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Abstract

Continual monitoring of secreted biomarkers from organ-on-a-chip models is desired to 

understand their responses to drug exposure in a noninvasive manner. To achieve this goal, 

analytical methods capable of monitoring trace amounts of secreted biomarkers are of particular 

interest. However, a majority of existing biosensing techniques suffer from limited sensitivity, 

selectivity, stability, and require large working volumes, especially when cell culture medium is 

involved, which usually contains a plethora of nonspecific binding proteins and interfering 

compounds. Hence, novel analytical platforms are needed to provide noninvasive, accurate 

information on the status of organoids at low working volumes. Here, we report a novel 

microfluidic aptamer-based electrochemical biosensing platform for monitoring damage to cardiac 

organoids. The system is scalable, low-cost, and compatible with microfluidic platforms easing its 

integration with microfluidic bioreactors. To create the creatine kinase (CK)-MB biosensor, the 

microelectrode was functionalized with aptamers that are specific to CK-MB biomarker secreted 

from a damaged cardiac tissue. Compared to antibody-based sensors, the proposed aptamer-based 

system was highly sensitive, selective, and stable. The performance of the sensors was assessed 

using a heart-on-a-chip system constructed from human embryonic stem cell-derived 

cardiomyocytes following exposure to a cardiotoxic drug, doxorubicin. The aptamer-based 

biosensor was capable of measuring trace amounts of CK-MB secreted by the cardiac organoids 

upon drug treatments in a dose-dependent manner, which was in agreement with the beating 

behavior and cell viability analyses. We believe that, our microfluidic electrochemical biosensor 

using aptamer-based capture mechanism will find widespread applications in integration with 

organ-on-a-chip platforms for in situ detection of biomarkers at low abundance and high 

sensitivity.

Graphical Abstract

Shin et al. Page 2

Anal Chem. Author manuscript; available in PMC 2018 April 04.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Drug development is a lengthy and costly process associated with high incidences of 

attrition.1,2 In addition, roughly 20% of drugs in the past four decades have been recalled 

because of cardiotoxicity and other cardiac safety issues.3,4 To solve this problem, human 

cell-based three-dimensional (3D) tissue/organ models that can precisely recapitulate the 

important architecture and functionality of their in vivo counterparts as viable platforms for 

drug screening prior to clinical trials have been developed.5,6 These physiologically relevant 

human organ models have shown several major advantages over conventional animal models 

such as more accurate prediction of human responses.6,7 Furthermore, recent developments 

in microfluidics have offered new approaches to fabricate biomimetic human organoid 

models that simulate both the biology and the physiological microenvironment of the human 

system, termed organs-on-chip.8–10 Despite recent advances in organs-on-chip systems, it is 

difficult to obtain information about secreted biomarkers that correlate with the behavior and 

status of these organoids during long-term culture. For example, it is well-known that the 

cardiac cells may remain viable yet tend to lose their metabolic activity within a few days.11 

Hence, it is critical to develop methods to probe (disease) biomarker secretion by the cells 

during continual culture or drug screening processes. In addition, the small medium volumes 

in these organs-on-a-chip platforms mandate that the sensing systems should consume very 

little sample fluids, be able to be multiplexed (i.e., can monitor multiple biomarkers), are 

noninvasive to the organoids, and amenable to microfluidic devices allowing for seamless 

integration with organ constructs.

Measurement of secreted biomarkers by the organoids has been one of the approaches to 

assess the bioactivity and viability of the organoids in a noninvasive manner. Several 

detection methods have thus been utilized for label-free biosensing of secreted molecules 

such as those based on enzyme linked immunosorbent assays (ELISA)12 and surface 

plasmon resonance (SPR),13 among others.14 However, most of these existing techniques 

suffer from limited sensitivity and selectivity, especially when complex biological 

environments such as cell culture medium is involved, which usually contains a plethora of 

nonspecific proteins and interfering compounds but trace amounts of biomarkers of interest. 

The low abundance of secreted biomarkers is of critical concern particularly when it comes 

to disease markers such as those specific for cardiac damage or injury including creatine 

kinase (CK)-MB (<1 ng mL−1) and troponins.15,16 The current gold standard for such 

measurements relies on ELISA, which is typically insufficient in sensitivity in addition to 

the needs for off-chip operations that consume significant sample volumes. Therefore, a 

robust biosensor platform featuring high sensitivity and selectivity is an urgent need for 

probing cell behaviors in microphysiometry systems. To this end, electrochemical 
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impedance spectroscopy (EIS) based sensor with high sensitivity and ultra low limit-of-

detection (LOD) at low cost has numerous advantages compared to other biosensing 

techniques. Moreover, electrochemical biosensors are compatible with microfluidics 

technologies, allowing for facile integration with microfluidic organs-on-a-chip platforms 

for continual monitoring of (multiple) secreted biomolecules in a noninvasive manner while 

consuming only small volumes of media.17,18

To improve the selectivity and stability along with high sensitivity of a biosensor operating 

within complex biological environments such as cell culture medium, aptamers, which are 

nucleic acids with meticulously designed sequences, have been widely employed as the 

sensitive recognition elements of bio-sensors for the detection and quantification of various 

analytes such as nucleic acid, proteins, and cells.19–26 In comparison to antibodies, aptamers 

seldom aggregate, facilitating their uniform deposition over the sensing surfaces.27,28 In 

addition, they can easily be chemically modified with functional groups to provide them 

with tailored properties.29,30 Furthermore, the sensitivity and selectivity of aptamers are 

relatively stable with respect to disturbances such as changes in pH, temperature, and 

interferents over lengthy periods. Therefore, to measure low levels of soluble biomarkers, 

aptamers are excellent candidates as a class of receptors for use in an electrochemical 

biosensing platform compared to conventional antibodies, where higher sensitivity has been 

reported for aptamer-based electrochemical immunosensors.31

Here, we report the development of an aptamer-based electrochemical biosensor that can be 

integrated with a microfluidic platform for in-line detection of secreted protein biomarkers 

from an organ-on-a-chip device. In particular, the sensor was functionalized with aptamers 

specific to a cardiac injury biomarker in extremely low abundance, CK-MB. This aptamer-

based electrochemical biosensor was analyzed for its sensitivity and compared with 

antibody-based immunosensors. Their performances were further assessed in conjunction 

with a microfluidic heart-on-a-chip system constructed from human embryonic stem cell-

derived cardiomyocytes (ESC-CMs). The trace changes (<1 ng mL−1) in secreted CK-MB 

levels by the cardiac organoids upon drug insults in a dose-dependent manner were 

measured by the aptamer-based electrochemical immunosensors, and compared to other 

organoid evaluation methods including beating rates and cellular viability. The developed 

system is versatile and can be used to detect various cell-secreted biomarkers.

RESULTS AND DISCUSSION

To monitor secreted CK-MB antigens, EIS measurements were utilized. A microelectrode 

set having a reference electrode (RE), a counter electrode (CE), and a working electrode 

(WE) was custom designed and fabricated (Figure 1a), for convenient integration with a 

microfluidic sensing platform. To achieve a stable biosensing system, gold (Au) was chosen 

as the electrode material since it has numerous advantages including favorable electron 

transfer kinetics, relatively good stability, and convenient covalent bonding with functional 

groups such as thiol-containing molecules (through the formation of Au-sulfur (S) bonds).
32,33 The metal layers were deposited using an electron beam deposition process where a 

shadow mask was adopted for patterning. The Au CE and WE were deposited on top of a 

titanium (Ti) seed layer (20 nm), where a palladium (Pd) layer with a thickness of 20 nm 
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was sandwiched in between two layers, to block the diffusion of Ti into the Au layer during 

the annealing procedure (300 °C for 6 h in a furnace).

We then developed an on-chip process for attaching antibodies and aptamers onto the 

surface of the Au electrodes based on a combination of the Au–S bonding mechanism, the 

carbodiimide chemistry, and the streptavidin–biotin reactions.34 Figure 1b shows schematic 

illustration of the immobilization steps of aptamers onto the Au surface. In the first step, the 

Au surface was functionalized by immobilizing a self-assembling monolayer (SAM) from 

spacers containing thiol groups on one end and carboxyl groups on the other terminal. The 

creation of a covalent bond between SAM (exposed carboxyl groups) and amine-terminated 

aptamers was then achieved through the N-ethylcarbodiimide (EDC)/N-hydroxysuccinimide 

(NHS)-based carbodiimide chemistry. Functionalization of antibodies was similar, except for 

one additional step, that is, streptavidin-amine was subsequently attached to the SAM layer 

using carbodiimide chemistry followed by grafting of the biotinylated antibodies via the 

streptavidin–biotin interaction. These processes are simple and efficient, allowing for 

functionalization of the Au electrodes with antibodies/aptamers in a highly reproducible 

manner.

To investigate the variations on the Au electrode surface before and after functionalization 

with antibodies/aptamers, the atomic force microscopy (AFM) analysis was performed 

(Figure 1c–e). The mean surface roughness of the bare electrodes obtained from AFM 

measurements was 1.79 nm as shown in Figure 1c. The surface roughness of the electrodes 

functionalized with aptamers and antibodies was found to increase to 2.75 and 2.53 nm, 

respectively. The covalent immobilization method led to a relatively uniform distribution of 

the aptamers and antibodies on the surface of the electrodes (Figure 1d and e). Successful 

functionalization of each antibody/ aptamer layer on bare electrodes was confirmed by a 

subsequent increase in the impedance signal obtained after deposition of the each layer 

(Figure 1f and Figure S1). The Nyquist plot obtained from the bare electrodes was almost a 

straight line, which was characteristic of a diffusion-limited process (Figure 1f, inset). 

However, a significant semicircle curve appeared in the high frequency region after 

immobilization of the SAM layers on the electrode. The Rct increased to ~2 MΩ, indicating 

that electron 3−/4− and the electrode was strongly transfer between [Fe(CN)6] blocked by the 

SAM layers on the electrode.35 In addition, the Rct value obtained from the Au electrode 

after immobilization of the SAM was larger than the value obtained from the SAM 

functionalized Au electrodes reported previously.36,37 We believe that this discrepancy was 

due to the smaller surface area of our WE (~0.5 mm2) compared to that of previously 

reported Au disk electrodes (~8.0 mm2).36,38

Shelf Life and Selectivity of the Electrochemical Biosensors

The shelf life of a biosensor is an important factor during monitoring of biomarkers. To 

investigate the shelf life of the aptamer and antibody-based biosensors, the two devices were 

stored under moderately wet conditions at 4 °C since the biosensors will be exposed to 

prolonged wet conditions during real sample analysis. We prepared both biosensors on the 

same day and stored them for different time periods in dulbecco’s phosphate-buffered saline 

(DPBS) at 4 °C before they were used to measure CK-MB (1 ng mL−1). As shown in Figure 
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1g, the normalized ΔRct values obtained from the aptamer-based biosensors showed 

relatively long shelf life for up to 7 days of storage. In comparison, the normalized ΔRct 

values obtained from antibody-coated biosensors decreased dramatically (~60%) over the 

same period of time. These results indicate that the aptamer-based biosensors had a much 

longer shelf life compared to antibody-functionalized electrodes likely because of the 

denaturation of the protein-based antibodies. The improved shelf life of the aptamer 

biosensors also potentially enables their use in monitoring of biomarkers over extended 

periods of time.

For applications in complex biological environments such as cell culture medium containing 

a large amount of proteins (bovine serum albumin (BSA)) and other small molecules, the 

aptamer-based based biosensor should be selective only toward CK-MB antigens. To prevent 

nonspecific binding of proteins onto the electrode surface of electrode, we used cell culture 

medium as the blocking agent instead of conventional blocking agents such as BSA. When 

we blocked the aptamer-functionalized electrode surface only by BSA, the impedance 

changed after incubation with the culture medium for human ESC-CMs even without the 

CK-MB antigen. This cell culture medium was composed of various materials such as BSA, 

L-glutamine, insulin, and vitamin A, etc. In particular, those components with smaller 

molecular weights, such as L-glutamine, insulin, and vitamin A might penetrate into the 

BSA blocking layer on aptamer-functionalized electrode. These incorporated molecules 

within the BSA blocking layer might induce an impedance change after incubation 

compared with the pristine BSA blocking layer. Therefore, we used the cell culture medium 

as the blocking agent and then optimized the incubation time to block the electrode after 

immobilization of aptamers using the cell culture medium, which did lead to a large increase 

in the impedance signal. However, the 30 min incubation was sufficient to block the surface 

of electrode since we observed that the incubation period exceeding 30 min did not 

significantly change the impedance of the electrodes anymore (data not shown). In an ideal 

setting, neither the medium itself (i.e., ions) nor the proteins and small molecules should 

interfere with CK-MB sensing. The selectivity of the aptamer-based biosensors was 

evaluated against other biomarkers, including 10 ng mL−1 albumin and glutathione S-

transferase alpha (GST-α) that are well-known liver biomarkers. The results in Figure S2 

demonstrated that, after exposure to these antigens, the impedance measured from the 

electrodes did not show significant changes, revealing that nonspecific binding did not occur 

during the incubation of the biosensor with albumin and GST-α antigens. However, 

subsequent addition of 10 ng mL−1 CK-MB was found to result in a significant increase in 

the impedance as observed in Figure S2. These data confirmed that the developed aptamer 

immunosensor demonstrated good selective detection for CK-MB, due to strong aptamer-

target interaction.

Sensitivity of the Biosensors

We next evaluated the sensitivity of both types of biosensors. After incubation of the 

biosensors with different concentrations of CK-MB antigens, the EIS measurements were 

performed at each antigen concentration (Figure 2a and b). To eliminate any possible 

individual variation of physical and electrochemical difference that may be present among 

the different electrodes, we determined normalized ΔRct via dividing the Rct of CK-MB (or 
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any biomarker) by the Rct of media, which is termed the “as-prepared” signal, and was used 

as the baseline of the biosensors. The standard curves were next obtained by plotting 

normalized ΔRct at a range of concentrations (0.01–100 ng mL−1) in both DPBS and culture 

media. As shown in Figure 2c and d), the aptamer-based biosensor was found to be more 

sensitive than the antibody-based biosensor in measuring CK-MB levels in both DPBS and 

medium. The slope of the calibration curves for CK-MB antigens prepared in DPBS and 

medium measured by the aptamer-based biosensors were 0.48 and 0.33, respectively, while 

these values measured using antibody-based biosensors were 0.30 and 0.26, respectively. 

Therefore, the sensitivities of aptamer-based biosensors for CK-MB measurements were 

1.58 and 1.26 times higher those of antibody-based biosensors in DPBS and culture 

medium, respectively. However, the reduced sensitivity for both aptamer- and antibody-

based biosensors in the cell culture medium was likely associated with the interference of 

nonspecific protein (~99 mg mL−1 BSA) or small molecules surrounding the minute 

concentration of CK-MB antigen in the culture medium compared to the much less complex 

environment of DPBS. These results indicated that the aptamers coated onto the 

microelectrodes could be efficiently used to detect CK-MB in a complex microenvironment 

at a high sensitivity with a LOD of 2.4 pg mL−1 and a wide dynamic range (0.01–100 ng mL
−1). This LOD obtained from the aptamer-based electrochemical biosensor for CK-MB 

detection is lower than those obtained by other similar EIS detection methods that used an 

Au electrode array (10 pg mL−1)39 or other methods including immunochemiluminometric 

assay (~1 ng mL−1),40,41 amperometric assay (0.11 μg mL−1),42 capillary immunoassay (0.6 

ng mL−1),43 SERS-based ELISA (42.5pg mL−1),44 antibody-based SPR sensors (2.71 ng 

mL−1),45 and slightly lower than that of silicon nanowire field-effect transistor-based 

biosensor (SiNW-FET) (100 fg mL−1) because of field-effect amplification of the FETs.46 

However, the fabrication of SiNW-FETs is complex and expensive, while our EIS detection 

method based on aptamers is sufficiently sensitive with a wide detection range for the 

cardiac biomarker, CK-MB. In addition, continual increase in impedance signals were 

observed in all cases (Figure 2c and d), suggesting that even high concentrations of up to 

100 ng mL−1 of CK-MB did not result in the saturation of the electrodes. Therefore, after a 

minute amount of CK-MB is captured on the electrode surface, there is a potential to 

continue using these electrodes for multiple times before saturation.

Overall, aptamer-based biosensors possessed several key advantages for measuring 

biomarkers in complex environments such as the culture medium, compared with antibody-

based bio-sensors. The aptamer-based biosensors have ultrahigh sensitivity on the order of a 

few pg mL−1. Furthermore, the shelf life of aptamer-based biosensors was found to be at 

least 7 days, which may potentially be extended to several weeks and even months when 

frozen due to the stability of the aptamers. In comparison, antibody-based biosensors 

appeared to have a lower shelf life, which significantly limits their ease of use. It is also 

expected that aptamers can endure harsh conditions such as extreme pH, while antibodies 

will only operate under near physiological conditions.31,47,48 On the basis of these 

observations, aptamer-based biosensors can function as an excellent biosensing platform to 

monitor extremely low concentrations of CK-MB produced by heart-on-a-chip systems.
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Heart-on-Chip and Cardiotoxicity Studies

Development of biomimetic heart-on-a-chip systems offers new insights to monitor cardiac 

functions for quantitative exploration of drug-induced cardiotoxicity.49,50 Noninvasive 

continuous measurement of cellular metabolic activity is needed to probe the activity of 

drugs on such models. Measurement of cardiac organoid functionality has conventionally 

been carried out by optical and electrophysiological approaches that observe the physical 

contraction of the cardiac organoids and detect the action potential of the cardiomyocytes.
51,52 To date, there have only been a few reports in determining the functionality of heart-on-

a-chip systems that have utilized biomolecular sensing.53,54 Moreover, cardiac injury/

damage biomarkers, such as CK-MB, myosin, and troponins, are expressed at low levels by 

the cardiomyocytes upon exposure to toxic agents, which are highly diagnostic and 

predictive of cardiac damage.16 Hence, a detection platform that can be directly integrated 

with a heart-on-a-chip system for real time or near real time monitoring of secreted cardiac 

biomarkers for cardiotoxicity assessment is of great importance.

A cardiac bioreactor was constructed by modifying our recently published protocols (Figure 

3a).55 Cardiac spheroids (~200 μm in diameter) derived from ESC-CMs were embedded 

inside a gelatin methacryloyl (GelMA) hydrogel, dispensed, and photo-cross-linked at the 

bottom of the bioreactor to generate the human cell-based heart-on-chip platform (Figure 3a, 

inset). The cardiac spheroids were successfully cultured for up to 5 days in the bioreactors 

without leakage or contamination. Doxorubicin (DOX), an anticancer drug, was used as the 

model drug to induce cardiac injury in the cardiac spheroids. The exposure of 

cardiomyocytes to DOX is expected to increase the levels of secreted CK-MB antigens by 

the cardiomyocytes and result in changes in their beating rates.56,57 Indeed, Figure 3(b) 

indicates that the relative beating rates of the cardiomyocytes in the heart-on-chips 

significantly decreased over time after the cells were exposed to DOX, resulting in reduced 

beating rates of 85% and 82% corresponding to drug concentrations of 1 and 10 μM, 

respectively. The viability of the cardiomyocytes was further analyzed using a live/dead 

assay. As shown in Figure 3c, while the cells in the control study (no drug) exhibited high 

cell viability at all time points. The cells that were treated with drugs had a decrease in their 

viability over a period of 5 days, especially in the group where 10 μM DOX was used. The 

changes in beating rates and the viability assessment of the heart-on-a-chip system 

confirmed the capability of DOX to induce cardiotoxicity in the in vitro cardiac model 

which was detected using microfluidic biosensors.

It is further expected that the amount of CK-MB in the media collected from the cardiac 

bioreactors should also increase over time as the cardiomyocytes undergo damage upon 

exposure to DOX. To evaluate the response of the cardiac organoids to DOX, the CK-MB 

biosensor was utilized to measure the CK-MB levels in bioreactors administered with 0, 1, 

and 10 μM DOX after 6, 30, 78, and 126 h. For these tests, the CK-MB specific aptamer-

based biosensor was incubated with bioreactor samples for 30 min and then the EIS was 

measured (Figure 4a). The normalized ΔRct data obtained from the EIS measurements were 

correlated to the concentrations of CK-MB using a calibration curve (Figure 4b). The 

concentrations of secreted CK-MB antigens remained at negligible levels in cardiac 

bioreactors with no drug treatment throughout the entire period. However, administration of 
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1 μM and 10 μM DOX induced significant cell damage resulting in an increase in CK-MB 

levels in both dose- and time-dependent manner, clearly indicating the cytotoxic effect of 

DOX toward the cardiomyocytes. The concentrations of CK-MB in the media retrieved from 

the cardiac bioreactors after 30, 78, and 126 h were measured to be 24, 80, and 120 pg mL−1 

cell−1, respectively, after 1 μM DOX treatment, while the group treated with a 10 μM DOX 

reached 45, 115, and 149 pg mL−1 cell−1 (Figure 4b). Comparing the beating behavior and 

cellular viability in Figure 3b and c, it can be concluded that the DOX treatment of 

cardiomyocytes influenced the cells in a dose-dependent manner where higher doses of 

DOX reduced the beating rates as well as the cellular viability. In addition, we have also 

observed that higher DOX concentrations resulted in elevated levels of CK-MB secretion 

from the cardiac organoids. This was expected since the CK-MB is known to be a myocyte 

injury biomarker.58

After confirming that our aptamer-based biosensor could successfully measure trace 

amounts of CK-MB present in the media following cardiac damage caused by DOX, the 

sensor chip was further integrated with a heart-on-a-chip platform for in situ monitoring 

(Figure 4c). Installation of the microfluidic and sensing modules into the portable incubator 

allowed ease of use and automated handling of the integrated system. It also protected the 

vulnerable or sensitive components of the bio-sensor from potential damage or 

contamination. This chip was built from polydimethylsiloxane (PDMS) using soft 

lithography, which possessed a fluid loop for medium circulation and sampling, 2 inlets for 

electrolyte injection and washing, 1 chamber hosting the electrode, and 1 common outlet 

(Figure 4d). The microfluidic chip consisted of three layers including a fluidic layer, a valve 

layer, and a thin-membrane in between. Each channel was controlled by a pneumatic valve 

via pressurized N2 gas. To visually distinguish the valve layer from the microfluidic layer 

and prevent the diffusion of gas to the fluidic channel, the valve channels were filled with 

food dye (green color in Figure 4d). The medium from the cardiac bioreactor was sampled at 

predetermined time points for biomarkers measurements which were conducted later on by 

the microfluidic biosensor. The medium in the organoid modules was driven by a peristaltic 

pump, while the liquid handling of the reagents for electrochemical sensing was conducted 

by externally actuated pneumatic valves programmed to operate in an automated manner. 

This microfluidic chip required approximately 9 μL of sample volume. The concentrations 

of CK-MB levels secreted by the cardiac organoids upon treatment of different 

concentrations of DOX after 6, 30, 78, and 126 h were then calculated from ΔRct values 

(Figure 4e and f). Similar to off-line results, on-chip measurements (heart-on-a-chip 

platform) also revealed a similar trend, where higher levels of CK-MB antigens were 

detected, which corresponded to the use of higher concentrations of DOX and longer 

exposure times. These results clearly demonstrated that our aptamer-based electrochemical 

biosensor can be integrated with microfluidic organs-on-a-chip platforms and can be used 

for in situ, continual measurement of biomarkers until its saturation by cell-secreted 

biomarkers. We also demonstrated that trace amounts of biomarkers (pg mL−1) can be 

readily detected with high sensitivity. This is the first time that an integrated sensor was used 

to directly obtain cell-secreted biomarkers from a cardiac-organoid-on-a-chip system for 

rapid detection without any delays or off-chip processing. This critical feature of our 
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aptamer-based biosensors can be conveniently expanded to other organ models where the 

detection of trace amounts of (damage) biomarkers is desired.

CONCLUSIONS

In this Article, we have developed a novel integrated label-free electrochemical biosensing 

platform combining an in-house designed Au microelectrode and a microfluidic system, to 

achieve fast and sensitive measurement of secreted biomarkers at low concentrations from a 

human cardiac-organoid-on-a-chip model. The use of aptamers as the antigen receptors was 

shown to significantly increase the sensitivity and shelf life of the biosensor in comparison 

to antibody-based biosensors. The biosensor functionalized with aptamers specific to cardiac 

damage biomarker CK-MB was then validated using samples taken from a human heart-on-

a-chip model. Successful detection of trace amounts of CK-MB secreted by the cardiac 

organoids upon drug treatments was in a dose-dependent manner. The results obtained from 

biosensors were in agreement with the changes in the beating rates and cellular viability 

assessments. We believe that, our unique microfluidic electrochemical biosensor based on 

the aptamer-capturing mechanism can be conveniently extended to the measurement of a 

wide variety of other biomarkers of interest. With further development in multiplexing and 

optimization, these aptamer-based microfluidic electrochemical biosensors are expected to 

find widespread applications in monitoring organ-on-a-chip platforms for continual in situ 

detection of biomarkers at trace amounts.

EXPERIMENTAL METHODS

Preparation of Microelectrode

The diameter of the WE was 800 μm, the width of CE and RE were 150 μm, and gap 

between WE and other two electrodes was 200 μm, and the diameter of detection area was 

about 1500 μm. The glass substrate was diced to specific dimensions using a dicing saw 

machine. The diced glass chips were cleaned by acetone, isopropyl alcohol, and deionized 

water and dried at 120 °C in an oven. The shadow mask of 0.25 mm thickness with apertures 

was attached to the glass substrate. Twenty-nanometer-thick Ti, 20-nm-thick Pd, and 500-

nm-thick Au were selectively deposited on the glass using the shadow mask by an e-beam 

evaporator to create the WE and CE. Then, the second shadow mask for RE patterning was 

attached to the Au-deposited glass substrate. In the same manner, 20-nm-thick Ti, 20-nm-

thick Pd, and 500-nm-thick silver (Ag) were deposited on the glass substrate. Finally, the 

electrodes were annealed at 300 °C for 6 h in a furnace.

Electrochemical Measurements

Measurements of EIS spectrum was performed using an electrochemical workstation 

CHI660E (CH instrument, Inc.) with a conventional three electrode system. For the EIS 

technique, the initial potential was set to 0.1 V and the range of frequencies were scanned 

from 0.1 Hz to 100 kHz at 5 mV of amplitude. All measurements werecarried out in 50 mM 

K3Fe(CN)6 electrolyte solution.
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Fabrication of Microfluidic Chips

The transparent polymer film was used as a photomask in a photolithography process on a 

layer of SU-8 photoresist, where the UV area created a positive relief of channel structure. 

This SU-8 structure was then used as master for casting PDMS channels by replica molding. 

To create the PDMS mold, the SU-8 master was covered with a liquid PDMS prepolymer in 

a mixture of 1:10 base polymer: curing agent and cured in the oven at 80 °C for 1 h. The 

cured PDMS mold was peeled off from the master. To prepare the thin membrane, PDMS 

was poured in a Petri dish and a film with a 40 μm of thickness was formed by spin coater. 

Then the PDMS layer was cured at 80 °C in an oven for 1 h. The three layers were bonded 

together after being treated with air plasma for 70 s where the microelectrodes were housed 

inside the fluidic channel. To connect the microfluidic chip to a syringe pump, metal 

connectors and tubes were inserted into the inlet and outlet ports. All the fluidic channels 

were initially filled with DPBS from the outlet to the inlet with a syringe pump at a flow rate 

of 1.0 mL h−1.

Immobilization Process for Aptamer and Antibody Biosensors

After cleaning the fabricated microelectrodes, DPBS and ethanol were flowed for 7 and 10 

min, respectively. After that step, the SAM solution aimed to generate the thiol terminated 

SAM was flowed from a dedicated channel for 10 min and incubated in the reaction 

chamber for 1 h by using 11-mercaptoundecanoic acid (11-MUA). Then, the microelectrode 

in reaction chamber was rinsed with ethanol and DPBS subsequently for 10 and 7 min, 

respectively, to remove the unbound SAM molecules. The mixed solution of EDC (50 mM) 

and NHS (50 mM) was injected into the reaction channel and incubated for 15 min to start 

the activation of NHS ester, which was able to react with primary amine groups in aptamer 

or streptavidin by the amide bond. We obtained CK-MB 1A aptamer with a 5'Amine from 

OTCbiotech to specially capture CK-MB1, which had little-to-no cross-reactivity with CK-

MB2. To immobilize the antibodies, 10 μM streptavidin solution was flowed for 7 min to the 

reaction chamber and incubated for 1 h after incubation of the NHS/EDC solution. Then, a 

10 μM biotinylated antibody solution was flowed for 7 min into the reaction chamber and 

incubated for 1 h. This was followed by DPBS wash for 7 min, during which the unspecific 

sites were blocked by flowing and incubating cell culture media for 7 and 30 min, 

respectively. To measure CK-MB antigens, different concentrations of CK-MB biomarkers 

were flowed into the channel and incubated for 7 and 30 min, respectively.

Culturing Cardiospheres in the Microfluidic Bioreactor

Cryovials (Nalgene, Thermo Scientific) that worked as media reservoirs and bubble traps 

were connected between the outlet of the peristaltic pump and the inlet of the bioreactor. 

This system allowed sustainability of the bioreactor and enabled long-term media sample 

collection without the need to interfere with the bioreactor. Media consisting of RPMI 

(Sigma-Aldrich) and B27 supplement (Gibco, Life Technologies) were added. The 

bioreactor was perfused to allow for sufficient delivery/exchange of nutrients, oxygen, and 

waste.55 The spheroids mixed with 10% GelMA were cultured in the bioreactor operated 

with a peristaltic pump. Media was collected from the bioreactor (by changing the reservoir 

tube each time) at 6, 30, 78, and 126 h. In addition, the entire system was designed to remain 
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bubble-free during the culture process to avoid potential interference. After including a 

bubble trap and testing for 6 days, there was no evidence of leakage or bubbles in the system 

indicating that it could be used for long-term culture of cells.

Characterization of Cardiac Spheroids after DOX Injection (Cell Morphology, Beating 
Rates)

The cardiac organoids were continuously challenged with 0, 1, and 10 μM DOX added to the 

medium during perfusion culture. The beating rates of the cardiac spheroids were measured 

using an optical microscope (Zeiss Axio Observer D1) at desired time points for up to 140 h. 

The beating rates were normalized to those at time 0 of respective samples. Three 

bioreactors were analyzed for each drug condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Photograph of the microfabricated electrode set. (b) Schematic diagram of 

immobilization steps of aptamers onto the microelectrode. AFM surface characterization of 

(c) bare Au WE electrode, (d) antibody-, and (e) aptamer-functionalized microelectrode. (f) 

EIS measurements after immobilization of aptamer and subsequent molecules onto bare 

microelectrode. (g) Normalized ΔRct over time showing the denaturation of antibody and 

aptamer biosensors. The aptamer and antibody-based biosensors were fabricated on the 

same day and stored in DPBS at 4 °C.
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Figure 2. 
Nyquist curves for (a) aptamer and (b) antibody-based sensors measured in medium. 

Calibration curves for (c) aptamer- and (d) antibody-based sensors measured in DPBS and 

medium.
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Figure 3. 
(a) Photograph of the microfluidic bioreactor and the optical micrograph of the cardiac 

spheroids. (b) Measured normalized beating rates of cardiomyocytes over time after 

exposure to different concentrations (0, 1, and 10 μM) of DOX. (c) Live/dead assays of 

cardiomyocytes obtained after exposure of the cells to different concentrations of DOX up to 

126 h. Live cells were stained green and dead cells were stained red. (Scale bar: 200 μm.)
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Figure 4. 
(a) Normalized Rct values of CK-MB levels obtained using aptamer biosensors after the 

cardiac organoids were exposed to no-drug and 1 and 10 μM DOX for up to 126 h. (b) 

Calculated CK-MB concentrations obtained using the calibration curve. (c) Schematic 

illustration of the drug administration system connected to the microfluidic heart-on-a-chip 

bioreactor. (d) Photograph of the microfluidic bioreactor with an integrated microelectrode 

set. (e) Normalized Rct values of CK-MB levels obtained on-chip using aptamer-based 

sensors after the cardiac organoids were exposed to no-drug and 1 and 10 μM of DOX for up 

to 126 h. All the functionalization and detection steps were carried on chip. (f) CK-MB 

concentrations versus time obtained using the calibration curve.
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