). FA can 

specifically target folate receptors (FR), which are the protein receptors on the surface 

of cell membrane and usually over-expressed on some tumor cells.
30

 Such design 

extends the application of chitosan in QCM biosensor, providing a promising 

approach for the development of QCM cytosensor. 

In this study, we conjugated FA with water soluble low molecular weight 

chitosan for the fabrication of bio-functional interface on gold substrates for the first 

time. Due to the folic acid can specifically recognize folate receptor over-expressed 

on MCF-7 cancer cells membrane and then capture the MCF-7 cancer cells, thus high 

selectivity for tumor cells can be obtained in comparison with normal cells in the 

fabricated chitosan-based QCM cytosensors. We demonstrate that the as-prepared 

cytosensor has a sensitive response to MCF-7 cells with a detection limit of 430 cells 
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mL
-1

, above all, this prepared chitosan-based QCM biosensor shows good 

regeneration, reproducibility and stability, which offering a new avenue to chitosan 

applications in QCM cytosensing and other bioassay. In addition, the MCF-7 standard 

spiked blood sample was determined to explore the potential of this method in 

practical application. The method is simple, convenient and economical for breast 

cancer cell detection, and has the potential for other cancer cells detection as well.  

 

2. Material and methods 

2.1. Reagent and material  

Human breast cancer cell lines MCF-7, Human umbilical vein endothelial cells 

(HUVEC), oral epithelial cell lines H376 were obtained from Institute of Physiology, 

Jinan University. RPMI 1640 medium, EGM-2 medium, Eagle’s medium 

(DMEM)/Hams F12 nutrient, and fetal bovine serum (FBS) were purchased from 

Gibco Co. Chitosan (CS, deacetylation degree of 85% and molecular weight of 37.6 

KDa) was purchased from Golden-shell Biochemical Co., Ltd. Folic acid (FA), 

1-(3-dimethylaminopropyl)-3-ethycarbodiimide hydrochloride (EDC), 

N-hydroxysuccinicmide (NHS), bovine serum albumin (BSA) were obtained from 

Sigma-Aldrich. Phosphate-buffered saline (PBS) solution consisting of 136.7 mmol 

L
-1

 NaCl, 2.7 mmol L
-1

 KCl, 9.7 mmol L
-1

 Na2HPO4 and 1.5 mmol L
-1

 KH2PO4 was 

used. All other reagents are analytical reagents. Nanopure deionized and distilled 

water (18.2 MΩ) was used throughout all experiments.  

2.2. Apparatus and characterizations  

AT-cut 5 MHz quartz crytals (14 mm diameter) with gold electrode (10 mm 

diameter) formed uniformly on one side was used. The resonant frequency of a quartz 

crystal was measured with a KSV QCM-Z500 quartz crystal microbalance system 

(KSV Instrument Ltd., Finland). The data recorded by QCM were analysized by 

QcmZBrwse software. The ultraviolet-visible (UV-vis) absorption spectra were 

recorded with a UV-1901 UV-vis spectrophotometer (Beijing, China). Fourier 

transform infrared spectroscopy (FT-IR) analyses were used on a Nicolet 6700 FT-IR 

spectrometer (Nicolet, USA). Water contact angle measurements were performed 
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using a contact angle meter (CAM-PLUS; TANTEC company, German) at room 

temperature. 5 µL water droplet was used to experiment by the sessile drop method, 

the reported values of the contact angle were the averages of five measurements at 

different positions of the same sample in this paper. The morphology of the films was 

characterized by scanning electron microscopy (SEM) (JEOL-JSM-6700F) and an 

AutoProbe CP Research atomic force microscopy (AFM, Veeco, USA) in tapping 

mode. Fluorescent images were acquired on a Nikon inverted microscopy (ECLIPSE 

TE-2000U, Nikon Corporation, Japan) equipped with a video camera (DS-U1, Nikon 

Corporation, Japan). 

2.3.  Synthesis of CS-FA 

The conjugation of CS-FA was synthesized according to Mansouri’s method,
31

 

Briefly, FA in anhydrous DMSO was prepared by stirring at room temperature until 

FA was well dissolved. Then, 0.4M EDC and 0.1M NHS were added and kept for 3 h 

at 4 °C. In this step, an amount of mixture solution of EDC and NHS was added to the 

above solution to activate the carboxyl of FA and form an NHS ester. It was then 

added to a solution of 1% (w/v) chitosan (MW: 150 kDa) in acetate buffer (pH 4.7). 

The active NHS ester was replaced by the primary amines presented in the chitosan, 

and the chitosan were thus immobilized through the amide bond. The resulting 

mixture was stirred at room temperature in the dark for 16 h. It was brought to pH 9.0 

by drop wise addition of diluted aqueous NaOH and dialyzed first against phosphate 

buffer pH 7.4 for 3 days and then against water for 3 days.  

2.4.  Cell culture 

The MCF-7 cell culture conditions followed the reported protocols.
32

 Briefly, 

human breast cancer cell lines MCF-7 were grown in RPMI 1640 culture media 

supplemented with 100U/ml streptomycin, 100U/ml penicillin and 10% fetal bovine 

serum at 37 °C in a humidified atmosphere of 5% CO2. Erythrocytes were separated 

from whole blood by centrifugation (3000 × g, 10 min) and then washed three times 

with PBS buffered solution.  

Human umbilical vein endothelial cells (HUVEC) were cultured as described 

previously.
33

 In brief, HUVEC were cultured in flasks at 37 °C in a CO2 (5%) 
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incubator. Once the cells reached 80% confluence, they were sub-cultured in 35mm 

petri dishes (Greiner) pre-coated with gelatin from fish skin (Sigma) and grown to 

confluence.  

Oral epithelial cell lines H376 were cultured as the reported protocols.
34

 Cells 

were cultured at 37 °C and 5% (v/v) CO2 in Dulbecco’s modified Eagle’s medium 

(DMEM)/Hams F12 nutrient mix with 1 µg/L glucose supplemented with 10% (v/v) 

heat-inactivated foetal calf serum, 20 mM l-glutamine, 0.5 g/mL hydrocortisone 

(Sigma–Aldrich, UK) and 2500 IU/mL penicillin and streptomycin. 

2.5.  Fluorescent and MCF-7 cell image 

ITO glass was chosen as a substrate in the fabrication of biosensor. After 

successive sonication in ethanol, acetone and deionized water, ITO was rinsed with 

deionized water and dried at room temperature. Similar modification on ITO was 

carried out as that of QCM. Thus the prepared CS-FA/Au was immersed into 100 µL 

of 10.0 mg mL
-1

 BSA solution at 4 °C for 1 h to block active sites, carefully rinsed 

with PBS (pH=7.4) and dried at room temperature. Then the modified ITO was 

immersed into the cell suspension at 4 °C for 2 h, washed thoroughly with PBS again, 

and finally dropped with 100 µL calcein-AM for 10 min. Images were taken by a 

Nikon inverted microscopy. Excitations and filters were as follows: excitation filter 

405 nm, LP 430 nm filter.  

2.6. QCM measurements 

All binding process was monitored on-line by using a KSV QCM-Z500 

instrument at 25 °C with a flow rate of 200 µL/min. Prior to modification, crystal 

chips (5 MHz, AT-cut) (QSX 301, Q-Sense AB, Sweden) used were immersed in a 

boiling solution (30% H2O2, 28 % ammonia, and deionized water in a volume ratio of 

1:1:5) for 5 min. The washed chips were then rinsed thoroughly with deionized water, 

dried by nitrogen gas prior to use.  

The conjugation of CS-FA prepared above was spin-coated to the cleaned QCM 

gold electrode, dried in a silica gel desiccator, and then quartz crystal was fixed to the 

QCM chamber. The obtained modified chip was thoroughly rinsed with PBS buffer 

and then used as the sensor surface for MCF-7 cell determination. MCF-7 cell sample 
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 8

was injected to the QCM chamber for direct analysis, followed by rinsing with PBS 

buffer solution to remove non-bound cells. Scheme 1 shows the schematic diagram of 

preparation of the QCM biosensor.  

2.7. Data analysis 

The frequency and dissipation changes were monitored by instruments of QCM, 

data analysis was performed using QcmZBrwse software from Q-Sense. 

 

3. Results and discussion 

3.1. Characterization of CS-FA 

The functionalized CS (CS-FA), CS and glass side were characterized using 

AFM and SEM and as shown in Fig. 1. Fig. 1A shows the AFM images obtained for 

CS-FA, CS and glass side, respectively. It was found that the roughness of the CS-FA 

film is higher than the CS, suggesting that the CS-FA interface is getting rougher and 

the surface area is increasing so that more MCF-7 cells can be recognized. Fig. 1B 

also shows the images of an additional characterization of the film surface by SEM. 

The image of CS-FA in Fig. 1B reveals the cross-linked structure of CS-FA, which 

also confirmed the AFM image. The results for the control (glass slide) are also 

shown for the sake of comparison. The above images revealed that FA was 

successfully coupled to CS.  

Fig. 2A shows the UV-vis absorption spectra of CS, FA and FA-CS, respectively. 

In the case of CS, the extremely weak absorption peak corresponding to n → π
*
 

transition shifted to 300 nm. For FA, two absorption peaks were observed, one was at 

280 nm, corresponding to π → π
* 
transition of the C=C bond, and the other was at 360 

nm, corresponding to n → π
*
 transition of the C=O bond. Whereas FA-CS has a 

strong absorption peak at 280 nm and a weak absorption peak at 360 nm, which 

confirmed the successful conjugation of FA with CS.
35, 36

  

The FT-IR was further performed for the confirmation of the FA coupled to CS 

successfully. Fig. 2B shows the FT-IR spectra of CS, FA and FA-CS composite 

respectively. From Fig. 2B, All specimens show the characteristic peak at 1420 and ~ 

3400 cm
-1

, which was attributed to the flexural vibration of CH2 and stretching 
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 9

vibration of N-H, respectively.
37

 The FT-IR spectra of CS shows two bands located at 

around 1638 cm
-1 

and 1596 cm
-1

 which could be assigned to amino I and amino II 

functional groups of the native CS, respectively.
27

 The binds observed at 1693 cm
-1

 

and ~ 1608 cm
-1

 of FA corresponds to the C=O stretching vibration and the N-H 

deformation.
38

 CS-FA exhibits more distinctive bands associated with FA conjugation, 

amide I and amide II at 1648 and 1565 cm
-1

, and –OH stretching and N-H stretching 

vibration centred at ~ 3360 cm
-1

. The C=O stretching band of residual COOH of 

conjugated FA was not noted, but it may overlay with the amide I, as occurred in 

native FA.
35, 39

 

The surface nature of materials, such as the surface charge, hydrophilicity and 

wettability, is important for cell attachment or proliferation.
40

 The hydrophilicity of 

films was characterized by measuring the contact angle. As shown in Fig. 2C, the 

corresponding contact angles for bare Au, CS and CS-FA were 42.0˚, 78.2˚ and 48.4˚, 

respectively. Compared to CS, CS-FA had better hydrophilicity which was in favor of 

enhancing cells loading and retaining their bioactivity. The CS-FA film showed the 

lower contact angle, indicating the best hydrophilicity, attributed to the carboxyl and 

hydroxyl groups in FA and CS. The results showed that the film could provide a 

biocompatible surface and promote cell adhesion and growth. 

The recognition of 1×10
5
 cells/mL MCF-7 cancer cells and HUVEC 

non-cancerous cells were investigated in real-time using QCM technique (Fig. 2D). 

For graphical simplification, the results in this figure present frequency (∆f) shift and 

energy dissipation (∆D) changes as a function of time for the 3th harmonic. As shown 

in Fig. 2D, ∆f/υ values of MCF-7 cells (curve d) captured by the biosensor were 3 

times greater than those of HUVEC signals (curve c). This is due to the 

over-expression of FR molecules on the MCF-7 cell surface and then specific 

recognition by the biosensor, thus, the binding of cells to the FA 

molecule-functionalized biosensor further added the mass on the oscillating quartz 

crystal sensor, leading to a remarkable frequency decreases. Regarding energy 

dissipation factor, ∆D, characterizes the viscoelasticity of the attached layer formed on 
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 10

top of the sensing surface. ∆D is defined as the ratio of the dissipated energy and the 

energy elastically stored per cycle.
41

 As can be observed from curve a in Fig. 2D, the 

injection of MCF-7 cells causes a dissipation increase due to the viscoelastic nature of 

the adsorbed cell layer, like the typical of polymeric systems. Interestingly, none or 

very low ∆D signals was obtained by the biosensor in the non-cancerous cells (curve 

b). This might be due to the less expression of FR molecule on the non-cancerous cell 

surface, FA-functionalized sensor surface trapped less HUVEC cells, leading to low 

dissipation shift. When rising with PBS buffer solution after recognition, an increase 

in ∆f/υ and slightly decrease in ∆D were observed due to the rinsing of non-specific 

adsorption. According to the remarkably different QCM signals of cancer and 

non-cancerous cells, it could be indicated that the amount of folic acid receptors 

expressed on cancer cells surfaces were different from non-cancerous cells.  

3.2. Optimization of synthesis of CS-FA 

In this work, the QCM frequency signal intensity of the MCF-7 cells captured by 

CS-FA interface was determined by the amount of FA in the conjugation. Thus, 

optimization of the reaction conditions is necessary to plot the calibration curve, and 

as shown in Fig. 3A, the degree of increasing of absorption intensity was linearly 

related with the concentration of FA. They all have an excitation band at 

approximately 280 nm, similar to the conjugate band. The influence of the FA 

concentration on the maximum UV-vis absorption intensity was investigated by using 

different mass ratio of CS to FA. Fig. 3B shows that the absorption intensity increased 

with an increased FA ratio and tended to be constant beyond 1:4 (MCS : MFA). Over the 

ratio of 1:4, the absorption intensity did not change significantly due to the saturation 

effect. The error bars represent the standard deviation (S.D.) of three measurements. 

Hence, the optimal mass ratio of CS to FA was 1:4.  

3.3. Analytical performance of QCM biosensor  

To evaluate the sensitivity and quantitative range of the proposed assay strategy, 

the novel assay format was employed to detect different concentration of MCF-7 cells. 

It can be seen (Fig. 4) that the QCM frequency responses for 7th harmonic increases 

accordingly as the concentration of MCF-7 is varied from 450 cells/mL to 1.01×10
5
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 11

cells/mL with a detection limit of 430 cells/mL (S/N =3). The linear regression 

equation is - ∆f = 69.392log c -168.577 (where ∆f is QCM frequency intensity and c 

stands for the concentration of MCF-7 cells), and the correlation coefficient of 

R
2
=0.9984. The results demonstrated that the proposed method could be used to detect 

MCF-7 concentration quantitatively. Compared to other methods based on QCM 

technique,
6, 17

 this proposed QCM cytosensors had a relative wider linear range and 

lower detection limit. 

3.4. Selectivity and specificity of the biosensor 

In order to explore the selectivity of the present biosensor, contrast experiments 

were performed (Fig. 5). Erythrocyte, endothelial cell (HUVEC) and oral epithelial 

cell H376 were used as interfering substance to evaluate the selectivity and specificity 

of the proposed cytosensor. As shown in Fig. 5, the adsorptions of erythrocyte, 

HUVEC and H376 on CS-FA conjugation are all negligible with cells concentrations 

even up to 1.0×10
4
 cells/mL. By contrast, the binding of CS-FA with 1.0×10

3
 cells/mL 

MCF-7 cell resulted in much larger frequency shifts. Moreover, significant frequency 

shift was observed in the mixture of 1.0×10
3 

cells·mL
-1 

of erythrocytes, endothelial 

cell, oral epithelial cells and MCF-7 cells, respectively. These results demonstrate that 

the CS-FA modified QCM biosensor is highly specific for MCF-7 cells.  

Fluorescence microscopy was used to characterize the CS-FA cytosensor for the 

recognization of MCF-7 cells because they could express high levels of FR.
42

 

Low-toxic calcein-AM was chosen to carry out staining experiment for the 

determination of cell viability since its fluorescence intensity was proportional to the 

amount of live cells.
35, 43

 As shown in Fig. 6A, homogeneous fluorescence was 

observed when the electrode was exposed none cells. After the CS-FA/ITO was 

incubated into the solution with MCF-10 cells for 2 h, weak fluorescence could be 

observed (Fig. 6B), meaning few viable cells were adhere on the CS-FA film. 

However, strong fluorescence was observed after incubation into MCF-7 cells for 2 h 

(Fig. 6C), the attached round cells almost adhered and spreaded to irregular shapes on 

the surface of the film, indicating a good viability. Thus the CS-FA cytosensor did not 
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 12

show cytotoxicity and was suitable for the immobilization of cells with good 

biocompatibility and specificity.  

3.5. Regeneration, reproducibility and stability of the cytosensor 

The QCM-D chip after the recognition of MCF-7 cancer cells was regenerated 

by rinsing the surface firstly with 0.2 M lysozyme at pH 6 for 2 h, this resulted in a 

completely chitosan degradation into N-acetyl glucosamine, lysozyme and N-acetyl 

glucosamine were then removed from the chip surface by treatment with PBS (pH 

7.4). After modified the gold electrode and exposure to MCF-7 cells, the QCM 

biosensor could again capture cells. As shown in Fig.7, after 5 cycles, the ∆f values 

still remained 83%.  The results from five cycles indicate that the chitosan-based 

QCM biosensor interface is biodegradability, sensing surface is reusable. The 

regeneration method is superior to other methods,
44

 which is due to the favorable 

biological properties of chitosan such as biodegradability, biocompatibility, low 

toxicity, as well as reasonable cost. The reproducibility of the QCM biosensor was 

estimated by determining the cells level with three cytosensors of different batches 

under the same experiment conditions. The relative standard deviation (RSD) of the 

inter-assay was 7.28% at the cells concentration of 1.0×10
4
 cells mL

-1
, indicating 

acceptable precision and fabrication reproducibility. The cytosensor retained its QCM 

response after 2 weeks at 4 °C, without obvious decline. This indicated that the CS-FA 

modified gold electrode was efficient to hold its stability and bioactivity as well.  

3.6. Analysis of standard spiked blood sample 

To verify to the preliminary validity of the present biosensor in complex matrix, 

this CS-FA modified QCM system was applied for determination of MCF-7 in 

standard spiked blood sample. For dilution fold of 5, 10 and 20, the obtained 

recoveries for MCF-7 (1×10
4
 cells/mL) in spiked blood were 119%, 115% and 108% 

with corresponding relative standard deviation (n=3) of 11%, 8% and 6%, respectively. 

This result suggests that the CS-FA modified QCM biosensor exhibits satisfactory 

analytical ability towards cancer cell over-expressed FR in blood sample.   
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4. Conclusions 

An effective strategy for the preparation of CS-FA with high biocompatibility 

and specificity was developed, and it could be used to fabricate a QCM biosensor for 

label-free MCF-7 breast cancer cell detection. The cytosensor when functionalized 

with FA as a target anchorage to capture MCF-7 cells specifically exhibited desirable 

performance for cancer cells detection. Therefore, we anticipate that this research will 

further facilitate the application of functionalized chitosan for biosensing applications 

and provide a convenient platform for clinical diagnoses in the future. 
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Figure captions: 

 

Scheme 1. (A) Schematic diagram of the experimental set-up. (B) The schematic 

representation of the label-free QCM biosensor for on-line detection of MCF-7 cancer 

cell. (C) Fluorescent image of the biosensor after captured MCF-7 cancer cells. 

 

Fig. 1. Representative images of AFM (A) and SEM (B) of CS-FA and CS films. The 

images of the control (glass slide) are also shown for the sake of comparison.  

 

Fig. 2. (A) UV-Vis spectra and (B) FT-IR spectra of CS, FA and CS-FA. (C) Contact 

angle of bare Au electrode (a), CS/Au (b) and CS-FA/Au (c). (D) Time-dependent 

frequency (c and d) and dissipation (a and b) responses of the QCM biosensor. Profile 

(650 s < t < 2000 s) represents the recognition of 1.0×10
3 

cells·mL
-1

 MCF-7 cancer 

cells (a and d) and 1.0×10
3 

cells·mL
-1

 endothelial cells (b and c). Control curves show 

the responses resulted from PBS buffer solution.  

 

Fig. 3. (A) UV-Vis spectra of FA solutions with different concentrations: (a) 10, (b) 15, 

(c) 20, (d) 25, (e) 30 µg/L, respectively. Inset: Calibration plot of concentration of FA 

against absorbance intensity. (B) Determination of the concentration of FA in different 

conjugate of CS-FA. The error bars represent the standard deviation (S.D.) of three 

measurements. 

 

Fig. 4. Real-time frequency responses of the CS-FA modified QCM biosensor for 

MCF-7 cell. (a) 4.5×10
2
, (b) 1.25×10

3
, (c) 3.75×10

3
, (d) 4.05×10

4
, (e) 4.53×10

4
, (f) 

1.01×10
5
 cells/mL

-1
, respectively. Insets: The linear relationships between the 

frequency shifts and the logarithms of MCF-7 cells concentrations. The error bars 

represent the standard deviation (S.D.) of three measurements. 

 

Fig. 5. Selectivity of the CS-FA modified QCM biosensor, (a) blank, (b) with 1.0×10
4 

cells·mL
-1 

of erythrocyte, (c) with 1.0×10
4 

cells·mL
-1 

of endothelial, (d) with 1.0×10
4 

cells·mL
-1 

of oral epithelial, (e) with 1.0×10
3 

cells·mL
-1 

of MCF-7, (f) with the 

mixture of 1.0×10
4 

cells·mL
-1 

of erythrocyte, endothelial, oral epithelial and MCF-7, 

respectively.  

 

Fig. 6. Fluorescent images of the cells stained by calcein-AM after captured 2 h by 

the different interfaces: (A) The CS interface, (B) endothelial cells and (C) MCF-7 

cells on the CS-FA interface. 
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Fig. 7. Frequency response of the chitosan-based QCM biosensor to 1.0×10
3 

cells·mL
-1 

of MCF-7 cells after regeneration cycles. The error bars represent the 

standard deviation (S.D.) of three measurements. 

 

 

Figures: 

 

 

 

 

 

 

 

 

 

Scheme 1. 
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Fig. 2. 
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Fig. 3. 

 

 

 

 

 

Fig. 4.  
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Fig. 5. 

 

 

 

 

 

Fig. 6. 

 

 

 

Fig. 7. 
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