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A portable and cost-effective real-time cardiotoxicity biosensor was developed using a CMOS imaging

module extracted from a commercially available webcam. The detection system consists of a CMOS

imaging module, a white LED and a pinhole. Real-time image processing was conducted by comparing

reference and live frame images. To evaluate the engineered system, the effects of two different drugs,

isoprenaline and doxorubicin, on the beating rate and beat-to-beat variations of ESC-derived

cardiomyocytes were measured. The detection system was used to conclude that the beat-to-beat

variability increased under treatment with both isoprenaline and doxorubicin. However, the beating

rates increased upon the addition of isoprenaline but decreased for cultures supplemented with

doxorubicin. Moreover, the response time for both the beating rates and the beat-to-beat variability of

ESC-derived cardiomyocytes under treatment of isoprenaline was shorter than for doxorubicin,

although the amount of isoprenaline used in the measurement was three orders of magnitude lower

than that of doxorubicin. Given its ability to perform real-time cell monitoring in a simple and

inexpensive manner, the proposed system may be useful for a range of cell-based biosensing

applications.
Introduction

Among the causes of cardiotoxicity, drug-induced cardiotoxicity

has contributed substantially to the rapidly increasing drug

attrition in the drug development process.1–6 For example, more

than 30% of total withdrawn drugs during the period between

1990 to 2006 from various major markets were related to cardiac

dysfunction.7 Thus, the potential of new molecular substances to

induce heart failure has become a central task in safety assess-

ment throughout drug discovery and development as well as the

usage of existing drugs. Therefore, early detection of cardiac

responses against drugs is crucial for reducing the costs and time
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in the drug development process. Furthermore, portable and

real-time methods of cardiotoxicity detection are beneficial for

environmental monitoring which require rapid identification of

toxic materials.

Cell-based biosensors utilize live cells as sensing elements to

examine biologically active reagents and have been widely

applied to pharmacological screening and environmental moni-

toring.8–10 Several different types of cell-based biosensors have

been developed for cardiotoxicity testing such as by using digital

movie analysis,11,12 microelectrode arrays (MEA),13,14 and light-

addressable potentiometric sensors (LAPS).15 The movie analysis

method was adapted to analyze the changes in the beating rates

of heart cells through image processing. However, a large storage

capacity is required to record the variances of beating rates

especially when the heart cells respond slowly to the drugs.

Furthermore, by using the movie analysis method, varying heart

beating rates cannot be analyzed in real-time. The MEA method

measures electrical potential on the extracellular field in the

multiple channels. Although MEA can detect chronotropic

effects (i.e., the abnormal changes in heartbeat rate) of the drug

treatment in real-time, it is limited by its high cost as well as its

small measurement area which is defined by tiny electrodes.

Similar to the MEA method, the LAPS system is also capable of

monitoring chronotropic effects in real-time. However, it

requires complicated fabrication procedures for the integrated

semiconductor detector system. Moreover, the difficulty still
Lab Chip, 2011, 11, 1801–1807 | 1801
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exists in adopting the specific light source that needs to match the

energy band transition of the semiconductor detector. Like the

MEAmethod, the active measurement area is also limited, in this

case, by the positioning of the light source.

Owing to the development of various digital technologies,

compact and cheap imaging sensor modules, such as charge

coupled devices (CCD) and complementary field oxide semi-

conductor (CMOS) imaging sensors, are widely used in common

electronics, such as webcams, cell phones, digital cameras, and

other digital imaging devices. The lensfree imaging is emerging as

a viable detection method due to the progress in imaging sensors.

The compactness and cost-efficiency of the imaging products

have improved tremendously and have been applied to a variety

of fields over the last decade such as in sub-pixel resolution

microscopy,16–18 high-throughput wide-field view detectors,19

holographic microscopes,20,21 and fluorescent imaging.22

In this study, we present a cell-based biosensor using the

lensfree imaging technique with a CMOS imaging module

extracted from a conventional webcam. An image processing

algorithm was developed to detect squirming objects like beating

cardiomyocytes in real-time. To test cardiotoxicity, car-

diomyocytes were derived from mouse embryonic stem cells

(ESCs), and cultured on a commercially available chamber slide.

The variances of beating cardiomyocytes were measured under

the treatments of isoprenaline and doxorubicin. To examine

chronotropic effects of drugs, the change in the beating rate and

beat-to-beat variations, which are well-known indicators of

cardiac dysfunction,23 were measured in real-time. With the use

of microscale cell culture methods,12,24–32 our device may be

extended to high-throughput drug screening systems.
Materials and methods

All cell culture materials were obtained from Invitrogen (Paisley,

UK), unless otherwise specified. Cell cultures and experiments

were performed in a conventional incubator maintained at 37 �C
and 5% CO2.
ESC culture and differentiation into cardiomyocytes

ESC culture. Mouse ESCs (R1) were cultured using Dulbec-

co’s Modified Eagle’s Medium (DMEM) supplemented with

10% of ESC qualified fetal calf serum, 100 units/mL of penicillin/

streptomycin, 2 mM of L-glutamine and 0.1 mM b-mercapto-

ethanol. The medium was replaced on a daily basis. Prior to

medium change, 100 units/mL leukemia inhibitory factor (LIF,

Chemicon, Chandlers Ford, UK) was added to maintain the

ESCs undifferentiated. ESCs were passaged before reaching 70%

confluence.

Embryoid bodies (EBs) and ESC-derived cardiomyocytes. ESCs

were trypsinized and seeded on a non-adherent petri dish to

obtain EBs using the suspension culture method. Alpha-

Minimum Essential Medium (a-MEM) supplemented with 15%

of heat inactivated fetal calf serum and 100 units/mL of peni-

cillin/streptomycin was used to culture EBs. The culture medium

was changed every day. After culturing for 5 days, the EBs were

plated on a chamber slide (Nalge Nunc International Corp.,

Naperville, IL) for the differentiation into cardiomyocytes.
1802 | Lab Chip, 2011, 11, 1801–1807
Immunocytochemistry. Mouse ESC derived cardiomyocytes

were visualized by immunocytochemical staining. After obser-

vation of beating, cells were fixed with 4% paraformaldehyde for

20 min, washed three times with 1� PBS, followed by per-

meabilization with 0.1% Triton X-100, and blocked from

nonspecific binding by incubation with 5% (w/v) normal horse

serum in PBS. The primary antibodies, anti-sarcomeric a-actinin

(Abcam, Cambridge, MA) and anti-heavy chain cardiac myosin

(Abcam, Cambridge, MA) were diluted at 1 : 100 with 5%

normal horse serum solution, and incubated overnight with the

cardiomyocytes at 4 �C. The secondary Alexa Fluor 488 and 594

conjugated antibodies were incubated with the primary anti-

body-cell conjugates for 1 h at room temperature.
Real-time beating rate measurement of cardiomyocytes

CMOS module. A CMOS imaging module was extracted from

a webcam (C160, Logitech) and was used to detect the variances

of beating cardiomyocytes. The resolution of the CMOS imaging

module was 640 � 480 pixels. The light source consisted of

a white light emitting diode (LED) and a pinhole (300 mm in

diameter). The pinhole was placed underneath the white LED to

realize a point light source as seen in Fig. 1. The chamber slide

containing cardiomyocytes was placed onto the CMOS imaging

module. During measurements of the beating rates, the entire

device was placed inside an incubator. To operate the device

remotely, the CMOS imaging module was connected to a laptop

computer.

Real-time image processing program. To operate the CMOS

imaging module and measure the variances of beating car-

diomyocytes, an image processing program was developed using

MATLAB (MathWorks Inc., Natick, MA). In the first part of

the program, the operation region of the CMOS imaging module

was restricted to the beating site of cardiomyocytes which

enabled us to increase the image acquisition rate. In the second

part of the program, an image which was taken from the first

frame (reference image) was captured and compared with the

images acquired from each consecutive frame (live frame

images). Before comparing the images, the reference and live

frame images were transformed to binary images and stored as

two different matrices. After transformation, an image difference

matrix was obtained by subtracting the live frame image matrix

from the reference image matrix. In the last part of the program,

the absolute values of each element in the image difference matrix

were summed together, which we refer to as the image difference

value. The larger the image difference value, the greater is the

variation between the reference and the live frame images.

Cardiotoxicity testing. Two drugs, isoprenaline and doxoru-

bicin (Sigma-Aldrich Inc., St. Louis, MO), were used to test the

device developed in the present study. Each drug was dissolved in

culture medium and added into the chamber slide containing

ESC-derived cardiomyocytes, and the changes in beating rates

and beat-to-beat variations were measured. Before the addition

of the drug, control experiments were performed using car-

diomyocytes for 30 min (with no drugs) where we obtained

reference values for the beating rates and beat-to-beat variations.

Afterwards, we introduced drugs and measured the beating rates
This journal is ª The Royal Society of Chemistry 2011
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Fig. 1 Schematic of the experimental setup. ESC-derived cardiomyocytes were plated on a chamber slide. The white LED and a pinhole combination

was used as a light source for imaging the beating cardiomyocytes. The real-time beating rates of the cardiomyocytes were measured using the CMOS

imaging module which controlled by an image processing program.
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and the beat-to-beat variations of cardiomyocytes. Finally, we

normalized the parameters obtained from the samples treated

with the drugs to the values obtained from the reference group.

Three independent experiments were performed for each drug to

obtain statistically reliable data.

Results and discussion

ESC-derived cardiomyocytes

In our experiments, cardiomyocytes were derived from mouse

ESCs. Mouse ESCs were seeded and cultured in a non-adherent

cell culture petri dish to obtain EBs. After 5 days, the EBs were

plated on the chamber slide.

The EBs adhered to the bottom surface of the chamber slide

and differentiated into cardiomyocytes. Approximately 10 days

after plating, the beating colonies were observed. Fig. 2(A) shows

mouse ESCs after 2 days of culture and Fig. 2(B) shows EBs after

5 days of culture in a non-adherent petri dish. The cardiomyo-

genic differentiation was confirmed by immunocytochemical

staining of beating colonies against sarcomeric a-actinin33 and

cardiac myosin heavy chain as shown in Fig. 2(C)–(F).

Real-time image processing

To measure the variances of beating cardiomyocytes, a real-time

image processing program was developed as described in the

previous section. Fig. 3 shows the real-time image processing

procedure. We first selected a region of interest (ROI) manually

from the full-size image and restricted the operation region of the

CMOS imaging module to this ROI and then captured the

reference image. The image difference between the reference and

live frame images was calculated and displayed in real-time as

seen in a sample plot shown at the bottom of Fig. 3 (see also

Supplementary Information, Movie S1†). The graph of the

image difference values showed a pulse similar to an electrocar-

diogram (ECG) signal. By calculating the average value and
This journal is ª The Royal Society of Chemistry 2011
standard deviation of peak-to-peak intervals in image difference

values, we obtained the changes in beating rates and beat-to-beat

variations of cardiomyocytes. Next we validated our measure-

ments by calculating the frame rate which was estimated by

dividing the number of processed frames by the running time of

the program. The estimated image processing rate was 29 frames

per second. This image processing rate was fast enough to detect

the beating rates of ESC-derived cardiomyocytes which have

approximately 1�2 beats per second.11,34Although the resolution

was not high enough to distinguish details of cells, it was suffi-

cient to detect cardiomyocytes beating.
Cardiotoxicity testing

To test the developed CMOS imaging module based cardiotox-

icity biosensor, two different drugs (isoprenaline and doxoru-

bicin) were used.

Device testing. To test the device, we first measured the beating

rates of the ESC-derived cardiomyocytes in normal culture

media for 150 min. The beating rates were calculated by aver-

aging 30 s of consecutive measurement over a period of 5 min.

Fig. 4 shows measurements of the beating rates and image

difference values obtained from cardiomyocytes. The average

beating rate was found to be approximately 100 beats per minute

which was consistent with other results from literature.11,34 The

variations in the beating rates in this control experiment were less

than 3% which indicated that cells cultured in our biosensor did

not show toxicity signs without any drugs.

Chronotropic effects of isoprenaline. Isoprenaline is a sympa-

thomimetic b-adrenergic agonist drug. After its discovery,

isoprenaline had been used for asthma, but, studies that followed

have revealed that isoprenaline can produce tachycardia (i.e.,

abnormally increasing heart rate) and can potentially lead

patients to cardiac dysrhythmia.35
Lab Chip, 2011, 11, 1801–1807 | 1803
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Fig. 2 Immunocytochemical characterization of ESC cardiomyogenic

differentiation. (A) Bright field image of ESCs used for cardiac differ-

entiation. (B) Bright field image of suspension cultured EBs formed in

a non-adherent petri dish. (C) Immunocytochemical staining for sarco-

meric a-actinin in beating colonies cultured on a chamber slide for 10

days. (D) Immunocytochemical staining for sarcomeric a-actinin over-

lapped with phase contrast image. (E) Immunocytochemical staining for

cardiac myosin heavy chain in beating colonies cultured on a chamber

slide for 10 days. (F) Immunocytochemical staining for cardiac myosin

heavy chain overlapped with phase contrast image. Arrows show beating

colonies. Scale bar (B) 400 mm, (A), (C)–(F) 100 mm.

Fig. 3 Real-time image processing procedure. ROI was selected manu-

ally from the full-size image and a reference image was captured. The

image difference between reference and live frame images was calculated

and displayed in real-time. The graph of the image difference value was

also plotted in real-time. (See also Supplementary Information, Movie

S1).†
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To evaluate chronotropic effects of the isoprenaline, different

concentrations of isoprenaline (1, 5, 10 and 100 nM) were dis-

solved in the culture medium and injected into the chamber slide.

During measurements, the device captured and processed live

frame images consecutively for 20 s over a period of 1 min. Fig. 5

(A) shows the change in beating rates as a function of time for

various concentrations of isoprenaline. The beating rates

increased immediately after injection of isoprenaline and satu-

rated within 10 min for all concentrations of isoprenaline. As

shown in Fig. 5(A), increasing the concentration of isoprenaline

corresponded to an increase in beating rates. However, for 10

and 100 nM of isoprenaline, the change in beating rates was

almost the same. The rise time, which is time taken to reach half

maximum variation of beating rates, for 1 and 5 nM of

isoprenaline were 3 and 4 min, respectively, and 5 min for 10 and

100 nM of isoprenaline. Fig. 5(B) shows the pulse pattern where

the values are obtained from the image difference matrix. After

isoprenaline injecting, the time intervals between spikes became

shorter indicating that the beating rate increased.

Fig. 5(C) shows the increase in the beating rates as a function

of concentration of isoprenaline after 12 min. For 1 and 5 nM of
1804 | Lab Chip, 2011, 11, 1801–1807
isoprenaline, the beating rates increased by 24 and 44%, respec-

tively, and for 10 and 100 nM of isoprenaline, the increase in the

beating rates was 70%. The change in beating rates between the 1,

5 and 10 nM isoprenaline treatments were statistically different

from one another, but the 10 and 100 nM treatments were not.

These observations are in good agreement with previous

studies.11,36

In addition measuring beating rates, beat-to-beat variations,

which could be used as an indicator to cardiac dysrhythmia, were

also measured. Fig. 5(D) shows beat-to-beat variations as

a function of time. As we increased the isoprenaline concentra-

tion, we noticed that the beat-to-beat variations increased. The

beat-to-beat variations against isoprenaline, similar to the

beating rates, had a fast response.

Chronotropic effects of doxorubicin. Doxorubicin is an anti-

cancer drug and it is commonly used against a wide range of

cancers, such as breast and stomach cancers, soft tissue sarcoma

and others.4 However, doxorubicin has serious adverse effects on

the heart such as bradycardia (i.e., abnormally decreasing heart

rate).4

To evaluate chronotropic effects of the doxorubicin, different

concentrations of doxorubicin (10, 100, 100, and 300 mM) were

dissolved in culture medium and injected onto the chamber slide

using a pipette. During the measurement, the device captured

and processed live frame images for 30 s consecutively with

a period of 5 min. Fig. 6(A) shows the change in beating rates as

a function of time for various concentrations of doxorubicin.

Contrary to isoprenaline, the beating rates decreased gradually,

but the response to high concentrations of doxorubicin was

immediate but slow for low concentration of doxorubicin. For

10 mM of doxorubicin, the beating rates did not change during

100 min of measurement. However, concentrations higher than

100 mM of doxorubicin showed a decrease in the beating rates.

For 100 mM of doxorubicin, the beating rates started to decrease
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Characterization of the lensfree cardiotoxicity detector. Prior to injection of the drugs, the ESC-derived cardiomyocytes were cultured in normal

medium and their beating rates were observed for 150 min. The beating rates were stable and the beating signal had a regular pulse pattern.

Fig. 5 Chronotropic effects of cardiomyocytes under treatment of different concentrations of isoprenaline (1, 5, 10 and 100 nM). (A) The change in

beating rate. The beating rates increased after isoprenaline injection. (B) A plot of the image difference value. A pulse pattern was observed. The

decreased beating intervals were observed clearly after isoprenaline was injected. (C) The change in beating rates over time during the first 12 min after

treatment of isoprenaline. (D) The beat-to-beat variations. Beat-to-beat variations increased under treatment of isoprenaline. * shows a significant

difference in variance (p < 0.05). For statistical analysis, one-way ANOVA was used. (See also Supplementary Information, Movies S2 and S3).†

This journal is ª The Royal Society of Chemistry 2011 Lab Chip, 2011, 11, 1801–1807 | 1805
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Fig. 6 Chronotropic effects of cardiomyocytes under treatment with doxorubicin (10, 100, 200 and 300 mM). (A) The change in beating rate. The

beating rates decreased after doxorubicin injection. (B) The beating signal. The increased beating intervals were clearly observed after doxorubicin

injection. (C) The change in beating rates at 100 min after the treatment with doxorubicin. (D) The beat-to-beat variations. In contrast to beating rates,

the beat-to-beat variations increased after treatment with doxorubicin. * shows a significant difference in variance (p< 0.05). For statistical analysis, one-

way ANOVA was used. (See also Supplementary Information, Movies S4 and S5).†
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60 min after injection, but the beating rates decreased immedi-

ately for 200 and 300 mM of doxorubicin. For 300 mM of

doxorubicin, the beating stopped 20 min after injection. As

shown in Fig. 6(B), the time interval between spikes became

longer, that is, beating rates decreased. In addition, the ampli-

tude of the pulse pattern was reduced compared to the control.

Although the image processing program developed in the present

study did not contain a beating amplitude detection algorithm,

the image difference could reflect the variations of the beating

amplitude qualitatively since the weak beating could result in

a small difference between the reference and live frame images.

Fig. 6(C) shows the beating rates as a function of concentra-

tion of doxorubicin for 100 min after doxorubicin injection. The

beating rates decreased by 26 and 54% for 100 and 200 mM of

doxorubicin, respectively. The ESC-derived cardiomyocytes

detached from the bottom surface of the chamber slide imme-

diately after the injection of 350 mM of doxorubicin.

Fig. 6(D) shows beat-to-beat variations as a function of time.

The response time of the beat-to-beat variations was slower than

that of beating rates. These observations agree well with

a previous study which used electrical measurements.14 Based on

this observation of beat-to-beat variations, the beating of the
1806 | Lab Chip, 2011, 11, 1801–1807
ESC-derived cardiomyocytes became more irregular after injec-

tion of doxorubicin than after injection of isoprenaline.
Conclusions

In this study, we present a portable and cost-effective cell-based

biosensor system using a commercially available CMOS imaging

module. This system was applied to monitor the chronotropic

effects of ESC-derived cardiomyocytes under the treatment of

isoprenaline and doxorubicin, and tachycardia and bradycardia

were detected in real-time respectively. The detector system used

in this study can be easily replaced by a different CMOS imaging

module that holds the advanced image processing schemes with

high frame rates, so that the area and amplitude of cellular

beating can be measured. Basically, our system was capable of

acquiring as much data as conventional stereo microscopy with

a digital video capture system. Furthermore, our biosensor

system can also be integrated into a high throughput screening

system by the application of microscale cell culture techniques

and may also be applied to in vivo study by combining with an

endoscope. Finally, induced pluripotent stem (iPS) cells isolated

from a patient can be readily introduced into our system instead
This journal is ª The Royal Society of Chemistry 2011
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of ESCs, so that the cardiotoxicity testing of a specific drug

treatment can be personalized for each patient.
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