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Abstract 

Current drug discovery is hampered by inadequate models that do 

not accurately reflect physiological responses to treatment. Several 

drugs have recently been withdrawn from the market because of lack 

of efficacy or because of unexpected side effects, especially 

cardiotoxicity, that were not detected during clinical trials. The main 

objective of this dissertation is to develop a scaffold-free 3D-

printed (SFP) biomimetic cardiac tissue construct to study drug-

induced blockage of sodium and potassium ion channels. In this work, 

a 3D printing technology called scaffold-free 3D-printed (SFP) 

model was used to rapidly and spatially arrange rat embryonic 

cardiomyocytes (H9C2) in hydrogels. By varying the formulation of 

the bioink and embedding the cardiomyocytes in a specific 

microarchitecture, the cardiomyocytes preferentially aligned with the 

designed geometry and regenerated as biomimetic cardiac tissue with 

a branched cell structure with multinucleated cells resembling the 

native tissue-like phenotype. The SFP-engineered 3D cardiac cells 

achieved high confluence with a branched cell structure with multiple 

nuclei. The formation of tight intracellular junctions expressing 

connexin 43 confirmed the maturation of the fabricated structure. 

Using this approach, cardiac tissue constructs were successfully 

fabricated and used as an assay platform sensitive enough to measure 

sodium and potassium ion channel responses. 

Initially, this study focused on in situ measurement of physiological 

sodium and potassium ion channel responses of the bioengineered 

cardiac construct to known cardiac drugs. By using various small 

molecules, it was demonstrated that SFP-engineered 3D cardiac 

tissue constructs can be used for screening and drug discovery due 
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to their high predictability of drug response in vitro. Next, we 

investigated the sensitivity of SFP-engineered 3D cardiac tissue 

constructs for screening size-dependent blockade of the human 

ether-à-go-go-related (hERG) gene potassium channel by 

nanomaterials. To achieve this goal, gold nanoparticles with different 

size and surface ligand were synthesized, and their size- and surface 

ligand-dependent blockade of the hERG potassium channel was 

uniquely measured by monitoring potassium ion channel permeability 

and hERG protein immunofluorescence using 3D biomimetic cardiac 

tissue models. Our results suggest that the proposed SFP-based 

bioprinted 3D constructs of the heart, which allow fluorescence-

based measurement of the membrane potential of sodium and 

potassium ion channels, can be used as a screening tool to measure 

the blockade of ion channels by nanomaterials down to small 

molecules. 

 

Keyword : 3D bioprinting, hERG potassium channel, nanoparticle, 

cardiotoxicity, drug screening 
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Introduction 

 

1.1 Three-dimensional bioprinting  

Bioprinting enables the transfer of non-living materials such as 

proteins, drugs, biomaterials, ECM components, and living cells onto 

solid, gel, or liquid media with predetermined and precise spatial 

positions [1]. Two-dimensional (2D) bioprinting was first reported in 

the late 1980s when a modified office inkjet printer was used to 

deposit cell adhesion proteins in predefined positions on substrates 

[2]. In 2003, Wilson and Boland used this technology to print viable 

cells for the first time [3]. But the researchers did not limit themselves 

to 2D patterning. In 2004, Smith et al. applied cell extrusion for the 

first time to deposit viable cells in 3D [4]. Extrusion-based bioprinting 

systems use a continuous flow of biomaterials to produce tissue 

constructs. A set of motors or magnetic rails with coordinates set by 

computer-aided designs (CAD) position a nozzle or the stage in a 

specific location along with pressure or flow rates to dispense 

materials at a specific time. Typically, materials are dispensed by 

pressure or mechanically (plunger or screw) [5]. Pure biomaterial or 

biomaterials loaded with cells can be printed layer by layer on a 

substrate. Usually, different hydrogels are used for extrusion in 

bioprinters. Depending on the material used, the hydrogels can be 

cross-linked either physically (i.e., by ionic or thermal crosslinking) 

or chemically [6-8]. Recent advances in 3D bioprinting techniques 

have demonstrated that cardiac tissue engineering technology can be 

used for drug screening and in vitro disease modeling. 3D printing-

based bioengineering has the potential to develop functional tissue 

constructs that replace the need for native tissue. In general, tissue 
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engineering uses materials such as viable cells, biomaterials 

(Matrigel, collagen, fibrin, hyaluronic acid, PCL, PLGA, PLA, etc.), 

and extracellular matrix (ECM) components to create functional 

tissue constructs [9-13]. Although bioengineered cardiac tissue 

constructs can be an effective tool to study cardiac function, the 

artificial substitutes are limited in their ability to produce well-

defined structural and functional properties that resemble natural 

cardiac tissue. This limits their wide range of applications. 

1.2 Biomaterials for 3D printing 

The choice of an appropriate biomaterial is important to print and 

develop cardiac tissue. It must mimic the biochemical and mechanical 

properties of the native extracellular matrix. In the context of 3D 

bioprinting, various mechanisms have been used to print both 

naturally derived and synthetic hydrogel precursors. Regardless of 

the biomaterial selected, the biomaterials must be able to rapidly form 

a hydrogel network during the printing process through either 

chemical or physical crosslinking mechanisms. Commonly used 

natural biomaterials for cardiac tissue engineering include 

extracellular matrix proteins such as fibrin [14], collagen [15], gelatin 

[16], and decellularized cardiac matrix [17,18]. 

1.3 Current State-of-the-Art 3D-Printed Cardiac 

Models 

Most of the work to develop these platforms for drug discovery and 

screening and physiological modeling has focused on replicating 

micro-tissues of the left ventricular myocardium, the site of the most 

severe heart disease. These micro-tissues are generally created by 

seeding cells on or encapsulating cells in a structured scaffold that 

mimics the extracellular matrix to guide and support tissue growth 
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[19]. Several groups have been working on 3D-printed heart models. 

However, research on these models is still in the early stages of 

development. Thus, Jang et al developed a 3D stem cell patch with 

prevascularized cells using decellularized extracellular matrix from 

cardiac tissue (hdECM) as a bioink. The reported stem cell patch 

promoted intercellular interaction and stem cell differentiation, thus 

improving therapeutic efficacy in cardiac repair [20]. Similarly, Park 

et al. showed that dual stem cell therapy using cardiomyocytes 

derived from human induced pluripotent stem cells (hiPSC-CMs) and 

a patch loaded with human mesenchymal stem cells (hMSC- PA) 

synergistically improved cardiac function in a rat myocardial 

infarction model [21]. On the other hand, Das et al. reported the effect 

of decellularized ECM biotin and external stimuli on cardiac tissue 

development. The authors observed a difference in cardiomyocyte 

behavior depending on the composition of the biotin and the culture 

conditions [22]. 

Beauchamp et al. reported that scaffold-free multicellular cardiac 

spheroids were developed that could contract spontaneously and 

synchronously. While cardiac spheroids have played an important 

role in drug testing and are widely used due to their ease of 

fabrication, these constructs lack the physiological properties of 

cardiac muscle that are critical for maintaining the long-term 

functionality of artificial cardiac tissues [23-26]. However, scaffold-

based techniques offer other advantages. The architecture of the 

scaffolds can be conveniently modulated to promote the biological 

relevance of the artificial tissues by adjusting the spatial organization 

to mimic their respective counterparts in vivo. 
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Previous strategies for generating 3D cardiac tissue were based on 

printing cells (hydrogel-embedded cells) into prefabricated 

scaffolds (accordion-like honeycomb structure, microfluidic 

bioreactor, microfilament arrays, biowire approach, polymer-based 

pillar structures, or hydrogel patches). However, these scaffold-

based printing methods suffer from inhomogeneous structure 

formation (example: Cardiac cells grow as multicellular spheroids 

instead of elongated structures), inconsistent reproducibility, and 

lack of precise control over key scaffold parameters. In general, 

native myocardial tissues are organized into parallel cardiac fibers 

with aligned intracellular contractile myofibrils and gap junction 

complexes between contacting cardiomyocytes, which are important 

for forming the integrated electrical and mechanical properties of the 

heart. When cardiac cells are printed based on prefabricated scaffold 

patterns, inconsistent performance and inhomogeneous structure 

formation may occur.  The capabilities of 3D printing of cardiac 

tissue are currently limited and the development of new models to 

better assess tissue function and disease progression is very 

promising.  

1.4 Role of voltage-gated ion channels in drug 

screening 

In the heart, prominent voltage-gated ion channels include sodium 

(Na+), potassium (K+) and calcium (Ca2+) channels, and their 

inhibition by drugs can to lead to serious adverse effects. The human 

ether-a-go-go-related gene (hERG) encodes the tetrameric 

potassium channel Kv11.1. This hERG K+ channel conducts the rapid 

component of the delayed rectifier K+ current in the heart (IKr). 

Inhibition of the hERG channel may result in long QT syndrome 
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(LQTS) and cause severe cardiac arrhythmia [27-30]. Adverse drug-

induced blockade of the hERG K+ channel may therefore lead to 

failure of drug development and be a reason for withdrawal of the 

drug from the market [31-33].  Structural data has verified that the 

key aromatic residues in the S6 helix (Tyr-652, Phe-656) and the 

pore helix (Thr-623, Ser-624, Val-625) of the Kv11.1 channel are 

detrimental targets of compounds that impair K+ ion flux through the 

pore and therefore reduce IKr.  

1.5 3D bioprinted cardiac constructs for drug screening 

It is important to evaluate chemical blockade of the hERG channel at 

an early stage of drug development. To this end, several in vitro 

methods have been developed, including rubidium flux assays, 

radioligand binding assays, electrophysiological measurements, and 

fluorescence-based assays [34-36]. 2D cell-based screening assays 

are commonly performed to evaluate new drug candidates in the early 

stages. Although 2D in vitro cell models offer high-throughput 

capability, they often give false predictions because of the over-

simplified cell microenvironment [37-39]. As mentioned before, 3D cell 

culture methods based on bioprinting have been shown to be superior 

to conventional 2D cell culture methods commonly used in research 

laboratories. In 2D cell culture, the cellular morphology differs from 

that of natural tissue due to the additional surface tension and one-

sided cell adhesion in the cell culture flask. The advantages of 3D 

bioprinting lie in its ability to produce functional tissues/organs that 

exhibit dynamic properties to mimic native tissues. Because 

bioengineered tissue constructs can mimic native tissue structures, 

they can be used directly for drug screening studies without the need 
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to detach or isolate the tissue construct and its cells from the 

hydrogel. 

1.6 Interaction of Nanomaterials with ion channels 

Multifunctional nanomaterials have received considerable attention 

for their potential to enhance antitumor activity and reduce toxicity. 

Gold nanoparticles (AuNPs) are attractive nanomaterials that 

possess multifunctional anti-cancer activities due to a variety of 

surface chemistries [40,41]. Due to their size- and shape-dependent 

optoelectronic properties, easy surface functionalization, 

biocompatibility, and low toxicity, AuNPs have been used in various 

biomedical fields, including photothermal therapy (PTT) [42], contrast 

agents for bioimaging [43,44], therapeutic agents [45-47], 

radiosensitizers [48], and gene transfection agents [49]. In particular, 

the ease of functionalization with active ligands via Au-S chemical 

bonds makes AuNPs reliable drug carriers when used in conjunction 

with PTT [50]. As a result, various multifunctional AuNPs with drug 

carrier function have been prepared based on surface modifications, 

such as conjugation with polyethylene glycol (PEG), for cancer 

theranostics [41,51]. So far, established in vitro cytotoxicity assays 

have shown that AuNPs are not toxic [52]. However, when different 

cap molecules are used to synthesize AuNPs, they may induce toxic 

properties, such as oxidative stress, depending on the materials 

applied on them [53]. Due to their particular molecular architecture 

and accessible location, ion channels are potential targets for 

synthetic drugs and biomaterials such as surface functionalized 

AuNPs. Triphenylphosphine (TPP)-stabilized AuNPs have been 

reported to irreversibly block the permeability of K+ channels in 2D 

cell cultures, whereas thiol-stabilized AuNPs of similar size showed 
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no such effect in vitro [54]. Therefore, the potential hazards of 

surface-functionalized AuNPs are an important issue that should be 

further investigated. In particular, for the successful development of 

nanomaterials, it must be demonstrated that anticancer drugs 

conjugated to the surface of AuNPs do not block the hERG potassium 

channel. Size-dependent blockade of the hERG potassium channel is 

another factor that needs to be considered with respect to 

nanomaterials, as inhibition of K+ permeation in K+ channels may 

occur in a size-dependent manner due to the binding of 

nanomaterials to hERG proteins.  

1.7 A fluorescence-based in situ measurements  

A simple fluorescence-based assessment of membrane potential can 

be readily applied to the bioprinted construct, assessing the overall 

tissue response to the drug. Isolation of the tissue construct and its 

cells from the hydrogel requires additional performance, which may 

damage the tissue construct during the process. Therefore, simple 

fluorescence-based in situ detection of physiological sodium and 

potassium ion channel responses using a 3D bioprinting platform may 

be beneficial. Because bioprinted gels cannot be used directly for 

patch clamp or microelectrode array measurements, fluorescent 

dye-based assessment of membrane potential without isolation of 

the tissue construct from the hydrogel may be considered as an 

option for measuring drug-induced sodium and potassium channel 

blockage of printed cardiac cells. In this work, a scaffold-free 

printing (SFP) method with precise printing patterns was used to 

generate stable cardiac tissue constructs. In the developed method, 

cells were trapped between the 3D printed cell-loaded patterns 

during printing. Since the hydrogel composition is more rigid, the 
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original printed shape was maintained after printing. The SFP-based 

3D printed construct provided the necessary space for the printed 

cells to grow and proliferate. In addition, for the first time an in situ 

measurement to screen the blockage of ion channels caused by 

nanomaterials was demonstrated. The developed 3D cardiac tissue 

construct was used for high-throughput drug screening. The work in 

this dissertation could lay the foundation for the development of 

future disease and drug screening models. 
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The Research Aim and Objectives 

The aimed objective of this doctoral dissertation includes 

development and verification of nanomaterial-induced size-dependent 

hERG gene potassium channel block using an in-situ enabled 3D 

bioengineered cardiac tissue model. 

 

The objectives of the doctoral dissertation consist of: 

a. Chemical synthesis of multifunctional anticancer spherical gold 

nanoparticles whose surface was bound with the ligand of 

thiol-terminated polyethylene glycol (PEG) conjugated to 

indomethacin (IMC-PEG-SH@AuNPs). Chemical synthesis 

of Triphenylphosphine-stabilized gold nanoparticles (F-

108@TPP-AuNPs). 

b. Implementation of biomimetic 3D cardiac constructs as a drug 

screening platform to evaluate nanomaterial-induced hERG 

potassium channel blockage.  

c. Studied small-molecule-induced hERG K+ channel block 

using 3D bioengineered cardiac construct. 

d. Studied nanomaterial-induced hERG K+ channel block using 

3D bioengineered cardiac constructs 

e. Implementation of 3D bioprinted cardiac constructs to verify 

size-dependent effect of the nanomaterials on the hERG K+ 

channel block. 

Each of these objectives has been thoroughly investigated and the 

author's research activity has resulted in scientific contributions. 
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Experimental Methods and Materials 

3.1 Materials and methods 

All chemicals and solvents used for synthesis were purchased from 

Sigma-Aldrich or Alfa-Korea and used as such without further 

purification. Moisture sensitive reactions were generally carried out 

under argon or nitrogen gas. Column chromatography was carried out 

in silica gel (Merck, silica gel 60, particle size 0.063−0.200 mm, 70

−230 mesh ASTM) using the commercial grade solvent as the mobile 

phase. The progress of all reactions was monitored by TLC, which 

was performed on 2.0 × 4.0 cm2 aluminum sheets precoated with 

silica gel 60 (HF-254, Merck) to a thickness of 0.25 mm. The 

developed chromatograms were viewed under ultraviolet light (254 

and 365 nm). 1H and 13C NMR spectra were recorded in deuterated 

chloroform or dimethyl sulfoxide (Cambridge Isotope Labs) 

containing 1 % TMS as an internal standard, and Bruker AVANCE600 

and AVANCE400 spectrometers were used. Chemical shifts are 

reported in values (ppm) relative to the internal TMS, and J values 

are reported in Hz. The abbreviations for the peak multiplicities are 

as follows: s (singlet), d (doublet), dd (doublet of doublets), t 

(triplet), q (quartet), m (multiplet), and br (broad). ESI-MS was 

obtained with an Agilent 6530 Q-TOF LC-MS spectrometer. 

3.2 Synthesis of IMC-PEG-SH (4) 

Intermediate 1 was synthesized via the amidation of 1-(4-

chlorobenzoyl)-5-methoxy-2-methyl-3-indoleacetic acid (IMC) 

and tert-butyl N-(2-aminoethyl)carbamate in the presence of 

EDC•HCl/HOBt (EDC = 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride; HOBt, 1-hydroxybenzotriazole 
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hydrate; TEA, triethylamine) to afford tert-butyl (2-(2-(1-(4-

chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-

yl)acetamido)ethyl)carbamate (1). Subsequently, tert-butyl 

deprotection using a solution of HCl (4 M) in anhydrous dioxane at 

25 °C afforded intermediate 2. Then, acid-amine coupling of 

intermediate 2 and 2-oxo-6,9,12,15,18,21,24,27-octaoxa-3-

thiatriacontan-30-oic acid (6) resulted in the formation of 

compound 3 in good yield. Compound (6) was synthesized by 

protecting 1-mercapto-3,6,9,12,15,18,21,24-octaoxaheptacosan-

27-oic acid (5) at the thiol end using (CH3CO)2O in the presence of 

a catalytic amount of DMAP in acetonitrile at 0 °C. Finally, the 

deprotection of compound 3 was achieved using a solution of HCl (1 

M) in anhydrous dioxane to afford N-(2-(2-(1-(4-

chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-yl) 

acetamido) ethyl)-1-mercapto-3,6,9,12,15,18,21,24-

octaoxaheptacosan-27-amide 4 (IMC-PEG-SH) in moderate yield.        

3.3 Synthesis of AuNPs  

3.3.1 Preparation of 9-nm AuNPs  

The AuNP solution was prepared using the standard sodium citrate 

reduction method, with some modifications [55]. Briefly, a solution of 

2.2 mM sodium citrate dihydrate in Milli-Q water (150 mL) was 

heated in a 250-mL three-necked round-bottom flask for 15 min 

under vigorous stirring. After boiling, 1 mL of HAuCl4 (25 mM) was 

quickly added to the flask. The color of the solution changed from 

yellow to bluish gray and then to deep red within a few minutes. The 

reaction mixture was boiled for another 30 min, and then mild stirring 

was applied until it cooled to room temperature. The products were 
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stored in a refrigerator at 4 °C. The size of the AuNPs was 

determined by transmission electron microscopy (TEM). 

3.3.2 Preparation of 17-nm AuNPs 

Citrate-stabilized AuNPs (17 nm) were synthesized using a 

previously reported method, with some modifications [56]. Briefly, an 

aqueous solution of 0.3 mM HAuCl4∙3H2O (50 mL) was boiled with 

vigorous stirring. To this solution, 5 mL of 10 mM sodium citrate 

solution was added. The mixture turned blue within 30 s and changed 

to red violet in 120 s. After boiling for 15 min, the heating source 

was removed and the colloid was stirred for another 20 min. The 

solution was then cooled to room temperature and stored in a 

refrigerator at 4 °C. The size of the AuNPs was determined by TEM. 

3.3.3 Preparation of 46-nm AuNPs 

The 46-nm AuNPs were synthesized using a modified citrate 

reduction method that has been previously reported [57]. Briefly, a 

HAuCl4 solution (0.3 mM × 78.4 mL) was added to boiling sodium 

citrate dihydrate solution (38.8 mM × 0.59 mL), and the reaction 

was allowed to proceed for 30 min. The synthesized AuNP solution 

was then cooled to room temperature and stored in a refrigerator at 

4 °C. The size of the AuNPs was determined by TEM. 

 

3.4 Functionalization of AuNPs with thiol-terminated 

PEG-indomethacin (IMC-PEG-SH@ AuNP) 

Citrate-coated AuNPs were functionalized using synthesized thiol 

ligands (IMC-PEG-SH) via a modified place-exchange reaction 

(Scheme S2). Briefly, an aqueous solution of IMC-PEG-SH–ligand 
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(10 mM) was added to 1 mL of each AuNP solution (Au9NPs, 

Au17NPs, and Au46NPs), which were incubated for 24 h at 4 °C. 

Then, the supernatant was removed by centrifugation and the 

modified AuNPs were washed and re-suspended in H2O. The 

modified AuNPs were characterized by UV-Vis spectroscopy, 

dynamic light scattering (DLS), and ζ-potential measurements. 

Results are presented as mean ± standard deviation (SD).  

3.5 Synthesis of F-108@TPP-AuNPs 

Triphenylphosphine (TPP)-functionalized and F-108 pluronic 

polymer-stabilized gold nanoparticles (F-108@TPP-AuNPs) were 

synthesized according to a previously reported method [58] with some 

modifications. Briefly, TPP-Au(I)Cl (0.03 mmol) was dissolved and 

sonicated in a 35-mL vessel with a crimp cap containing 30 mL of 1% 

F-108 pluronic solution and 90 μL of 1 M NaOH (pH = 10.5). The 

mixture was heated via microwave irradiation in a microwave reactor. 

The power was modulated to reach 110 °C, and the temperature 

was maintained for 25 min. A red solution was obtained, confirming 

the presence of 108@TPP-AuNPs. To ensure the purity of the F-

108@TPP-AuNPs, the solution was dialyzed for 24 h to remove any 

remaining impurities and analyzed by energy-filtered transmission 

electron microscopy (EFTEM), UV-Vis spectroscopy, and 1H NMR 

studies.  

3.6 Characterization of nanoparticles 

3.6.1 EFTEM  

The diameters of the different-sized AuNPs were characterized 

using EFTEM. Nanoparticle samples were prepared on a holey 

carbon film mounted on a copper grid. A drop of diluted AuNP1/ 
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AuNP2/ AuNP3/ F-108@TPP-AuNPs solution was spotted onto the 

grid and dried overnight at room temperature (298 K). 

3.6.2 UV-Vis spectroscopy 

The absorption spectra of the AuNPs were measured using an 

Evolution™ 60 UV–visible spectrophotometer (Thermo Fischer 

Scientific, USA). Quartz cuvettes with a thickness of 1 cm were used 

in the experiments. The as-synthesized AuNPs (unconjugated), 

IMC-PEG-SH@AuNPs (conjugated), and F-108@TPP-AuNPs 

were characterized using UV-Vis spectroscopy to confirm the 

formation and stability of AuNPs.  

3.6.3 DLS and zeta-potential measurements 

To measure the hydrodynamic size and zeta potential of AuNPs, DLS 

and zeta-potential measurements were conducted using a Zetasizer 

Nano ZS (Malvern Instruments Ltd., UK) equipped with a 633-nm 

laser. All measurements were equilibrated for 120 s in water at 

25 °C. In each measurement, the number of runs and the duration 

were set automatically. 

3.7 Molecular docking 

Molecular docking of IMC-PEG-SH and TPP into the three-

dimensional X-ray crystal structure of the human ether-a-go-go 

related K+ channel (PDB:5VA1) was carried out using the LibDock 

program (Discovery Studio 4.0). The 3D structures of IMC-PEG-

SH and TPP were constructed using the Discovery Studio small-

molecule window, and energy was minimized by the CHARMm force 

field with a minimum RMS gradient of 0.09. The 3D crystal structure 

of PDB5VA1 was retrieved from the RCSB Protein Data Bank 
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(http://www.rcsb.org/pdb/). Discovery Studio 4.0 uses a simulated 

annealing procedure to explore the binding possibilities of a ligand in 

a binding pocket. Before docking, all bound water molecules and 

heteroatoms were removed from the protein crystal structure. The 

structure of the hERG protein was used to dock IMC-PEG-SH and 

TPP. A CHARMm-based molecular dynamics scheme was used to 

identify the optimal binding sites for docking. The optimal binding site 

was chosen based on the shape and location of the cavity, location of 

the residue, and conserved amino acid. A site sphere radius was set 

to assign the entire binding pocket, and the other parameters were 

set to default. The most suitable compounds were ranked by the 

corresponding values of LibDock score, and all values were 

preserved to determine the most probable binding mode.  

3.8 Cell culture 

Rat embryonic cardiomyocytes (H9c2(2-1) cells) were purchased 

from the American Type Culture Collection (ATCC; Manassas, VA, 

USA; cat. no.: CRL-1446TM). The cells were cultured in Dulbecco's 

modified Eagle's medium (DMEM; cat. no. BE12-604F, Lonzo Bio 

Whittaker) supplemented with 10% (v/v) fetal bovine serum (FBS; 

cat. no. 16000-044, GIBCO). Cells were grown in an atmosphere of 

5% CO2 at 37 °C. 

3.9 Bioink formulation for three-dimensional printing  

Bioink was prepared by dissolving sodium alginate (SA) (cat. no. 

A2033, Sigma), gelatin (GEL) (cat.no. G1890, Sigma), and fibrinogen 

(Fg) (cat. no. F8630, Sigma) in 1 phosphate buffer saline (PBS). SA 

and GEL powders were dissolved at 80 °C for 6 h and allowed to 

cool to room temperature. Fg solution was obtained by dissolving Fb 

powder in PBS at 37 °C for 1 h, after which 50 U/mL aprotinin was 
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added to the Fg solution. Finally, a viscous hydrogel was obtained by 

adding the SA: GEL mixture to the Fg solution, and the bioink mixture 

was stirred until homogenous.  

H9c2(2-1) Cells were trypsinized from the culture flasks, washed, 

and quantified. The cells were then mixed with sodium alginate (20 

mg/mL), gelatin (60 mg/mL), and fibrinogen (30 mg/mL) hydrogel 

(SA: GEL: Fg) at a density of 5 × 106 cells/mL. After mixing, 1 mL 

of the mixture was loaded into a disposable syringe (cat. no. 302149, 

BD) with a Teflon needle (cat. no. FTN25G, Rokit Healthcare) 

3.10 Rheological characterization of the prepared 

bioink 

The rheological properties of the hydrogel (SA: GEL: Fg) was 

assessed using DHR-2 rheometer (TA instruments). Following the 

testing instructions, hydrogel precursor of 150 μL was firstly loaded 

into the gap between the parallel upper and lower plates of the 

rheometer (cross-hatched plate 40 mm in diameter). A temperature 

sweep from 37 °C to 20 °C, at a rate of 2°C per 120 s, was 

conducted on the loaded hydrogel. The influence of temperature on 

the rheological behavior of the storage moduli G′ and loss moduli 

G′′ were recorded at a constant frequency (1 Hz) and strain (1%). 

Finally, Viscosity−frequency relationship curve measured in 

oscillatory mode with 1% strain and 0.1−100 Hz frequency. From the 

measurement, the complex viscosity, 𝜂 ∗=  [(𝐺)2 + (𝐺)2]
1

2 𝜔⁄  was 

calculated.  

3.11 Three-dimensional bioprinting  

First, a three-dimensional pattern of a mini-well chamber was 

designed using modeling software (CAD program Rhino 6; Robert 
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McNeel & Associates, Seattle, WA, USA). Then, the CAD file was 

converted to STL format and uploaded into the NewCreatorK 

V1.57.70 software (ROKIT), which was connected to a 3D printer 

(Invivo, Rokit; Seoul, Korea). A mini-well chamber with cross-

sectional dimensions of 14 × 14 mm and 4 mm in height was printed 

with a thermoplastic poly(lactic acid) (PLA) polymer in a 90 mm 

Petri dish (one mini-well/Petri dish). Each mini-well chamber 

consisted of nine wells (3 × 3; individual well size: 3 mm × 3 mm). 

The following parameters were used to print the mini-well chamber: 

extruder nozzle size, 0.2 mm; layer height, 0.2 mm; printing speed, 

10 mm s−1; and extruder temperature, 210 °C.   

Next, a 3D construct pattern was designed using CAD software. 

Following the designed structure, a disposable syringe with a Teflon 

needle was used to deposit the bioink mixture (SA/GEL/Fg hydrogels) 

into a mini-well chamber. This fabrication method was used in our 

previous work and has proven to be effective [59]. The following 

parameters were used to print the hydrogel: syringe needle size, 0.2 

mm; layer height, 0.2 mm; printing speed, 3 mm s−1; and dispenser 

and bed temperature, 37 °C.   The program was run twice 

consecutively at the same position to generate a more stable 3D 

configuration with a string pattern. After 3D printing, 50 mM calcium 

chloride (CaCl2) was added on the printed construct to crosslink SA 

and GEL for 10 min, and then washed twice with 1 PBS. Then, the 

3D construct was further stabilized by 40U/mL thrombin 

(polymerized Fg) in a culture medium containing DMEM 

supplemented with 10% FBS for 10 min. After polymerization, the 

cross-linking agent was replaced with growth medium containing 

DMEM, 10% FBS, 50 U/mL aprotinin, 10 g/mL EGF, and 30 g/mL 
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FGF, and placed in a CO2 incubator at 37 °C. The medium was 

changed every other day. 

3.12 Cell viability   

Briefly, at days 0, 4, 8 and 12, a solution of DMEM containing 1 μg 

mL−1 calceim-AM and 25 μg mL−1 propidium iodide (PI) was used 

to replace the growth medium of each well containing cell-laden 

hydrogel and incubated at 37 °C for 30 min. Viability of cells was 

estimated by counting living cells (green) and dead cells (red) on 

images which were randomly taken from tissue construct observed 

with a confocal microscope (Leica TCS SP8). Three images were 

taken from each tissue construct and analyzed using ImageJ. The 

percent of live cells among the total number of live and dead cells 

was used for cell viability expression.  

3.13 Immunofluorescence assays 

For immunofluorescence analyses, the 3D construct was fixed with 

4% paraformaldehyde (PFA) for 10 min at room temperature and 

washed three times with PBS. The construct was incubated with 

phalloidin F-actin (TRITC-conjugated anti-rabbit IgG, Santa Cruz, 

in PBS) and or connexin 43 (FITC-conjugated anti-rabbit IgG, Santa 

Cruz, in PBS) for 60 min. The structure was then incubated with 

Hoechst stain for 10 min (nuclear staining). Finally, the samples were 

washed with PBS and observed using a confocal microscope (Leica 

TCS SP8). 3D image acquisition and analysis were performed using 

Las X and Imaris software.  

3.14 Drug treatment and intracellular Na channel assay 

The drug response to the printed construct was evaluated to verify 

the maturity of the fabricated cardiac construct. The printed 

construct was incubated with different concentrations of digoxin for 
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16 h and then stained with CoroNa green, a sodium-sensitive 

fluorescent probe.   

Changes in intracellular Na+ concentration were monitored by 

measuring the fluorescence emission of the cardiac 3D construct 

treated with the CoroNa green Na+indicator. Stock solution of CoroNa 

green (cat. no. C36676) was prepared in DMSO. The stock solution 

was then diluted with 1 PBS to produce a 1 mM working solution. 

The fabricated cardiac constructs were incubated with CoroNa green 

solution (1 mM) for 15 min at 37 °C. After incubation, the 

constructs were washed twice with 1 PBS, and 3D images were 

acquired using a confocal microscope.  

3.15 Drug treatment and potassium channel assay 

Drug-induced hERG channel blockage was tested when the cell 

confluence reached 80%. To screen the hERG channel blockage of 

small molecules (cisapride, GABA, and IMC) and the synthesized NPs 

(IMC-PEG-SH@Au19NPs, IMC-PEG-SH@Au33NPs, IMC-PEG-

SH@Au64NPs and F-108@TPP-AuNPs), monolayer cells and 3D 

cardiac constructs were treated with various concentrations of each 

small molecule/NP. 

The permeability of the potassium channels was monitored using the 

FluxOR potassium channel assay kit (Invitrogen). Once inside the 

cardiac cell, the non-fluorescent AM ester form of the FluxOR dye 

is cleaved by endogenous esterases into a thallium-sensitive 

fluorescent indicator. After drug treatment, the monolayer cells/3D 

cardiac constructs were washed with 1 PBS and incubated with 

Tl+ sensitive dye solution for 60 min at RT. Then, the monolayer 

cells/3D cardiac constructs were washed once with dye-free assay 

buffer before adding a final volume of assay buffer containing water-
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soluble probenecid. Subsequently, the monolayer cells/3D cardiac 

constructs were treated with the stimulus buffer containing Tl+ for 1 

min and imaged using a confocal microscope (Leica TCS SP8). If 

hERG K+ channels are not blocked, thallium ions (Tl+) flow into the 

monolayer cells/cardiac construct through the K+ channel and 

combine with the Tl+-sensitive dyes to produce a fluorophore (λmax 

590 nm). However, when hERG K+ channels are blocked, thallium 

ions (Tl+) fail to interact with Tl+-sensitive dyes to produce a 

fluorophore (λmax 590 nm).  

3.16 Drug treatment and hERG immunofluorescence 

Changes in hERG expression were monitored by measuring the 

fluorescence emission of the monolayer cells/cardiac construct 

stained with the FITC-conjugated anti-hERG antibody. After drug 

treatment, the monolayer cells and 3D cardiac constructs were 

washed with 1 PBS. The cells were then fixed with 4% PFA for 

10 min at RT and washed three times with 1 PBS. The cells were 

then incubated with FITC-conjugated anti-hERG antibody (Santa 

Cruz Biotechnology) for 60 min. Finally, the cells were washed with 

1 PBS and imaged using a confocal microscope (Leica TCS SP8). 

3D image acquisition and analysis were performed using Las X and 

Imaris software. 

 

Results 

4.1 Synthesis and characterization of IMC-PEG-

SH@AuNPs 

As shown in Scheme S1, the surface ligand (IMC-PEG-SH) was 

prepared (Sandip Gangadhar Balwe provided and co-worked the 
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molecule synthesis and characterization part). To investigate the 

effect of the surface-functionalized AuNPs on the hERG channel, a 

series of well-dispersed AuNPs of three different sizes (9, 17, and 

46 nm) were prepared by controlling the ratio of chloroauric acid 

(HAuCl4) to sodium citrate dihydrate (C6H5Na3O7·2H2O) (Figure 

1a). The results obtained are summarized in Table S1. The three 

different sizes of AuNPs were functionalized with the prepared IMC-

PEG-SH to form IMC-PEG-SH@AuNPs via a direct ligand 

exchange reaction (Scheme S2). The physicochemical 

characterization of the different sizes of IMC-PEG-SH@AuNPs is 

summarized in Table S2.  

The UV-Vis spectra showed that the absorption maximum of AuNPs 

shifted from 521 to 529, from 524 to 542, and from 530 to 556 nm, 

respectively, after the introduction of the surface ligand IMC-PEG-

SH (Figure 1d), indicating the successful assembly of IMC-PEG-

SH@AuNP. A slight red shift in the surface plasmon resonance was 

observed due to the higher molecular weight of IMC-PEG-SH 

compared to that of citrate and the interaction of the sulfur atoms in 

the ligand IMC-PEG-SH with the gold surface. More red shifts were 

observed for larger AuNPs. As the particle diameter increased, the 

absorption wavelength increased and the absorption peak broadened. 

The hydrodynamic radii of the surface-functionalized AuNPs 

increased slightly, with a narrow size distribution. The measured  
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Figure 1. (a) and (b) EFTEM images and corresponding size distribution 

histograms of synthesized AuNPs. (a1 and b1) Au9NPs, (a2 and b2) 

Au17NPs, (a3 and b3) Au46NPs respectively. DLS data for IMC-PEG-

SH@Au19NPs (c1), IMC-PEG-SH@Au33NPs (c2), and IMC-PEG-

SH@Au64NPs (c3). (d1) UV−vis spectra of Au9NPs (blue) and IMC-PEG-

SH@Au19NPs (yellow); (d2) UV−vis spectra of Au17NPs (blue) and IMC-

PEG-SH@Au33NPs (yellow); (d3) UV−vis spectra of Au46NPs (blue) and 

IMC-PEG-SH@Au64NPs (yellow). (e1-e3) Concentration of IMC-PEG-

SH bound to AuNPs. (e1) Schematic representation of the isolation of 

supernatant and AuNP pellet. (e2) UV−vis spectra of IMC-PEG-

SH@AuNPs (yellow), IMC-PEG-SH in the supernatant after the spin down 

(red), and initial IMC-PEG-SH before the reaction with AuNPs (blue). (e3) 

is a zoom-in of spectra e2.  

 

sizes were 19 nm, 33 nm, and 64 nm, respectively, with a 

polydispersity index (PDI) of less than 0.33, indicating that the 

particles were well dispersed (Figure 1c). After ligand exchange, the 

ζ-potentials of the IMC-PEG-SH@AuNPs were −19.03, −23.52, 

and −33.9 mV, respectively. These results show that IMC-PEG-

SH@AuNPs have a slightly lower ζ-potential than the 
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corresponding citrate-capped AuNPs because the surface ligand 

IMC-PEG-SH is not negatively charged. The obtained results were 

summarized in Table S2. 

4.2 Synthesis and characterization of F-108@TPP-

AuNPs 

 

 

Figure 2. (a) Schematic representation of the synthesis of F-108@TPP-

AuNPs. (b) Color changes in F-108@TPP-AuNPs observed by the 

optimization of reaction conditions for the synthesis of F-108@TPP-

AuNPs. (c) EFTEM image of F-108@TPP-AuNPs. (d) 1H NMR spectra of 

F-108@TPP-AuNPs in CDCl3. (e) Absorption spectrum of F-108@TPP-

AuNPs in H2O. 

 

Figure 2b shows the F-108@TPP-AuNPs obtained as a function of 

the temperature and reaction time (Sandip Gangadhar Balwe provided 

and co-worked the molecule synthesis and characterization part. 

The reaction was monitored by the color change in the solution, from 

colorless to red, indicating the formation of F-108@TPP-AuNPs. 

Initially, the reaction was carried out at 102 °C for 20 min under 

microwave irradiation. However, no color change was observed. The 
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reaction temperature was then increased to 110 °C, and the solution 

was irradiated for 20 min. Notably, a light pink color was observed. 

Then, the reactions were carried out at same temperature of 110 °C 

with increasing reaction times of 25, 30, and 60 min. At a reaction 

time of 25 min, the formation of red F-108@TPP-AuNP occurred. 

The reaction conditions of 110 °C and 25 min provided the most 

stable F-108@TPP-AuNPs. The absorption spectrum of F-

108@TPP-AuNPs (Figure 2e) exhibits a narrow single peak 

centered at 532 nm, assigned to the surface plasmon resonance of F-

108@TPP-AuNPs, representing the formation of F-108@TPP-

AuNPs. The size and shape of F-108@TPP-AuNPs were confirmed 

using EFTEM (Figure 2c). The F-108@TPP-AuNPs were spherical 

in shape, with an average size of ~10 nm. 1H NMR spectroscopy was 

used to investigate the chemical composition of the F-108@TPP-

AuNP surface (Figure 2d). In the aromatic region, proton peaks from 

the phenyl rings of triphenylphosphinegold(I)chloride ((Ph3P)AuCl) 

appeared as a multiplet in the region of 7.44-7.56 ppm, while 

conjugated on the surface of AuNPs, three distinct multiplets were 

observed in the region of 7.43-7.72 ppm, which resulted from 

differential shielding of the protons in the ortho, meta, and para 

positions of the ligand upon binding to the metal atoms on the surface 

of the gold nanoparticles. Furthermore, a set of peaks corresponding 

to the F-108 pluronic polymer protons was also present as a triplet 

at 1.13 and a singlet at 3.64 ppm. 1H NMR spectroscopic data clearly 

confirmed the presence of both the F-108 pluronic polymer and TPP 

molecules on the surface of the AuNPs.  
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4.3 Concentration of IMC-PEG-SH bound to AuNPs 

After the reaction, the conjugate IMC-PEG-SH@AuNPs were 

centrifuged and the supernatant containing IMC-PEG-SH unbound 

to AuNPs was collected (Figure 1 e1).  

The concentration of unbound surface ligand was determined using 

the following equation:  

𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑢𝑛𝑏𝑜𝑢𝑛𝑑 =  [
(𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑎𝑙𝑜𝑛𝑒 𝑋 𝐴𝑙𝑖𝑔𝑎𝑛𝑑,𝑢𝑛𝑏𝑜𝑢𝑛𝑑)

𝐴𝑙𝑖𝑔𝑎𝑛𝑑,𝑎𝑙𝑜𝑛𝑒
] 

where 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑢𝑛𝑏𝑜𝑢𝑛𝑑 is the concentration of unbound IMC-PEG-SH 

in the supernatant, 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑎𝑙𝑜𝑛𝑒 is the concentration of IMC-PEG-

SH alone, 𝐴𝑙𝑖𝑔𝑎𝑛𝑑,𝑎𝑙𝑜𝑛𝑒 is the absorbance of IMC-PEG-SH alone, and 

𝐴𝑙𝑖𝑔𝑎𝑛𝑑,𝑢𝑛𝑏𝑜𝑢𝑛𝑑  is the absorbance of unbound IMC-PEG-SH. The 

concentration of the ligand conjugated to the surface of the AuNPs 

was determined using the following equation:  

𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑁𝑃 = 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑢𝑛𝑏𝑜𝑢𝑛𝑑 

where 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑁𝑃  is the concentration of IMC-PEG-SH ligand 

conjugated to the surface of AuNPs, 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑖𝑛𝑖𝑡𝑖𝑎𝑙  (10 mM) is the 

initial concentration of IMC-PEG-SH ligand used to react with 

AuNPs, and 𝐶𝑙𝑖𝑔𝑎𝑛𝑑,𝑢𝑛𝑏𝑜𝑢𝑛𝑑  is the concentration of unbound IMC-

PEG-SH present in the supernatant. Based on the above equation, 

the concentrations of IMC-PEG-SH ligand conjugated on the 

surfaces of Au9NPs, Au17NPs, and Au46NPs were determined to be 

9.50 mM, 9.56 mM, and 9.14 mM, respectively. Based on this 

determination, stock solutions of IMC-PEG-SH@Au19NPs, IMC-

PEG-SH@Au33NPs, and IMC-PEG-SH@Au64NPs were prepared 

such that their working concentration range was set to be the same 

to compare their hERG channel blockage as a function of nanomaterial 

size. 
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4.4 Designing patterns for 3D bioprinting 

The SFP model uses a computer-aided design file (CAD) to design 

and print the cardiac tissue construct. The CAD files were then 

converted to g-code, which transmitted the desired print pattern and 

parameters to the 3D printer. Figure 3a and 3b shows the CAD design 

and the 3D printed image of the construct, respectively. The printing 

conditions were as follows: The syringe needle size was 0.2 mm, the 

layer height was 0.2 mm, and the printing speed was 3 mm s-1. These 

printing conditions were used in our previous work and proved to be 

effective [59]. 

 

Figure 3. (a and b) Represents the CAD design and the 3D printed image of 

the construct, respectively. (c) Schematic diagram of the printed construct 

showing homogenous mixture of cardiac cells embedded in hydrogel. (d) 

Schematic diagram showing the branched and multinucleated cardiac tissue 

cells, which is applied for in situ detection of drug-induced sodium and 

potassium ion channel responses. 

 

4.5 Biomaterials for cardiac tissue engineering 

The biomaterials used in this study for cardiac tissue engineering are 

sodium alginate (SA), gelatin (GEL), fibrinogen (Fg), and aprotinin 

(APRO). These four components of bioink have different roles in the 

bioprinting and tissue generation process: SA serves as a temporary 

material template that allows controlled deposition of the hydrogel by 
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the extruder; GEL supports cell adhesion and proliferation and also 

allows modification of the viscosity of the hydrogel to meet extrusion 

and printing criteria; and Fg provides a tailored matrix (stabilized by 

thrombin cross-linking) for cell spreading and differentiation during 

long in vitro cultures. APRO is a protease inhibitor that can stop or 

slow down fibrin degradation (thrombin converts Fg to fibrin) within 

a few days. Therefore, to ensure proper tissue development, fibrin 

degradation was controlled by adding aprotinin to both the bioink 

formulation and the tissue culture medium. 

4.6 Rheological study 

 

 

Figure 4. (a and b) Rheological properties of the bioink: (a) Temperature-

controlled rheological behavior of the hydrogel showing the storage modulus 

(G) and loss modulus ((G) as a function of temperature at a constant 1% 

strain and 1 Hz frequency. (b) Viscosity−frequency relationship curve 

measured in oscillatory mode with 1% strain and 0.1−100 Hz frequency. 

 

Rheological characterization was performed to investigate the 

viscosity and storage modulus of the bioink (SA:GEL:Fg hydrogel 

mixture). The variation of storage modulus (G') and loss modulus (G") 
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of the bioink was recorded with the change of temperature (from 20 

to 40 °C at a rate of 2 °C min-1). As shown in Figure 4a, the 

storage modulus was lower than the loss modulus (G'  G"), mainly 

indicating the viscous properties and liquid-like behavior of the 

hydrogel and demonstrating the single-stranded arrangement of the 

components of the bioink. A sharp increase in G' and G" was observed 

as the temperature decreased, indicating gel formation. Upon heating, 

the hydrogel showed thermos reversible behavior, and the values of 

G' and G" decreased. From these temperature sweep results, it is 

clear that the hydrogel in the developed SFP-based system exhibits 

liquid-like behavior and that a crosslinking process is essential to 

stabilize the printed structures.  

Figure 4b shows the measurements of viscosity, η*, over a 

frequency sweep. A linear increase in the viscosity profile as a 

function of frequency was observed. This linear viscoelastic regime 

shows that the hydrogel behaves as a viscous material over a wide 

range of frequencies (G"> G'). At low frequencies, the material 

behavior becomes liquid-like, which is important for gel composition. 

This is because the liquid-like behavior of the hydrogel helps the gel 

to pass through the needle. Therefore, the bioink was precisely 

applied to assemble a high-resolution scaffold-free de novo model. 

To further stabilize the printed structures, the samples were 

subjected to a double crosslinking step (solution with 50mM CaCl2 

and 40U/mL thrombin: CaCl2 for SA and GEL and thrombin for Fg) in 

which SA, GEL and Fg were polymerized for 20 minutes to form a 

covalently crosslinked network. After crosslinking, the storage 

modulus G' of the crosslinked hydrogel becomes larger than the loss 

modulus G''. This increase in storage modulus is sufficient for the gel 
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to keep the cells intact and still allow them to proliferate in the 

bioprinted hydrogel. These observations have been previously 

verified and reported [60,61].  

4.7 Generation of biomimetic cardiac cell structure 

As shown in Figure 5a, shortly after their encapsulation in the 

hydrogels, the cardiac cells appeared as single cells homogeneously 

distributed throughout the volume of the samples. However, as the 

cultivation period progressed, the individual cardiac cells began to 

elongate (Figure 5a - day 4, day 8 and day 12). This is a common  

 

Figure 5. (a) 3D bioprinting of cardiac cell-laden hydrogel containing 

sodium alginate, gelatin and fibrinogen. (b) 3D bioprinting of cardiac cell-

laden hydrogel containing sodium alginate and gelatin alone (without 

fibrinogen) and (c) 2D cell image: H9C2 cells grown in flat-bottom surface. 

 

feature of proliferating cardiac cells. The most pronounced 

histological feature of the bioprinted cardiac tissue was the formation 

of dense and uniformly aligned cardiac muscle bundles. To illustrate 

the importance of the biomaterial components, two different bioink 

(1. bioink with fibrinogen and 2. bioink without fibrinogen) were 
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prepared and used to print the cardiac cells. In in vitro culture, the 

construct (cells printed without Fg) was dominated by circular cells 

after 12 days in culture (Figure 5b). However, the number of 

elongated cells in the construct (with Fg printed cells) increased 

after 12 days in culture (Figure5a). Finally, the bioprinted cardiac 

constructs (cells printed with Fg) developed as aligned 

cardiomyocytes with a clear sarcomere structure that filled the entire 

space of the construct within two weeks in culture. This effect is 

easily explained by the presence of Fg, and diffusion of oxygen and 

nutrients within the hydrogel is possible in the largest internal volume. 

In contrast, the bioprinted sample without Fg showed no cell growth 

or heterogeneity, confirming the role of Fg in recapitulating the 

cardiac structure. 

 

Figure 6. (a) Top view and (b) Cross view of 3D cardiac tissue construct 

image stained with fluorescent labelled phalloidin and Hoechst. 

 

In 2D cell culture, cell morphology differs from native tissue due to 

the additional surface tension and unilateral cell adhesion in the cell 

culture flask or dish (Figure5c). In addition, monolayer cell culture 

cannot adequately explain the clinically relevant models of heart 

disease. Therefore, various 3D printing techniques and designs have 

been applied to manipulate cell physiology through selective choice 

of substrate, topography, and material stimulation by electrical or 
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mechanical signals. Figure 6a (top view) and 6b (transverse view) 

show the fluorescence images of bioprinted cardiac cells stained with 

phalloidin F-actin and Hoechst, respectively, showing the 3D 

morphology of the cardiac cells in the bioprinted construct. Compared 

with the 2D cell culture (Figure 7a and 7b: monolayer cells grown in 

flat-bottom cell culture plate), the 3D bioprinted cardiac cells 

(Figure 7c and 7d: cells embedded in bioink and printed in flat-

bottom cell culture plate) eventually began to elongate within the 

bioprinted construct. Aligned cardiomyocytes with clear sarcomeres 

were generated using an SFP-based bioprinting technique (Figure 

8). Aligned cardiomyocytes with a clear sarcomere structure are a 

common feature of proliferating cardiac cells. 

 

Figure 7. Immunofluorescent staining (fluorescent labelled phalloidin and 

Hoechst) of H9C2 cells grown in flat-bottom surface (a – Day 1, b – Day 

8) and 3D bioprinted hydrogel (c – Day 1, d – Day 8). 
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4.8 Cell viability of the printed cardiac cells 

The printed cardiac cells were incubated in vitro for at least two 

weeks, and their viability was assessed by quantification of live and 

dead cells on the SFP-based hydrogel matrix. As shown in Figure 

9a, the printed cells in the construct showed no serious changes in 

cellular viability from day 0 to day 12, indicating the biocompatibility 

of the hydrogel used in this study. 

 

Figure 8. (a1) A single plane image at Z = 20 m from figure 13e. (a2) 

Magnified image of white boxed area in image a1. Aligned cardiomyocytes 

with sarcomeres are indicated with arrow mark. The arrow indicates, the 

filling inside thick cellular cytoplasm is called z line pattern, which confirms 

sarcomere. (a3) Magnified image of white boxed area in image a2. Aligned 

F-actin-based thin filaments within sarcomeres were represented. 

 

In Figure 9b, the primary Y axis shows a high viability of the printed 

cells at day 0 and a slight decrease in the viability of the cells at day 

12 within the printed construct. The secondary Y-axis shows an 

increase in cell number over the culture period due to cell 
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proliferation. These results prove that the cell printing process 

followed by double crosslinking is gentle and ensures high cell 

viability after printing. 

 

Figure 9. Cell viability and confluency was assayed by Live/Dead cell 

staining on cell-laden hydrogel. (a) Representative live/dead images of 

H9C2 cells grown on SFP-based hydrogel matrix, (b) their viability and 

confluency on day 0, 4, 8 and 12 of in vitro culture. Error bars represent 

the standard deviation of three independent measurements. 

 

4.9 Immunofluorescence Staining and Imaging for the 

Assessment of 3D bioprinted cardiomyocytes 

The 3D cardiac tissue prepared with SFP achieved high confluence 

with the formation of tight intracellular junctions. At a specific time 

point (12 days), a qualitative assay (immunofluorescence) was 

performed to evaluate the differentiation state of the 3D cardiac 

tissue prepared with SFP. Confocal microscopy revealed the 

presence of connexin 43 (Cx43), a gap junction protein that enables 

electrical coupling between cardiomyocytes, localized at cell-cell 

boundaries. Compared with 2D cell cultures (Figure 11), expression 

of Cx43 was markedly increased in 3D bioprinted cardiac cells 

(Figure 10a). Single plane images clearly showed expression of Cx43 

in the printed construct (Figure 10b-10d). A side view of the 3D  
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Figure 10. (a) 3D cardiac tissue construct image stained with fluorescent 

labelled anti-connexin 43 (Cx43) antibody and Hoechst. b–d (A single plane 

image at Z = 30 μm) represent images corresponding to (a): Cx43 alone 

(b), F-actin alone (c), and merge of all channel (d). (e1-e4) Side view 

image of 3D cardiac tissue imaged through a depth of 70 μm. (e1) Hoechst 

alone, (e2) Cx43 alone, (e3) F-actin alone, and (e4) merge of all channel. 

(a-e): 20× objective, stacking size: 70 μm, step size: 3 μm. Three-

dimensional images were acquired using a Leica TCS SP8 DMI8-CS system 

equipped with the 20×/0.75 IMM objective and data were analyzed using 

Imaris software. 2D vs 3D cardiac cell dimension; cell length (f), and cell 

area (g), presented as mean values SD. Error bars represent the standard 

deviation of three independent measurements.*Indicates p < 0.05. 

 

image showed the distribution of F-actin, Cx43, and the nucleus in 

the bioprinted construct (Figure 10 e1-e4). Thus, overexpression 

of Cx43 in 3D-printed cardiac cells might be related to better and 

more functional organization of the 3D-bioprinted cardiac construct. 

Figure 10f and 10g show the quantitative assessment of cell growth 

under 2D and 3D growth conditions in terms of cell length and 

covered cell area during 12 days of cultivation. A rapid increase in 

cell area, length, and orientation of 3D bioprinted cardiomyocytes 
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compared with 2D cell culture was observed. Overall, the bioprinted 

cardiac tissue developed from single, separate cardiomyocytes to a 

contiguous, aligned, and densely stained cardiac tissue that filled the 

entire construct. Thus, the proposed de novo-based regeneration of 

cardiac tissue represents a major milestone and confirms that the 3D 

bioprinted model is an excellent approach to mimic the structure and 

functionality of cardiac tissue in vitro. 

 

Figure 11. Immunofluorescent staining (fluorescent labelled Cx43 antibody, 

phalloidin and Hoechst) of H9C2 cells grown in flat-bottom surface. 

4.10 In situ measurements of small-molecule-induced 

sodium ion channel responses using 3D biomimetic 

cardiac constructs 

To evaluate the functionality of the regenerated cardiac construct, 

the common cardiac drug digoxin was used. Digoxin is a cardiac 

glycoside used to treat atrial fibrillation and/or heart failure. It 

inhibits Na+/K+ ATPase in cardiac myocytes, resulting in an increase 

in intracellular sodium concentration. To test our SFP cardiac 

construct, we dosed our samples with 250 nM and 500 nM digoxin. 

The effect of the drug on intracellular Na+ levels was monitored using 

the Na+ indicator. Drug-treated and untreated cardiac constructs 

were subjected to the CoroNa™ green assay. Figure 12a-12c (3D 

image - top view) shows the effect of digoxin on intracellular Na+ 

level. In the control group (Figure 12a: untreated heart construct), a 
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lower number of Na+ indicator-positive fluorescent cells were 

observed, whereas the number of Na+ indicator-positive fluorescent 

cells increased significantly with the increase in digoxin 

concentration (Figure 12b and 12c).  

 

Figure 12. In situ detection of sodium channel response to cardiac drug, 

digoxin (images acquired in region I). Top view of 3D cardiac tissue image: 

(a1-c1) Hoechst alone, (a2-c2) sodium ion images, and (a3-c3) merge of 

all channel. (a4-c4) Bottom view image of 3D cardiac tissue imaged through 

a depth of 70 μm. (a-c): 20× objective, stacking size: 70 μm, step size: 

3 μm. Three-dimensional images were acquired using a Leica TCS SP8 

DMI8-CS system equipped with the 20×/0.75 IMM objective. 

 

Figure 12a4-c4 (3D image-bottom view) clearly shows that cardiac 

constructs treated with digoxin had a greater number of Na+-positive 

cells than the control group. This trend was significant and consistent 

across the different regions of the bioprinted construct. These 

results confirm that digoxin-induced inhibition of the Na+ pump leads 

to increased Na+ levels by decreasing the rate of Na+ influx through 

the Na+/Ca2+ exchanger. Therefore, the developed system can 
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accurately assess the response of the cardiac construct to the drug 

by measuring the fluorescence signal generated in the 3D cardiac 

construct. 

 

Figure 13. (a and b) Represents normalized Na signal and number of cells 

with sodium signal in the cardiac construct, respectively. Error bars 

represent the standard deviation of three independent measurements. 

 

4.11 In situ measurements of small-molecule-induced 

hERG potassium ion channel blockage using 3D 

biomimetic cardiac constructs  

Three different small molecules, cisapride, gamma-aminobutyric 

acid (GABA), and indomethacin (IMC), were used to investigate the 

potential impact of small molecules on the hERG potassium channel. 

When the cells were treated with cisapride and IMC, they were bound 

to the drug binding sites in the hERG channel and blocked the channel 

activity, as observed through a reduction in hERG 

immunofluorescence. However, when the cells were treated with 

GABA, hERG channel activity was not blocked, and hERG 

immunofluorescence remained unaffected. Similarly, when the cells 

were exposed to cisapride and IMC, the K+ channels were blocked, 

and thallium ions (Tl+) failed to interact with the Tl+-sensitive dyes 

to produce a fluorophore (Figure 14a; right panel). However, when 
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the cells were treated with GABA, the K+ channels were not blocked. 

Therefore, Tl+ flows through open hERG K+ channels and combines 

with Tl+-sensitive dyes to produce a fluorophore (Figure 14b; left 

panel). An increase in drug concentration led to a decrease in the 

permeability of K+. Hence, a lower number of K+-indicator positive 

fluorescent cells was observed in the cisapride-treated and IMC- 

treated sets (Figure 14c and 14g: treated cardiac construct; left 

panel), compared with the control without drug treatment (Figure 14c 

and 14g: untreated cardiac construct; left panel). These results 

indicate that the permeability of the K+ channel was blocked in 

proportion to an increase in the treatment dose over the tested drug 

concentration range.  

Similarly, a significant reduction in hERG immunofluorescence was 

observed in the cisapride-treated and IMC-treated groups (Figure 

14c and 14g: treated cardiac construct; right panel), whereas hERG 

immunofluorescence was unaffected in the control group (Figure 14c 

and 14g: untreated cardiac construct; right panel). In contrast, GABA 

did not show any significant effect on the K+ channel blockage over 

the tested concentration range (1, 10, and 20 μM) (Figure 14f). The 

permeability of the K+ channel (Figure 14e:3D image – top view; left 

panel) and hERG immunofluorescence (Figure 14e:3D image – top 

view; right panel) in the treated cells remained almost the same as 

those in the control over the entire drug range tested. Thus, 

intracellular homeostasis was well-conserved in the GABA-treated 

cardiac construct. 
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Figure 14. (a and b) Schematic illustration of small molecule-induced hERG 

potassium blockage. (c), (e), and (g) represents the permeability of the K+ 

channel (3D image – top view; left panel) and intracellular hERG 

immunofluorescence (3D image – top view; right panel) in 3D 

bioengineered cardiac constructs, obtained with various concentrations of 

cisapride (25nM, 100nM, and 200nM), GABA (1µM, 10µM, and 20µM), and 

IMC (1µM, 10µM, and 20µM), respectively. (d), (f), and (h) represent 

average fluorescence signals of the K+ indicator and hERG 

immunofluorescence in 3D bioengineered cardiac constructs, obtained with 
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various concentrations of cisapride, GABA, and IMC, respectively. Error 

bars represent the standard deviation of three independent measurements.  

 

4.12 In situ measurements of F-108@TPP-AuNP-

induced hERG potassium ion channel blockage using 3D 

biomimetic cardiac constructs  

 

Figure 15. (a) and (b) represents the permeability of the K+ channel (3D 

image – top view; top panel) and intracellular hERG immunofluorescence 

(3D image – top view; bottom panel) in 3D bioengineered cardiac constructs, 

obtained with 5µM of AuNPs. (c) represent average fluorescence signals of 

the K+ indicator and hERG immunofluorescence in 3D bioengineered cardiac 

constructs, obtained with various concentrations of AuNPs. Error bars 

represent the standard deviation of three independent measurements. 

 

As shown in Figure 15, AuNPs (Au9NPs, Au17NPs, and Au46NPs) did 

not show any significant effect on the hERG K+ channel blockage over 

the tested concentration range. The permeability of the K+ channels 

and hERG protein immunofluorescence in the treated cells remained 

almost the same as that in the control. These results clearly suggest 

that intracellular homeostasis is well conserved in AuNP-treated 

cardiac constructs. To test the influence of AuNPs and their surface 

functionalization, an NP termed F-108@TPP-AuNP was newly 

synthesized and tested to determine its effect on the permeability of 
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K+ channels and hERG immunofluorescence. When the cells were 

treated with F-108@TPP-AuNPs, the cardiac constructs emitting 

fluorescence showed a dose-dependent difference in the 

permeability of K+ and hERG protein blocks. A significant decrease 

in the permeability of K+ ions was observed as the concentration of 

F-108@TPP-AuNPs increased.  

 

Figure 16. (a) Schematic illustration of F-108@TPP-AuNP-induced hERG 

potassium blockage. (b) represents permeability of the K+ channel (3D 

image – top view; top panel) and intracellular hERG immunofluorescence 

(3D image – top view; bottom panel) in 3D bioengineered cardiac constructs, 

obtained with various concentrations of F-108@TPP-AuNPs (1µM, 10µM, 

and 20µM). (c) represents average fluorescence signals of the K+ indicator 

and hERG immunofluorescence in 3D bioengineered cardiac constructs. (d) 

represents permeability of the K+ channel (2D image; top panel) and 

intracellular hERG immunofluorescence (2D image; bottom panel) in 

monolayer cells treated with various concentrations of F-108@TPP-

AuNPs (1µM, 10µM, and 20µM). (e) average fluorescence signals of the K+ 

indicator and hERG immunofluorescence in monolayer cells treated with 

various concentrations of F-108@TPP-AuNPs, respectively. Error bars 

represent the standard deviation of three independent measurements. 
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3D-top view images showed a lower number of K+-indicator 

positive fluorescent cells in the F-108@TPP-AuNPs-treated 

cardiac constructs than in the control. These results indicate that the 

permeability of the K+ channel was blocked in proportion to an 

increase in the treatment dose over the tested NP concentration 

range. A similar tendency was observed for the reduction of hERG 

protein immunofluorescence. The reduction in permeability of the K+ 

channel/hERG protein immunofluorescence in the cardiac constructs 

induced by F-108@TPP-AuNPs was quantitatively plotted as a 

function of the concentration of F-108@TPP-AuNPs (Figure 16c 

and 16e). 

 

4.13 Verification of size-dependent effect of the 

nanomaterials on the hERG potassium ion channel 

blockage using 3D biomimetic cardiac constructs     

To further investigate the influence of nanomaterial size and AuNP 

ligands on hERG channel blockage, three different sizes of IMC-

PEG-SH@AuNPs (~19 nm, ~33 nm, and ~64 nm) were used for the 

quantitative evaluation using 3D bioengineered cardiac constructs. 

The dose-dependent reduction in the permeability of the K+ channel 

and hERG protein immunofluorescence caused by IMC-PEG-

SH@AuNPs was quantitatively plotted to clearly reveal and compare 

such effects among the different sizes of IMC-PEG-SH@AuNPs 

(Figures 17b, 17d, and 17f). The degree of reduction in the 

permeability of the K+ channel and hERG protein 

immunofluorescence increased as the size of the IMC-PEG-

SH@AuNPs increased, under the condition of identical 

concentrations of IMC-PEG-SH ligand bound on the surface of 
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AuNPs. NP size-dependent inhibition of K+ permeability decreases 

K+ levels by diminishing the rate of K+ influx through the Na+/K+ 

exchanger, thereby ultimately reducing hERG immunofluorescence 

and impairing cellular homeostasis.  

 

Figure 17. (a), (c), and (e) represent permeability of the K+ channel (3D 

image – top view; top panel) and intracellular hERG immunofluorescence 

(3D image – top view; bottom panel) in 3D bioengineered cardiac constructs, 

obtained with various concentrations (1µM, 5 µM, 10µM, 15µM, and 20µM) 

of IMC-PEG-SH@Au19NPs, IMC-PEG-SH@Au33NPs, and IMC-PEG-

SH@Au64NPs, respectively. (b), (d), and (f) represent average 

fluorescence signals of the K+ indicator and hERG immunofluorescence in 

3D bioengineered cardiac constructs, obtained with various concentrations 

(1µM, 5 µM, 10µM, 15µM, and 20µM) of IMC-PEG-SH@Au19NPs, IMC-

PEG-SH@Au33NPs, and IMC-PEG-SH@Au64NPs, respectively. Error bars 

represent the standard deviation of three independent measurements. 

4.14 Molecular docking study 

From the protein (hERG)–ligand (IMC-PEG-SH) interaction, it can 

be observed that the aromatic amino acid residue Phe-656 has a 
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strong π–π stacked interaction with the indole moiety of IMC-

PEG-SH at a distance of 4.26 Å. The pore helix amino acid residue 

Thr-623, present in the domain of the hERG protein, forms a strong 

π-σ interaction with the phenyl ring of IMC-PEG-SH at a distance 

of 3.66 Å. In addition, the amino acid residue Ser-624 forms a carbon 

hydrogen bond with a distance of 2.72 Å. These results indicate the 

main reason for the stability of IMC-PEG-SH within the binding 

pocket of the target protein hERG. 

 

Figure 18. (a) and (b) represent molecular docking of IMC-PEG-SH with 

hERG protein (3D image). (c) Two-dimensional image of amino acid 

residues involved in interactions between hERG protein and IMC-PEG-SH. 

(d) and (e) represent molecular docking of TPP with hERG protein (3D 

image). (f) Two-dimensional image of amino acid residues involved in 

interactions between hERG protein and TPP. 

 

From the protein (hERG)–ligand (TPP) interaction, it can be clearly 

observed that the amino acid residues Tyr-652, Thr-623, and Ser-

624 have a van der Waals interaction with the phenyl ring of TPP. 

Moreover, the amino acid residue Ala-653 present in the hERG 

protein domain forms a π-σ interaction with the phenyl ring of TPP 
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at a distance of 3.85 Å. This may be the reason for the stability of 

TPP within the binding pocket of the target protein hERG.  
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Discussion 

2D cell-based screening assays are commonly performed to evaluate 

new early-stage drug candidates. Although 2D in vitro cell models 

offer high throughput, they often provide incorrect predictions 

because of the oversimplified microenvironment of the cells [37-39]. 

Over the past decade, many studies have shown that 3D in vitro 

tissue models can better mimic the natural microarchitecture and 

physiological functions of the heart than 2D models [62-64]. In addition, 

downsizing tissue models to microtissues can reduce the 

consumption of cells and other components while maintaining the 

functionality of the tissue. The overall goal of this study was to 

implement and propose 3D biomimetic cardiac constructs as a 

platform for drug screening to investigate the responses of sodium 

and hERG potassium channels to drugs. 

First, we developed a scaffold-free 3D-printed model. In this work, 

we encapsulated the cells in an ECM with sodium alginate, gelatin, 

and fibrinogen to produce biomimetic 3D cardiac tissue models. This 

allows the cardiac cells to float in 3D space as they expand and form 

connections. The SFP system helps create a 3D hydrogel construct 

that encapsulates biological cells. As a result of the rapid printing, 

the cells spend little time out of culture, so the printed cardiac cells 

maintain high cell viability and appropriate cell activities. We have 

successfully printed cardiac cells and produced a 3D biomimetic 

cardiac construct using the SFP system. 

Four different small molecules (digoxin, cisapride, gamma-

aminobutyric acid, and indomethacin) were used to investigate their 

potential effects on sodium and hERG potassium ion channels in 

bioengineered cardiac constructs. The effect of the drugs on 
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intracellular Na+ levels was monitored using the Na+ indicator. 

Similarly, the effect of the drugs on the hERG potassium ion channel 

was measured using the FluxOR™ potassium channel assay and 

immunofluorescence staining. An increase in drug concentration 

resulted in a decrease in K+ permeability and intracellular Na+ level. 

Therefore, a lower number of Na+- and K+-indicator-positive 

fluorescent cells was observed in the groups treated with digoxin, 

cisapride, and IMC than in the control without drug treatment. In 

contrast, GABA showed no significant effect on K+ channel blockade 

over the range of concentrations tested. K+ channel permeability and 

hERG immunofluorescence remained almost the same in treated cells 

as in the control over the entire drug range tested. Thus, intracellular 

homeostasis was well preserved in the GABA-treated cardiac 

construct. The results of the current study are therefore of great 

value as they demonstrate that the SFP-based bioengineered cardiac 

constructs used are capable of responding to changes in membrane 

potential and can therefore be used as a novel platform for screening 

small molecule-induced blockade of Na+ and hERG-K+ channels. 

Further investigations for the use of the SFP-based bioengineered 

cardiac constructs for identification of nanomaterial-induced 

blockade of Na+ and hERG-K+ channels is necessary. Previously, 

Triphenylphosphine (TPP)-stabilized AuNPs have been reported to 

irreversibly block the permeability of K+ channels using 2D cell 

culture, whereas thiol-stabilized AuNPs of similar sizes had no such 

effect in vitro [54]. Thus, the potential hazards of surface-

functionalized AuNPs are an important issue that warrants further 

investigation. Particularly, the absence of hERG K+ channel blockage 

caused by anticancer materials conjugated onto the surface of AuNPs, 
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has to be demonstrated for the successful development of 

nanomaterials. Size-dependent hERG potassium channel blockage is 

another factor to be considered with respect to the nanomaterials 

because inhibition of K+ permeation in K+ channels can occur because 

of the binding of nanomaterials to hERG proteins as a function of their 

size. 

 

Figure 19. Schematic illustration of size-dependent binding of IMC-PEG-

SH@AuNPs to hERG proteins vs. binding of IMC (small molecule) to hERG 

proteins. 

 

In the present study, IMC-PEG-SH@AuNPs with sizes of 19 nm, 33 

nm, and 64 nm were synthesized, and their size-dependent effects 

on hERG K+ channels were evaluated for the first time. Figure 17 

clearly shows that the largest AuNPs (~ 64 nm) caused the largest 

hERG channel blockage. The three different sizes of spherical IMC-

PEG-SH@AuNPs have different surface areas. The number of 

surface ligands IMC-PEG-SH bound to the surface of AuNPs 

increased as the size of AuNPs increased because the surface area 

of larger AuNPs increased. The concentration of the surface ligand 

IMC-PEG-SH conjugated to the surface of AuNPs was 

quantitatively determined using absorption spectra. Consequently, 

three different sizes of IMC-PEG-SH@AuNPs with identical surface 

ligand concentrations were prepared, and the size-dependent hERG 
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channel blockage of AuNPs was determined under the condition that 

the three different sizes of IMC-PEG-SH@AuNPs had the same 

probability of being bound to hERG proteins in the K+ channel. When 

the concentration of the surface ligand IMC-PEG-SH was the same 

for the three different sizes of IMC-PEG-SH@AuNPs, the number 

of the largest IMC-PEG-SH@AuNPs was the smallest because the 

number of ligands IMC-PEG-SH bound to the surface of the AuNPs 

had to be the largest for the largest AuNPs, as shown in Figure 19. 

Considering that the binding of IMC-PEG-SH@AuNPs to hERG 

proteins is achieved not by AuNPs but by surface ligands, and the 

concentration of surface ligands is identical in all three IMC-PEG-

SH@AuNPs, the number of IMC-PEG-SH@AuNPs bound to hERG 

proteins in the K+ channel should be the largest for the smallest IMC-

PEG-SH@AuNPs (19 nm) under the same surface ligand 

concentration. Notably, the largest IMC-PEG-SH@AuNPs (64 nm) 

induced the largest hERG channel blockage, despite the smallest 

number bound to hERG proteins in the K+ channel. This signifies that 

hERG protein binding induced by nanomaterials is more dependent on 

the size than on the number of nanoparticles.  

To further validate the influence of nanomaterial surface 

functionalization on hERG protein binding in K+ channels, F-

108@TPP-AuNPs were tested using the in-situ 3D bioengineered 

cardiac model. Although the F-108@TPP-AuNPs, with sizes of ~10 

nm, are smaller than IMC-PEG-SH@Au19NPs, K+ permeation was 

inhibited more strongly with F-108@TPP-AuNPs than with IMC-

PEG-SH@Au19NPs. This difference could be attributed to the 

difference in the binding activity of surface ligands to hERG proteins. 
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Another important finding of the present study is that nanomaterial-

induced hERG channel blockage is less severe than that induced by 

small molecules. Of all the ligands attached to a single spherical AuNP, 

only some ligands directed to the hERG proteins in the hERG K+ 

channel can be bound to them because of the steric restriction in the 

approach of surface ligands on AuNPs to hERG proteins. In contrast, 

small molecules do not have such steric restrictions for binding to 

hERG proteins in the K+ channel. As a result, more opportunities for 

binding to hERG proteins in K+ channels are created for small 

molecules. This is the first study to demonstrate that nanomaterials 

may have a lower hERG channel blockage than small molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 ５１ 

Conclusion 

In summary, we have developed a scaffold-free de novo printing 

(SFP)-based matrix that models the ECM networks of native 

myocardium. By varying the adhesive ligand, architecture, and 

mechanics of these matrices, we found that sodium alginate and 

gelatin, together with fibrinogen and growth hormones, facilitated the 

formation of organized cardiomyocyte tissue layers. Our results 

support the notion that the SFP method together with fibrin-based 

ECM is sufficient to generate cardiac tissues with native tissue-like 

phenotypes. The 3D cardiac cells produced by SFP achieved high 

confluence with a branched cell structure with many nuclei. Moreover, 

the formation of tight intracellular junctions expressing connexin 43 

confirms the maturation of the fabricated structure. Interestingly, the 

effect of small molecules on the sodium and potassium ion channels 

proves that this analytical method can be used for drug screening and 

new drug discovery due to its high predictability of drug action in 

vitro. Moreover, fabricated 3D cardiac constructs were successfully 

used to monitor the dose-dependent reduction of K+ permeation and 

hERG protein expression by nanomaterials. Overall, the results of 

this dissertation can be summarized as follows: 1. nanomaterials with 

two different surface ligands (IMC-PEG-SH @AuNPs and F-

108@TPP-AuNPs) showed a dose-dependent decrease in K+ 

permeation due to their binding to hERG proteins; 2. the extent of 

hERG K+ channel blockade was dependent on the surface ligand 

conjugated to the AuNPs. 3. In the same way, the size-dependent 

effect of the nanomaterials on hERG K+ channel blockade was 

quantitatively evaluated using the three different sizes of IMC-PEG-

SH @AuNPs. The effect of K+ channel blockade was remarkably 
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proportional to the size of the IMC-PEG-SH @AuNPs. 4. It was also 

observed that binding of small molecules greatly reduced K+ 

permeation and hERG immunofluorescence compared with IMC-

PEG-SH @AuNPs, which may be due to steric limitations in binding 

of surface ligands to hERG proteins. Therefore, the proposed SFP-

based bioprinted 3D constructs for the heart, which allow 

fluorescence-based measurement of the membrane potential of Na+ 

and K+ channels, can be used as a screening tool to measure ion 

channel blockage induced by nanomaterials to small molecules. 
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Abstract in Korean 

현재 약물 발견은 치료에 대한 생리학적 반응을 정확하게 반영하지 

못하는 부적절한 모델로 인해 방해를 받고 있습니다. 최근 몇 가지 

약물이 효능 부족 또는 임상 시험 중에 발견되지 않은 예상치 못한 

부작용, 특히 심장 독성으로 인해 시장에서 철수되었습니다. 이 논문의 

주요 목적은 나트륨 및 칼륨 이온 채널의 약물 유발 차단을 연구하기 

위해 스캐폴드가 없는 3D 프린팅(SFP) 생체 모방 심장 조직 구조를 

개발하는 것입니다. 이 작업에서는 비계가 없는 3D 인쇄(SFP) 

모델이라는 3D 인쇄 기술을 사용하여 하이드로겔에 쥐 배아 

심근세포(H9C2)를 빠르고 공간적으로 배열했습니다. 바이오잉크의 

제형을 변경하고 심근세포를 특정 마이크로아키텍처에 내장함으로써, 

심근세포는 설계된 기하학과 우선적으로 정렬되고 네이티브 조직 유사 

표현형과 유사한 다핵 세포가 있는 분지형 세포 구조를 가진 생체모방 

심장 조직으로 재생됩니다. SFP 로 조작된 3D 심장 세포는 여러 개의 

핵을 가진 분지형 세포 구조로 높은 합류를 달성했습니다. connexin 

43 을 발현하는 단단한 세포내 접합부의 형성은 조작된 구조의 성숙을 

확인했습니다. 이 접근법을 사용하여 심장 조직 구조물을 성공적으로 

제작하고 나트륨 및 칼륨 이온 채널 반응을 측정하기에 충분히 민감한 

분석 플랫폼으로 사용했습니다. 

처음에 이 연구는 알려진 심장 약물에 대한 생체 공학 심장 구조물의 생

리학적 나트륨 및 칼륨 이온 채널 반응의 현장 측정에 초점을 맞췄습니

다. 다양한 소분자를 사용하여 SFP 로 조작된 3D 심장 조직 구조물이 

시험관 내 약물 반응의 높은 예측 가능성으로 인해 스크리닝 및 약물 발

견에 사용될 수 있음이 입증되었습니다. 다음으로 우리는 나노 물질에 

의한 hERG(human ether-à-go-go-related) 유전자 칼륨 채널의 크

기 의존적 차단을 스크리닝하기 위한 SFP 조작 3D 심장 조직 구조물의 

민감도를 조사했습니다. 이 목표를 달성하기 위해 크기와 표면 리간드가 

다른 금 나노 입자를 합성하고 3D 생체 모방 심장 조직 모델을 사용하
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여 칼륨 이온 채널 투과성 및 hERG 단백질 면역 형광을 모니터링하여 

hERG 칼륨 채널의 크기 및 표면 리간드 의존적 차단을 고유하게 측정

했습니다. . 우리의 결과는 나트륨 및 칼륨 이온 채널의 막 전위에 대한 

형광 기반 측정을 허용하는 제안된 SFP 기반 생체 인쇄 3D 심장 구조

가 나노 물질에 의한 이온 채널 차단을 측정하는 스크리닝 도구로 사용

될 수 있음을 시사합니다. 작은 분자에. 
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Supporting Information 

 

Scheme S1. Synthesis route of IMC-PEG-SH (4) 

 

Compound 1 

To a stirred solution of indomethacin (0.5 g, 1.40 mmol) in DCM (15 

mL), EDC•HCl (0.349 g, 1.82 mmol), and HOBt (0.246 g, 1.82 mmol) 

was added and mixture was stirred at room temperature for 15 min. 

tert-Butyl N-(2-aminoethyl)carbamate (0.246 g, 1.54 mmol) and 

TEA (0.58 ml, 4.20 mmol) were added and resulting mixture was 

stirred overnight. Water (15 mL) was added to the reaction mixture 

and aqueous solution was extracted with DCM (3 X 20 mL). The 

organic layer was separated and washed with brine, dried over 

anhydrous sodium sulfate, filtered and evaporated under reduced 

pressure. The crude mixture was purified by column chromatography 

using silica gel with a eluant gradient of 2-3% MeOH in DCM to 

obtain compound 1 as white solid (0.59 g, yield 84 %). 1H NMR (400 

MHz, CDCl3): δ 7.70 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 

6.89 (dd, J = 5.8, 3.2 Hz, 2H), 6.69 (dd, J = 9.1, 2.5 Hz, 1H), 6.29 

(s, 1H), 4.80 (s, 1H), 3.82 (s, 3H), 3.63 (s, 2H), 3.34 – 3.28 (m, 

2H), 3.21 – 3.15 (m, 2H), 2.38 (s, 3H), 1.34 (s, 9H). 13C NMR (100 

MHz, CDCl3): δ 170.81, 168.46, 156.40, 136.50, 131.37, 131.07, 
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129.33, 115.34, 112.87, 112.39, 100.81, 79.89, 55.88, 41.21, 40.64, 

32.36, 28.39, 13.49. 

Compound 2 

To a stirred solution of compound tert-butyl (2-(2-(1-(4-

chlorobenzoyl)-5-methoxy-2-methyl-1H-indol-3-

yl)acetamido)ethyl)carbamate 1 (0.590 g, 1.18 mmol) in DCM (20 

mL), 4M HCl in dioxane (4 mL) was added and mixture was stirred 

under an inert atmosphere overnight. After completion, the mixture 

was evaporated under reduced pressure to obtain compound 2. The 

HCl salt of N-(2-aminoethyl)-2-(1-(4-chlorobenzoyl)-5-

methoxy-2-methyl-1H-indol-3-yl)acetamide appeared as an 

off-white solid (0.34 g, yield 72%). 1H NMR (400 MHz, DMSO-d6): 

δ 8.60 (t, J = 5.5 Hz, 1H), 8.23 (s, 2H), 7.72 – 7.61 (m, 4H), 7.20 

(d, J = 2.5 Hz, 1H), 6.93 (d, J = 9.0 Hz, 1H), 6.70 (dd, J = 9.0, 2.5 

Hz, 1H), 3.78 (s, 3H), 3.57 (s, 2H), 3.36 – 3.29 (m, 2H), 2.90 – 

2.82 (m, 2H), 2.25 (s, 3H). 13C NMR (100 MHz, DMSO-d6): δ 

169.91, 167.69, 155.41, 137.39, 135.11, 134.07, 131.02, 130.71, 

130.05, 128.88, 114.37, 113.93, 111.17, 101.78, 55.41, 36.43, 30.93, 

13.32. 

Compound 3 

To a solution of compound 2 (0.108 g, 0.247 mmol) in DMF (5 mL), 

EDC•HCl (0.062 g, 0.322 mmol), and HOBt (0.044 g, 0.322 mmol) 

were added and mixture was stirred at room temperature for 15 min. 

Compound 7 (0.114 g, 0.247 mmol) and TEA (0.103 ml, 0.743 mmol) 

were added and resulting mixture was stirred overnight. After 

completion, the mixture was diluted with CH2Cl2 (50 mL), washed 

with aqueous sodium bicarbonate (10 mL X 3). The combined organic 

extract was separated and washed with brine, dried over anhydrous 
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sodium sulfate, filtered and evaporated under reduced pressure. The 

crude mixture was purified by flash column chromatography using 

silica gel with an eluent gradient of 3 % MeOH/CH2Cl2 to obtain 

compound 3 as off-white solid (0.118 g, yield 54 %). 1H NMR (400 

MHz, CDCl3): δ 7.77 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 

7.02 (s, 1H), 6.91 – 6.83 (m, 2H), 6.79 (s, 1H), 6.64 (dd, J = 9.0, 

2.4 Hz, 1H), 3.80 (s, 3H), 3.65 – 3.54 (m, 32H), 3.52 – 3.46 (m, 

4H), 3.29 (s, 4H), 3.06 (t, J = 6.5 Hz, 2H), 2.36 (s, 3H), 2.31 (s, 

3H), 2.19 (t, J = 5.5 Hz, 2H). 13C NMR (100 MHz, CDCl3): δ 195.66, 

173.24, 170.91, 168.52, 156.14, 139.29, 136.54, 134.01, 131.46, 

131.13, 130.71, 129.16, 115.14, 112.91, 111.87, 101.00, 70.55, 

70.32, 69.81, 66.96, 55.81, 41.58, 38.59, 36.40, 32.19, 30.67, 29.77, 

28.88, 13.40. 

Compound 4 

To a MeOH solution (5 mL) of compound 3 (0.118 g, 0.133 mmol), 

1N HCl (0.5 mL) was added under Ar, and mixture was refluxed for 

4 h at 80 ºC. Then, water (4 mL) was added to the resulting solution, 

and the mixture was extracted with CH2Cl2 (10 mL X 3). The organic 

layer was separated and dried over anhydrous sodium sulfate, 

filtered and evaporated under reduced pressure. The residue was 

chromatographed on silica gel with 5% MeOH/ CH2Cl2 as an eluent to 

obtain compound 4 as white solid (0.068 g, yield 60 %). 1H NMR (400 

MHz, CDCl3): δ 7.78 (d, J = 8.5 Hz, 2H), 7.46 (d, J = 8.5 Hz, 2H), 

7.04 (s, 1H), 6.90 – 6.83 (m, 2H), 6.77 (s, 1H), 6.64 (dd, J = 9.0, 

2.5 Hz, 1H), 3.80 (s, 3H), 3.66 – 3.58 (m, 32H), 3.57 – 3.54 (m, 

2H), 3.53 – 3.45 (m, 4H), 3.30 (s, 4H), 2.74 – 2.63 (m, 2 H), 2.37 

(s, 3H), 2.20 (t, J = 5.6 Hz, 2H), 1.58 (t, J = 8.2 Hz, 1H). 13C NMR 

(100 MHz, CDCl3): δ  172.22, 169.84, 167.42, 155.05, 138.21, 
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135.47, 132.91, 130.37, 130.04, 129.59, 129.51, 128.06, 114.06, 

111.75, 110.79, 99.88, 71.84, 69.49, 69.19, 69.10, 69.00, 65.84, 

54.72, 40.53, 37.50, 35.27, 31.10, 23.25, 12.30. HR-MS found: m/z: 

857.3752 [M+NH4]
+, calcd for C40H58ClN3O12S, 839.3415. 

Synthesis of Compound 6 

                

 

The compound 6 was synthesized by using commercially available 

1-mercapto-3,6,9,12,15,18,21,24-octaoxaheptacosan-27-oic 

acid (compound 5). Acetic anhydride (1.1 equiv.) was added 

dropwise at 0 º C to a solution of compound 5 (1.0 equiv.), 

triethylamine (2 equiv.), and catalytic amount of DMAP in anhydrous 

acetonitrile. The reaction mixture was stirred at room temperature 

for 24 h. Then, the solvent was evaporated to dryness, and the 

residue was quenched with water. The aqueous layer was washed 

with diethyl ether, acidified to pH = 1 by the addition of aqueous 1N 

HCl solution, and extracted with ethyl acetate. The combined organic 

phases were washed with brine, dried over anhydrous sodium sulfate, 

filtered and evaporated under reduced pressure to afford compound 

6 as a pale yellow oil.  1H NMR (400 MHz, DMSO-d6): δ 3.62 – 

3.57 (m, 2H), 3.52 – 3.49 (m, 23H), 3.49 – 3.48 (m, 3H), 3.01 (t, J 

= 6.5 Hz, 2H), 2.43 (t, J = 6.3 Hz, 2H), 2.33 (s, 3H). 13C NMR (100 

MHz, DMSO-d6): δ 195.18, 172.69, 69.81, 69.72, 69.65, 69.59, 

68.93, 66.26, 34.77, 30.54, 28.29. 
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Scheme S2. AuNPs surface modification via a ligand exchange 

reaction 
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Table S1. Physicochemical characterization of different sizes of 

AuNPs 

AuNPs 

TEM 

diameter 

(nm) 

SPR 

peak 

(nm) 

Hydrodynamic 

diameter (nm) 

Zeta 

potential 

(mV) 

     

Au9NPs 9.2 ± 1.8 521 10.6 ± 0.4 −34.9 

Au17NPs 17.4± 2.3 524 18.9 ± 0.3 −38.0 

Au46NPs 45.7± 5.8 530 46.8 ± 0.1 −46.5 

     

 

Table S2. Physicochemical characterization of different sizes of 

IMC-PEG-SH@AuNPs 

IMC-PEG-SH@AuNPs 

SPR 

peak 

(nm) 

Hydrodynamic 

diameter (nm) 

Zeta 

potential 

(mV) 

    

IMC-PEG-SH@Au19NPs 529 19.2 ± 0.2 −19.0 

IMC-PEG-SH@Au33NPs 542 33.4 ± 0.3 −23.5 

IMC-PEG-SH@Au64NPs 556 64.3 ± 0.2 −33.0 
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1H NMR and 13C NMR of compound (1) 
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1H NMR and 13C NMR of compound (2) 
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1H NMR and 13C NMR of compound (3)   
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1H NMR and 13C NMR of compound (4) 
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1H NMR and 13C NMR of compound (6) 
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HRMS analysis of compound (4) 
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