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Abstract It is of current interest the identification of

appropriate matrices for growing mesenchymal stem cells

(MSC). These cells are able not only to regenerate them-

selves but also to differentiate into other type of functional

cells, and so they have been extensively used in tissue

engineering. In this work, we have evaluated the use of

electric impedance spectroscopy (EIS) to follow the adhe-

sion of MSC from Wharton’s jelly of the human umbilical

cord (hWJMSC) on sugarcane biopolymers (SCB). Imped-

ance spectra of the systems were obtained in the frequency

range of 102–105 Hz. An EIS investigation showed that

when deposited on a metallic electrode SCB films prevent

the passage of electrons between the solution and the

metallic interface. The impedance spectra of hWJMSCs

adhered on SCB revealed that there is a significant increase in

the magnitude of the impedance when compared to that of

pure SCB. The corresponding resistance (real part of the

impedance) was even higher for the SCB–hWJMSC system

than for SCB without cells on their surface, in an indication

of an increased blockage to the electron transfers. The

resistance charge transfer is extracted by curve-fitting the

impedance spectra to an equivalent circuit model. Also, a

shift of the phase angle to higher frequencies was obtained

for SCB–hWJMSC system as a result from hWJMSC

adhesion. Our study demonstrates that EIS is an appropriate

method to evaluate the adhesion of MSC. SCB can be con-

sidered as a promising biomaterial for tissue engineering.

1 Introduction

Desirable properties for polymers useful for tissue engi-

neering applications include high conductivity, reversible

oxidation, redox stability, biocompatibility and low

hydrophobicity [1]. A common goal in tissue engineering is

to attain the ability to tailor specific cell-support interac-

tions and thereby gain control over cell behavior. An ideal

biomaterial would thus combine properties as biocompat-

ibility, biodegradability and diminished cytotoxicity. These

properties are normally found in materials formed by

complex carbohydrates similar to extracellular matrix [2].

Sugarcane biopolymer (SCB) is a polysaccharide with

high elasticity, resistance to traction and good mechanical

flexibility. SCB is a natural exopolysaccharide obtained

through the action of bacteria of the species Zoogloea sp.,

with culturing in sugarcane molasses, and its chemical

structure is composed of different monosaccharides as fol-

low: glucose 87.57 %, xylose 8.58 %, ribose 1.68 %,
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glucuronic acid 0.83 %, mannose 0.82 %, arabinose 0.37 %,

galactose 0.13 %, rhamnose 0.01 % and fucose 0.01 % [3].

It is worth to note that SCB has been used to induce cel-

lular adhesion and proliferation in different animal models

and various body tissues, with the purpose of repair,

replacement or support [3–6]. SCB is a very competitive

polymer compared to other similar materials due to its low

toxicity, high osteoconductivity, low production cost, bio-

compatibility and capability of integration with different

living tissues. Recently, SCB has also been used to repair

osteochondral defects in femurs of rabbits, when it was

shown that it leads to a reduction of the healing time by

significantly enhancing the proliferation of osteochondral

cells [4]. In addition, SCB has been used in arterial pros-

thesis, in the reconstruction of tympanic membrane and of

the urethra and as a graft in rat bladders, always with good

integration [5]. In fact, SCB showed an excellent biocom-

patibility for use as suture material [5]. Thus, these findings

suggest the applicability of SCB as a convenient matrix to

cellular adhesion and scaffolds to tissues engineering.

In recent years, mesenchymal stem cells (MSC) from

Wharton’s jelly of the human umbilical cord (hWJMSC)

have been extensively studied since they are a potential

source of cells for therapeutic strategies, such as tissue

engineering [7, 8]. In addition, hWJMSC are capable of not

only to regenerate themselves but also to differentiate into

several other type of functional cells, such as muscle and

adipose cells [7, 8]. Also, hWJMSC has been used with

success in medicine when evaluating animal models for

regeneration of bone, cardiomyocytes and neurons [9–11].

Currently, electrical impedance spectroscopy (EIS) is

one of the most powerful and convenient tools to evaluate

interfacial phenomena and interactions between biomole-

cules. As a sensitive and effective method to probe the

interfacial properties of modified electrodes, this technique

has found widespread applications in various fields [12,

13]. By measuring the frequency dependence of the elec-

trical properties of living cells and tissues EIS can provide

physiological and morphological information [14, 15] and

in this manner it has been also employed to assess the

metabolism of living cells in vitro [16]. Furthermore, EIS

has been used for monitoring neural cell behavior on

electroactive polymers for tissue repair strategies [17] and

in the dynamic monitoring of cell-surface glycan expres-

sion to evaluate structural variations in cellular physiology

[18].

In the present work we have used EIS to assess the char-

acteristics of SCB films both in pristine form and also when

used as matrices for the deposition of hWJMSC. To the best

of our knowledge, this is the first report of a dielectric

investigation on the nature of the SCB–hWJMSC interac-

tion. In this study, we evaluate this interaction by disposing

SCB and hWJMSC in a homemade cell composed by two

small (5 mL) wells separated by a Teflon barrier connected

through a small diameter (/ = 1 mm) orifice (Fig. 1). Our

main objective was the characterization and investigation of

hWJMSC to SCB polymer surface by using EIS, atomic

force microscopy (AFM) and Fourier transform infrared

spectroscopy (FTIR). The EIS was utilized to quantify the

electron transfer resistance (Ret) of SCB films of different

thickness and under varying applied potentials, before and

after the adhesion of hWJMSC on the SCB surface. The

impedance values of the adhered hWJMSC were measured

and calculated. As a result, we have been able to establish

Fig. 1 Schematic

representation of the hWJMSC

adhesion and of the

measurement apparatus
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that indeed EIS is a convenient technique to investigate the

process of adhesion of hWJMSC to biopolymer surfaces.

2 Experimental procedure

2.1 Materials

Dulbecco’s minimum essential medium (DMEM, with

4.5 % g/L D-glucose), fetal bovine serum (FBS) and Ham’s

F12 Nutrient Mixture were all purchased from Life Tech-

nologies (USA). All chemicals and solvents were of ana-

lytical-grade and used as received, without further

purification. High-purity water was obtained after a Milli-Q

plus (Billerica, USA) treatment.

2.2 SCB obtention

SCB was obtained from the bacteria Zoogloea sp. using

medium containing glucose, yeast extract, peptone and

agar, as indicated by Carvalho Junior et al. [5]. Raw

material consisted of sugar cane molasses adjusted to a

15 % brix (pH 5.0). The culture was inoculated in erlen-

meyers at 30 �C for up to 7 days. The resulting material

was then dried in incubator with air circulation and steril-

ized in autoclave at 120 �C.

2.3 Infrared spectroscopy measurements

FTIR of the SCB layers was obtained by use of a Bruker FTIR

spectrometer (Bruker Optics Inc., USA) that allowed us to record

spectra between 4,000 and 700 cm-1. Resolution was fixed at

4 cm-1 and 60 scans were performed to acquire each spectrum.

2.4 Morphological analysis

AFM measurements were made using a Witex microscope

(Molecular Imaging, USA). Cantilevers with a Cr–Au tip

(NSC18, MikroMasch, F0 = 90 kHz, nominal spring con-

stant = 5.5 N m-1) were used in tapping mode AFM [19].

AFM experiments were performed in air at room temperature

(*25 �C), and 5 9 5 lm2 areas of the samples were scanned

with a resolution of 512 9 512 pixels. On each sample, AFM

images were obtained from at least two macroscopically sep-

arated areas, to eliminate artifacts. Cell adhesion and mor-

phology were evaluated with a scanning electron microscopy

(SEM) (JSM 5900, JEOL Instruments, Japan) at an accelera-

tion voltage of 5 kV and at a working distance of 5 lm.

2.5 Cell culture on SCB surface

SCB film was sterilized with a (7:1, v/v) solution of etha-

nol:water and then exposed to ultraviolet light.

Subsequently, MSC from hWJMSC (cellular density of

1.6 9 105 cells/cm2) cultured in DMEM supplemented

with 15 % FBS and 20 % F-12 were added to the SCB

surface, and then incubated at 37 �C in 5 % CO2 for 24 h

to allow the investigation of the cell adhesion process.

Viable cells were counted using a common hemocytome-

ter. After the incubation, the hWJMSC-modified SCB film

was washed with phosphate buffer saline to remove non-

adherent cells, detached from the culture plates and then

placed in the homemade cell containing stainless steel

electrodes (Fig. 1). EIS was used to collect the Z0 values as

a function of the time required to assess the adhesion

process of hWJMSC on the SCB surface.

2.6 AC impedance recording and analysis

AC electrical impedance was used to probe the changes in

the electrical behavior of the cells that accompany the

induced differentiation. Data acquisition of the dielectric

response was performed using a SI 1260 gain/phase

impedance analyzer (Solartron Instruments, UK) for

determining the real (Z0) and imaginary (Z00) parts of the

impedance. The electrical impedance spectra were recor-

ded in the 102–105 Hz frequency range. The amplitude of

applied wave potential was 10 mV and the applied poten-

tial varied from 0.2 to 1.0 V. All measurements were

performed in triplicate.

3 Results and discussion

3.1 Infrared spectroscopy analysis

In order to analyze the chemical nature of the carbohydrate

polymer films, we collected the FTIR spectra from the SCB

films. These corresponding spectra confirmed the presence

of the main SCB characteristic vibration bands. The FTIR

spectrum shown in Fig. 2 corresponds to the structure of a

typical polysaccharide with the characteristic band between

1,200 and 900 cm-1 that can be attributed to the carbohy-

drate C–O–C bond, and this confirms the presence of links

between the carbohydrate units forming the biopolymer. We

also observed the OH stretching band between 3,600 and

3,000 cm-1. In addition, the FTIR spectrum contains an

angular deformation at 1,639 cm-1 that confirms the pre-

sence of monosaccharides. The asymmetric stretching of the

CH2 groups is observed from 2,900 to 2,950 cm-1 [20].

3.2 Optical characterization

We performed an AFM analysis to elucidate the variation

of the topography and the morphology of the SCB bio-

polymer. A representative image of a 5 9 5 lm area of the
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SCB film is shown in Fig. 3a. The AFM 3D topographical

view (Fig. 3a) showed that SCB consists of a large number

of quite evenly distributed hill-valley-structure surfaces,

with some regular pores present in the nanoscale topogra-

phy. In Fig. 3b, c we show the 2D height and profile

images, respectively. The analysis of Fig. 3b, c can provide

quantitative information about the polysaccharide surface

and the diameter of the aggregates based on the vertical

and horizontal distances on the surface, respectively. A

section analysis can be performed by drawing a cross-

sectional line over the image. One can note that the SCB

films present an irregular morphology with very charac-

teristic features, such as the presence of fibers and a

granular morphology that differ in height by *190 nm.

The morphology of hWJMSC deposited on the surface

of a SCB film was assessed using a SEM to evaluate the

shape and adherence of the cell. SEM micrographs of

hWJMSC on SCB surface are presented in Fig. 4. The

hWJMSC adhered to the surface of the SCB that, as pre-

viously discussed, presents an evenly distributed hill-val-

ley-structure (Fig. 4a), revealing satisfactory cell adhesion

and undifferentiated cell characteristics (Fig. 4b). It is

known that tissue-derived cells are anchorage dependent

and must adhere to a solid surface to grow and proliferate

and that this step precedes further events such as cell

migration and differentiation [21].

3.3 Dielectric evaluation of the SCB film as a matrix

to culture cells

EIS has previously been shown to be a powerful tool to

evaluate the dielectric response associated to cell adhesion

on polymer surfaces [22]. AC impedance was recorded at

102–105 Hz with an applied polarization potential varying

from 0.2 to 1.0 V.

The measurements were carried out by using EIS to

evaluate the influence of cell adhesion on the polymer

matrix. Therefore, SCB films of different thicknesses were

used as follows: SCB1 (19 lm), SCB2 (23 lm) and SCB3

(31 lm). In addition, for each one of these SCB films the

EIS spectra were evaluated under different potentials (0.2,

0.4, 0.6, 0.8 and 1.0 V), as shown in Fig. 5. As expected,

the film SCB1 presented lower Ret values at different

potentials as compared to the values obtained for SCB2 and

Fig. 2 Infrared spectra of the sugar cane biopolymer film

Fig. 3 3D (a) and 2D (b) AFM topographic images (5 9 5 lm2) of

the SCB. A section analysis along the black line in (b) shows that the

step height (c) between higher and lower levels is *259 nm
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SCB3, confirming that the electron transfer blockage is

related to the thickness of the biopolymer films.

An EIS analysis of the SCB without stem cells dem-

onstrated lower values of Ret. As expected, the dielectric

characteristics of the system are altered when more mole-

cules and/or materials are adsorbed on the electrode sur-

face, a fact that is reflected as an increase of the electron

resistance. In our case, after adhesion of hWJMSC on the

biopolymer surface, an additional blockage of the electron

transfer between work electrode and the solution is

observed. Therefore, in this work we demonstrated the use

of EIS as an alternative technique to evaluate the adhesion

of MSC on biopolymer surface.

In Fig. 5 we show the Faradaic impedance spectra

before and after the polysaccharide surface modification

resulting from the MSC incubation. The cell adhesion

resulted in a significant increase of the electron transfer

resistance. Accordingly, estimated Ret values for the stem

cells-modified SCB surfaces were higher by about

98.08 MX, as compared to those of pure SCB films. After

introducing the hWJMSC on the SCB surface, the values of

Ret increased from 24.0 to 98.08 MX, in an indication that

the cells adhere to the biopolymer surface. Thus, the

adhesion of hWJMSC lead to a decrease of the active

surface area and to an increase of the barrier effect against

the electron transfer between the biofilm and the electrode

surface. The changes in the impedance response of the SCB

film can be attributed to the adhesion of the stem cells to

the polymer network present in the SCB layer.

In the case of stem cells, important cellular processes

(such as growth, morphology and differentiation) are con-

trolled by extracellular signals received at the cell’s surface

[23]. In general, some external stimuli are received in

Fig. 4 Cell adhesion and morphology by SEM of hWJMSC–SCB

system (a). Higher magnification of the hWJMSC–SCB (b)

Fig. 5 Nyquist plots of the SCB at different applied potentials: SCB1

(a), SCB2 (b) and SCB3 (c)
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soluble form in extracellular fluids; however, other signals

are part of a neighboring cell surface. In this way, a

complex cell surface code may direct intercellular inter-

actions as diverse as the binding of pathogens to their target

tissues [24] and stem cells adhesion to polymers [25]. Guo

et al. [26] demonstrate that specific molecules mediate the

process of cell adhesion through either cell–matrix or cell–

cell interactions that include integrins, cadherins, members

of the immunoglobulin superfamily and selectins. The

HeLa cell adhesion on antibody/metal/polysaccharide films

has been studied by using EIS [27], in an additional con-

firmation that the impedance technique is a good tool for

investigating cell adhesion on biopolymer surfaces.

Previous studies suggest that the non-specific cell-

material adhesion seems to be due to the occurrence of

weak chemical bonding (such as hydrogen bonding, elec-

trostatic, polar or ionic interactions) between the various

molecules on the cell membrane and the functional groups

on the polymers. In addition, this type of interaction occurs

due to the absence extracellular matrix proteins (EMP) or

their functional parts [28–30]. The improvement of cell

adhesion and growth on surfaces without EMP is obtained

by coating of materials with different biological molecules

that could provide the adhesive properties and the required

environment for the cells’ adherence and survival [31].

The Bode plots of the SCB and SCB–hWJMSC bio-

systems are presented in Fig. 6. As one can easily note,

these two plots show differences in the magnitude of the

impedance at high frequency ranges; namely, the imped-

ance magnitude of hWJMSC at high frequency was higher

than in the absence of hWJMSC. Also, while there is a

clear distinction between the dielectric responses of the

SCB films of different thickness, only small changes can be

noticed in the impedance values at high frequencies

(Fig. 6). The increase in the dielectric response for the

SCB3 film (Fig. 6c) can be explained by the blockage to

the displacement of ions that arises near of the surface [32].

The typical electrical interface associated to the use of

SCB films as support to culture cells can be represented by

the model electrical circuit shown in Fig. 7a. The proposed

equivalent circuit includes not only the ohmic resistance of

the electrolyte solution (RX) and the Warburg impedance

(W) that represents both the bulk properties of the elec-

trolyte solution and the diffusion features of the redox

probe in solution, but also the double-layer capacitance

(Cdl) and the electron transfer resistance (Ret) related to the

interfacial properties of the surface. Usually, Ret controls

the interfacial electron-transfer rate between the solution

and the electrode [33]. In addition, Ret is equal to the

semicircle diameter at higher frequencies. The impedance

data were fitted to a Randles equivalent circuit by use of a

Boukamp non-linear least square fitting program [34]

(Fig. 7a). Our results demonstrate that the changes in RX

and Ret were much larger than those for the other imped-

ance parameters. Thus, Ret appears as a suitable signal for

assessing the interfacial properties of the SCB during the

cell adhesion procedure.

Table 1 shows the equivalent circuit parameters of the

fitting curves (Fig. 7b) for the various steps of the moni-

toring of the hWJMSC adhesion. Generalized observations

of EIS spectra during consecutive modification processes

Fig. 6 Bode plots of the SCB at different applied potentials: SCB1

(a), SCB2 (b) and SCB3 (c)
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of the biopolymer associated to the formation of SCB–

hWJMSC systems show that, after the hWJMSC adhesion,

the values of Ret of the equivalent circuit increase signifi-

cantly, while the Cdl values are reduced. The EIS spectra

showed the highest Ret at 0.6 V. This behavior illustrates

that during the contact it was possible to establish specific

interactions between the hWJMSC and the SCB surface,

confirming the biocompatibility between them. As shown

in Table 1, the resistance charge transfer magnitude was

higher in the case when stem cells were present

(*82.40 MX) than in the case of pure SCB films

(*23.99 MX).

In Fig. 7b we show how the application of an external

potential affects the electron-transfer resistance, both

before and after cell adhesion to the SCB surface. The

results presented in Fig. 7 clearly indicate that after the

hWJMSC recognizes and adheres to the carbohydrates

present in the SCB film, there is an increase in the value of

the charge transfer (Ret).

The performance of the SCB as a matrix to cell adhesion

was quantitatively evaluated by calculating the relative

variation of the electron transfer resistance (DRet), which is

defined as

DRet % ¼
RðSCB�HWJMSCÞ � RSCB

RSCB

� �
� 100; ð1Þ

where RSCB is the value of the electron-transfer resistance

of the pure SCB film, and R(SCB–hWJMSC) is the value of the

electron-transfer resistance of the SCB modified after

exposition to MSC. The change DRet in the electron

transfer resistance was determined for different values of

the applied potential (Fig. 7c). During the interaction of the

SCB film with stem cells, the EIS curves displayed an

increasing impedance response when compared to the

unmodified SCB film. Since the values of DRet correlate

well with the number of cells specifically bound to the SCB

surface, this parameter can be used to assess the biocom-

patibility of the sugar cane biopolymer. The results indicate

that DRet is influenced by the value of the applied potential,

with an obvious maximum observed for 0.6 V both in the

pure SCB and SCB–hWJMSC systems. In this case, the

DRet value is related to the more stable stem cell adhesion

on the SCB film. Therefore, the results we have obtained

demonstrate that the electric impedance technique could be

used for the sensitive monitoring of the dynamic of the

SCB–hWJMSC interaction.

Cell adhesion is an important analysis by which implant

surfaces may be evaluated to determine suitability for

medical use. Thus, a stable connection between the bio-

material surface and the surrounding tissue is one of the

most important prerequisites for the long-term [35] success

of implants. In addition, some elements of the extracellular

matrix are synthesized and secreted by cells in culture,

where they may play a role in cell-substratum and cell–cell

adhesion. One protein that is of particular interest in

determining the relationship between cells and their sub-

strate is fibronectin, as it represents one of the major

molecules mediating cell attachment and playing critical

roles in cell survival, proliferation and differentiation [36].

Then, the biocompatibility of SCB films in allowing MSC

growth was studied since the osteoblastic cells adhesion is

of interest for applications in tissue engineering [37].

Fig. 7 Equivalent circuit (a) adopted to fit the impedance data and

Nyquist plots (b) of the steps of cellular adhesion, before and after SCB

exposition to hWJMSC: SCB (filled square), SCB–hWJMSC 0.2 V

(open triangle), SCB–hWJMSC 0.4 V (filled lezenge), SCB–hWJMSC

0.6 V (times), SCB–hWJMSC 0.8 V (open circle) and SCB–hWJMSC

1.0 V (filled triangle). Solid lines correspond to the fitting using the

obtained Randles parameters. DRet % of SCB–hWJMSC adhesion

process at different values of the applied potential (c)
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4 Conclusions

The adhesion of MSC was tested on a biopolymer film as a

manner to evaluate the ability of SCB films as cell culture

substrates. This study is the first description of impedi-

metric analysis of the use of SCB films as a matrix model

system for MSC from hWJMSC adhesion. The MSC

reacted independently of the thickness to the SCB film. We

have demonstrated that SCB can be used as a good plat-

form for the cell adhesion. Our results suggest that EIS

technique is an useful technique for evaluating the MSC

from hWJMSC adhesion on SCB films.
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10. Grinnemo KH, Månsson A, Dellgren G, Klingberg D, Wardell E,

Drvota V, Tammik C, Holgersson J, Ringdén O, Sylvén C, Le

Blanc K. Xenoreactivity and engraftment of human mesenchymal

stem cells transplanted into infarcted rat myocardium. J Thorac

Cardiovasc Surg. 2004;127:1293–300.

11. Muzzarelli RAA. Chitosan composites with inorganics, mor-

phogenetic proteins and stem cells, for bone regeneration. Car-

bohyd Polym. 2011;83:1433–45.

12. Houa Y, Helali S, Zhang A, Jaffrezic-Renault N, Martlet J, Minic

C, Gorojankina T, Persuy MA, Pajot-Angy E, Salesse R,

Bessueille F, Samitier J, Enachid A, Akimov V, Reggiani L,

Pennetta C, Alfinito E. Immobilization of rhodopsin on a self-

assembled multilayer and its specific detection by electrochemi-

cal impedance spectroscopy. Biosens Bioelectron. 2006;21:

1393–402.
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