
Research Article Open Access

Esmeryan, Biosens J 2015, 4:2
DOI: 10.4172/2090-4967.1000120

Volume 4 • Issue 2 • 1000120
Biosens J
ISSN: 2090-4967 BJR, an open access journal 

*Corresponding author: Esmeryan KD, Georgi Nadjakov Institute of Solid State 
Physics, 72, Tzarigradsko Chaussee Blvd., 1784 Sofia, Bulgaria, Tel: 9014170809; 
E-mail: karekin_esmerian@abv.bg

Received May 22, 2015; Accepted August 18, 2015; Published August 21, 2015

Citation: Esmeryan KD (2015) Detection of Biological Environments for 
Endometrial Stromal and Mesenchymal Stem Cells Growth through a Quartz 
Crystal Microbalance Based Biosensor. Biosens J 4: 120. doi:10.4172/2090-
4967.1000120

Copyright: © 2015 Esmeryan KD. This is an open-access article distributed under 
the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and 
source are credited.

Abstract
The sensor response of 5 MHz gold electrode coated quartz crystal microbalances (QCMs) towards various 

environments for human endometrial stromal and mesenchymal stem cells growth is reported. The deposition of 
endometrial stromal cells onto sensor surface causes mass loading dependent resonance frequency downshift of 1.5 
kHz and a corresponding increase in the dynamic resistance of 403 Ω. Furthermore, the QCMs demonstrate ability to 
detect negligible changes in the viscosity/density product of different biological environments. In addition, the sensors 
show reproducible sensor characteristics with maximum deviations from measurement to measurement within 50 Hz. 
The observed deviations are lower compared to the sensor signal, thereby confirming that the QCMs could be used as 
in situ detectors of various biological compounds or interactions, closely related to the in vitro fertilization analysis. These 
experiments open a possibility for integration of wide range in vitro investigations on lab-on-a-chip devices.
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Introduction
Nowadays, the women’s infertility introduces one of the biggest 

challenges in medicine, as the infertility rate has increased by 4% since 
1980s, which is a serious drawback for the normal reproducibility of 
mankind [1]. The female infertility is a disease of the reproductive 
system defined by the failure to achieve a clinical pregnancy and can 
be caused by DNA damage, generic factors, hypothalamic-pituitary 
factors, environmental factors and/or the global stress [2-4]. Therefore, 
as an alternative solution, the interest in in vitro fertilization (IVF) 
has rapidly increased over the past decade [5-7]. The IVF is a process 
in which a female egg is fertilized by sperm outside the human body 
and involves both monitoring and stimulating the woman’s ovulation 
[6]. The fertilized egg (zygote) is cultured in a growth medium and is 
then implanted in the same or another woman’s uterus with an aim of 
establishing a successful pregnancy. During the in vitro fertilization, 
one of the most important steps in the establishment of pregnancy is 
the implantation [8]. There are many factors influencing the success 
rate of this process, which requires a subtle communication between the 
implanting embryo and the maternal endometrium [9]. In particular, 
the mesenchymal stem cells have a significant role in directing the 
development, growth, differentiation and functioning of the overlying 
epithelium [10]. The mesenchyme is embryonic connective tissue that 
is derived from the mesoderm and that interacts with the endoderm 
and ectoderm forming the three primary germ layers in the very early 
embryo. Such interactions are critical for the regulation of proliferation 
and differentiation of adult tissues as well [11]. On the other hand, the 
endometrial stromal cells, which are connective tissue cells derived 
from the inner mucous membrane of the woman’s uterus, provide a 
regulatory role for growth of the overlying epithelia. Moreover, they 
support the functional part of the uterus, called parenchyma, to which 
the human embryo is embedded [10]. Therefore, the interactions 
that occur between mesenchyme, embryonic stroma and epithelium 
have been investigated and analyzed in detail [10,12-15]. The most 
commonly used methods for cell characterization during growth; 
proliferation and differentiation are flow cytometry, binding and 
displacement studies, gel electrophoresis and immunophenotyping, 
as well as autoradiography [16,17]. These techniques are powerful and 
efficient (separation of DNA fragments ranging from 50 base pair to a 

few megabases), but suffer from several limitations. For instance, the 
electrophoretic approach is limited due to the passing current through 
the gel, causing heating and subsequent melting of the gel [18]. As a 
result, the buffering solution, which is used to reduce the pH changes due 
to the electric field, decreases its buffering capacity and the genetic material 
may not migrate consistently with each other. Moreover the results 
obtained with gel electrophoresis cannot be reliable if not previously 
validated [19]. In addition, the autoradiography has major disadvantages 
related to its sluggishness to yielding results, especially during quantitative 
studies, and lack of specificity [20]. Furthermore, most of these methods 
use bulky and expensive aparatus, which causes technical difficulties.

A strategy to overcome these limitations may come up of 
acoustoelectronics; in particular, quartz crystal microbalance (QCM) 
based biosensors [21-25]. Recently the QCMs have been used for 
detection of antimicrobial peptides [24], breast cancer [25], as 
immunosensor [23] and in vitro selection of various peptides [21]. 
The operation principle is related to the mass loading [26] or liquid’s 
viscosity-density [27] dependent resonance frequency shifts. The 
deposition of material in solid, liquid or gas phase on the sensor surface 
causes frequency variations proportional to the mass or viscosity/
density product of the substance. The main advantages of the QCM 
are its high sensitivity and resolution, fast response-recovery time, high 
dynamic range, low power consumption and relatively small size (from 
several mm to a few cm quartz crystals) [28]. These specific features 
allow in situ detection of biological interactions such as antigen-
antibody or receptor-ligand, as well as ppb concentrations of various 
compounds in biological suspensions.
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The primary objective of this paper is to demonstrate the ability of 
the quartz crystal microbalance for in situ differentiation of biological 
environments for human endometrial stromal and mesenchymal stem 
cells growth. This could bring substantial improvements in in vitro 
fertilization analysis, by making them compatible to lab-on-a-chip 
devices. In section 2, the physical model describing the QCM’s operation 
in liquid environments is presented and discussed. Furthermore, 
the calibration process of the sensors and the experimental setup for 
biological investigations are described. In section 3, the resonance 
frequency and dynamic resistance calibration curves are presented. 
Finally, the QCM’s sensor response towards various biological 
environments for endometrial stromal and mesenchymal stem cells 
growth is examined and discussed.

Experimental 
Operation principle of the QCM in liquids – physical back-
ground 

The resonance behavior of the quartz crystal microbalance in 
liquids has been described theoretically by Kanazawa and Gordon [27]. 
The model is based on the coupling of the elastic shear waves in the 
crystal to the viscous shear waves in the liquid. The differential equation 
describing the propagation of shear waves in AT-cut resonators is the 
Helmholtz equation, yielding as solution undamped sinusoidal shear-
horizontal wave traveling in a direction perpendicular to the crystal 
surface i.e. in YX plane:

2 2 0A k A∨ + =                      (1)

Where ⊽2 is the Laplacian; A is the amplitude of the wave; k is 
the wave number. In the liquid, the differential equation describing 
the shear wave is the diffusion equation, having as solution damped 
sinusoidal shear wave propagating in the Z direction away from the 
crystal:

( ) ( )k z l( , ) cos[k z l ]z t Ae tν ω− −= − −                     (2)

In eq. (2) v is the wave velocity, A is the amplitude, k is 
a propagation constant and ωt is the phase of the wave. The 
propagation constant can be described in terms of the viscosity η 
and density ρ of the liquid:

2
k ωρ

η
=                       (3)

The reciprocal parameter δ i.e. δ = 1/k describes the characteristic 
decay length of the wave, known also as “penetration depth”. As 
evident from eq. (3), the penetration depth depends on the viscosity/
density product of the liquid and for water is ~250 nm. Requiring that 
the wave velocities of the quartz crystal and the liquid at the solid-
liquid interface match, and that the forces exerted between the solid 
and the liquid are equal and opposite in sign, leads to the condition for 
the resonance frequency shift Δf:

3 0
Q Q

f f ηρ
πµ ρ

∆ =                       (4)

Here ρQ and μQ are the density and the shear modulus of the quartz, 
having values of 2650 kg/m3 and 2.95 × 1010 N/m2.

Calibration of the QCM

The sensor response of the QCM in liquids is expressed as 
proportional to the square root of viscosity/density product of the 
liquid according to eq. (4). As the QCM based biosensors are intended 
to operate in a liquid environment, in order to achieve accurate results, 

the behavior of their resonance frequency and dynamic resistance 
should follow the theoretical predictions. In this work, three 5 MHz 
gold electrode coated QCMs were used as biosensors, with frequency and 
resistance changes being monitored using spectrum analyzer SPM-14. 
The sensor characteristics were measured at room temperature in air and 
aqueous glycerol solutions in the concentration range of 0-90% wt.

The biosensing measurement setup

The biological experiments were carried out in laboratory 
conditions using specially designed measurement system, illustrated 
on Figure 1. It consists of an incubator Galaxy 170R Eppendorf, a 5 
MHz QCM mounted in a quartz crystal holder and connected to a 
spectrum analyzer SPM-14. A frequency counter HM 8123 was used 
for monitoring of the resonance frequency shifts. The deviations in 
dynamic resistance of the sensor were recorded through a resistance 
meter. Initially, the sensor device was placed in the incubator, which 
was set up to maintain constant temperature and humidity (36.7°C; 
~100% RH), as well as constant CO2 and O2 concentrations of 6% 
and 13.6%, respectively. Afterwards, the QCM’s upper surface was 
immersed, one at the time, in various biological suspensions and 
subsequent changes in its resonance frequency and dynamic resistance 
were observed, proportionately to the viscosity/density product of each 
suspension. All experimental data were processed and recorded on a 
personal computer.

The chosen values of temperature, humidity, CO2 and O2 were 
found to provide favourable conditions for endometrial stromal and 
mesenchymal stem cells growth.

Results and Discussions
Investigation of the QCM’s sensor response in aqueous glyc-
erol solutions

Figure 2 represents the resonance frequency and resistance shifts 
of three 5 MHz gold electrode coated QCMs versus glycerol/water 
solutions in the concentration range of 0-90% wt. 

The blue lines represent the theoretical values calculated by the 
equation of Kanazawa and Gordon, while the red lines indicate the 
values obtained by the experiment. As seen, the frequency shifts follow 
the theoretical predictions in the entire range of concentrations. On 
the other hand, the resistance variations show substantial differences 
between theory and experiment, especially for highly viscous liquids 
(above 30% wt. glycerol concentrations).

However, the used QCMs are polished with a class of smoothness 

 
Figure 1: Block scheme of the biosensing measurement system.
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of 14. This is much higher class compared to the quartz crystals 
fabricated by Stanford Research System, for instance. Therefore, 
even upon immersion in highly viscous liquids, our QCMs retain 
lower level of energy losses; hence, lower resistance shifts. Each 
device was tested in three independent measurement cycles and the 
results showed reproducibility with a highest deviation within 50 
Hz (10 ppm).

Differentiation of various biological environments using 5 
MHz QCM

After calibrating the QCMs, their biosensing properties were 
tested toward various environments for endometrial stromal and 

mesenchymal stem cells growth. The results are summarized in Table 1 
and Figure 3, respectively.

The experimental data in Table 1 reveal that the deposition of 
endometrial stromal cells onto QCM’s surface leads to a proportional 
resonance frequency downshift of 1.5 kHz and a corresponding increase 
in the dynamic resistance of 403 Ω. Moreover, upon immersion of the 
sensor surface in biological suspensions with stromal cells, its response 
is influenced not only from the viscosity/density product of the liquid, 
but also from the mass loading effect caused by the cells [26]. The latter 
induces additional frequency and resistance deviations within 406 Hz 
and 154 Ω, respectively (see the 3rd and 5th row in Table 1). As shown 
in Figure 3, the situation with mesenchymal stem cells is similar and 
the QCM detects the differences between the biological environments. 

Figure 2: (a) Resonance frequency and (b) resistance shifts of gold electrode coated 5 MHz QCM operating in glycerol/water solutions with different concentrations.

Figure 3: (a) Resonance frequency and (b) resistance behavior of a 5 MHz QCM upon immersion in four different environments for mesenchymal stem cells growth. 
The error bars indicate the highest deviation from measurement to measurement. 1 - basal medium; 2 – basal medium and supplements; 3 – basal medium and 
supplements with antibiotic; 4 – basal medium and supplements with antibiotic and mesenchymal cells.

QCM status Δfr (Hz) ΔR (Ω)
QCM 1 in air 0 0 
QCM 1 with cells 1500 403 

QCM 1 immersed in biological environment with cells 1314 336 

QCM 2 in air 0 0 
QCM 2 immersed in biological environment 908 182 

Table 1: Electrical characteristics of two 5 MHz QCMs, prior to and after immersion in various environments for endometrial stromal cells growth.
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It is clear that the addition of various components, such as antibiotic, 
stem cells or supplements, has strong impact onto sensor signal. 
Furthermore, the amplitude of error bars is lower, compared to the 
sensor signal, which implies that the latter is a physical phenomenon 
and not an artifact due to random fluctuations. This assumption was 
verified by performing analysis of variance (ANOVA) for a single 
factor with a null hypothesis that the data on Figure 3 are due to a 
random response. The statistical data treatment shows that the p-value 
for the resonance frequency is 0.027, which is less than 0.05 (significant 
level). Therefore, the model is significant and the null hypothesis for 
random response should be rejected. In other words, the frequency 
response of the QCM is due to changes in the viscosity/density product 
of the biological environment, rather than a random effect. In contrary, 
the p-value for the dynamic resistance is 0.51, which is much higher 
compared to the significant level. However, as depicted of Figure 2b, 
the resistance variations show substantial discrepancy between theory 
and experiment. It was mentioned in the previous chapter that such 
difference is most likely due to the smoothness of the QCM surface or 
due to electrical mismatch between the upper and lower electrode of 
the sensor.

Nevertheless, the experimental data on Figure 3 clearly indicate 
that the QCM could be used as in situ detector of various biological 
compounds or interactions, closely related to the in vitro fertilization. 
In turn, this opens a possibility for integration of wide range in vitro 
investigations on lab-on-a-chip devices.

Conclusions
This study presented systematic experimental investigations on 

the biosensing properties of 5 MHz gold electrode coated QCMs. The 
analysis showed that the resonance frequency and dynamic resistance 
of the sensors are strongly influenced by the presence of cells or by 
differences in the viscosity/density product of the liquid environments. 
In addition, the sensor devices demonstrated reproducibility and the 
highest deviation from measurement to measurement was within 50 
Hz (10 ppm). This deviation is lower compared to the sensor signal, 
which is evidence that the QCM based biosensors could be used as in 
situ detectors of various biological compounds or interactions related 
to the in vitro fertilization.
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