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Abstract

The current inability to derive mature cardiomyocytes from human pluripotent stem cells has been 

the limiting step for transitioning this powerful technology into clinical therapies. To address this, 

scaffold-based tissue engineering approaches have been utilized to mimic heart development in 

vitro and promote maturation of cardiomyocytes derived from human pluripotent stem cells. 

While scaffolds can provide 3D microenvironments, current scaffolds lack the matched physical/

chemical/biological properties of native extracellular environments. On the other hand, scaffold-

free, 3D cardiac spheroids (i.e., spherical-shaped microtissues) prepared by seeding 

cardiomyocytes into agarose microwells were shown to improve cardiac functions. However, 

cardiomyocytes within the spheroids could not assemble in a controlled manner and led to 

compromised, unsynchronized contractions. Here we show, for the first time, that incorporation of 

a trace amount (i.e., ~0.004% w/v) of electrically conductive silicon nanowires (e-SiNWs) in 

otherwise scaffold-free cardiac spheroids can form an electrically conductive network, leading to 

synchronized and significantly enhanced contraction (i.e., >55% increase in average contraction 

amplitude), resulting in significantly more advanced cellular structural and contractile maturation.
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Cardiovascular disease is the leading cause of death worldwide1. Due to the limited 

regenerative capacity of adult hearts, human embryonic stem cell (hESC)- and human 
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induced pluripotent stem cell (hiPSC)-based therapy has been the focus of a significant 

amount of research2, 3. This is due to their proven capacity to produce de novo 

cardiomyocytes. However, the current cardiomyocytes derived from hESCs and hiPSCs 

retain an immature phenotype, including poorly organized sarcomere structures (i.e., 

functional units of the contractile machinery)4-6. Thus, these cells lack the ability to generate 

sufficient, anisotropic forces as adult cardiomyocytes. This has led to difficulties for 

electrical and mechanical integration with human adult myocardium7, 8, which has limited 

the applications of hESC and hiPSC technology for cardiac repair.

During embryonic development, environmental factors (e.g., extracellular matrix, growth 

factors, mechanical and electrical stimulation) have major effects on the maturation of 

cardiomyocytes. To mimic the maturation process in vitro, hESC- and hiPSC-derived 

cardiomyocytes have been mixed with scaffolding materials (e.g., Matrigel and collagen 

type I gel) to prepare cardiac tissue-engineered constructs and then conditioned with 

electrical and/or mechanical stimulation4, 9-11. While these scaffolds can provide tissue-like 

3D microenvironments, current scaffolding materials lack the matched physical/chemical/

biological properties with the native extracellular environments during heart development. 

On the other hand, scaffold-free, 3D cardiac spheroids have emerged as promising model 

systems to mimic cardiac tissues12, 13. Unlike in the myocardium, cardiomyocytes in the 

spheroids do not organize in a controlled manner and led to compromised, unsynchronized 

contractions. To improve this, we reasoned the incorporation of e-SiNWs in cardiac 

spheroids can facilitate the formation of an electrically conductive network, and provide 

synchronized and improved electrical/mechanical signals to advance structural and 

contractile maturation of the cardiomyocytes (Fig. 1 and Supplementary Fig. 1).

This approach has the distinct advantage in that only a trace amount of e-SiNWs is utilized, 

minimizing the adverse effects of traditional scaffolds, such as unmatched physical/

chemical/biological properties with the native extracellular environments during heart 

development. e-SiNWs were selected because of their controllable electrical conductivity, 

tunable dimensions, and convenient surface tailorability14, 15. Although SiNWs might not be 

well known as biocompatible materials, in vitro biocompatibility studies have shown no 

significant cytotoxic effects for both undoped and n-type SiNWs16. Further, the recent 

research showed SiNWs are biodegradable, and their degradation products are found mainly 

in the form of Si(OH)4 and are metabolically tolerant in vivo17-21. This makes them 

advantageous over other non-biodegradable, electrically conductive nanomaterials (e.g., 

gold nanowires, carbon nanotubes and nanofibers), especially for potential in vivo 

applications.

In this study, n-type SiNWs (Diameter ≈ 100 nm; length ≈ 10 μm; Silane/Phosphane = 500) 

were prepared according to the previously established protocol22 (Fig. 2A, B). The doping 

ratio and diameter of the e-SiNWs were chosen to obtain a high conductivity (150 - 500 

μS/μm) compared to cell culture medium (~1.75 μS/μm) and myocardium (~0.1 μS/μm) to 

create highly electrically conductive microenvironments within spheroids23, 24. The length 

of the SiNWs was selected to inhibit cell internalization. As shown in the Fig. 2C-E, both rat 

neonatal cardiac cells and human induced pluripotent stem cell-derived cardiomyocytes 

have been used to prepare e-SiNWed-reinforced cardiac spheroids. The rat left-ventricle 
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neonatal cardiac cells were utilized in the initial study due to their ready availability. They 

were mixed with e-SiNWs at a ratio of around 1:1 (number of cells/number of e-SiNWs) and 

seeded into agarose microwells to prepare e-SiNW-reinforced rat-neonatal cardiac spheroids 

(Fig. 2 C, D and Supplementary Fig. 1). The ratio between e-SiNWs and cardiac cells was 

selected to minimize the interference of e-SiNWs on the self-assembly process of cardiac 

cells due to their high density and high stiffness (Supplementary Fig. 2). Notably, TEM 

images of e-SiNW-reinforced cardiac spheroid indicated the e-SiNWs located in the 

extracellular space in the spheroids, which supported our selection of dimensions of e-

SiNWs (Fig. 2E).

Although few spontaneous contractions have been found in many rat-neonatal cardiac 

spheroids after 4 days in culture, both contraction frequency and amplitude can be 

significantly enhanced by electrical stimulation (Fig. 3A-D). To recapitulate the electrical 

pulses of native myocardium, the spheroids were stimulated at 15 V at 1 Hz, 2 ms25. To 

independently investigate the effects of e-SiNWs and electrical stimulation, four samples 

have been prepared and examined: rat-neonatal cardiac spheroids without e-SiNWs and 

without electrical stimulation (i.e., r-NC spheroids), rat-neonatal cardiac spheroids with e-

SiNWs but without electrical stimulation (i.e., r-WC spheroids), rat-neonatal cardiac 

spheroids without e-SiNWs but with electrical stimulation (i.e., r-NS spheroids), and rat-

neonatal cardiac spheroids with e-SiNWs and with electrical stimulation (i.e., r-WS 

spheroids).

Video analysis revealed that the chronically stimulated spheroids (i.e., r-NS and r-WS 

spheroids) contract regularly and periodically, while the non-stimulated spheroids (i.e., r-NC 

and r-WC spheroids) did not contract consistently. As shown in Fig. 3A-D, the average 

contraction amplitude gradually increased over time for the chronically stimulated spheroids 

(i.e., r-NS and r-WS) and was several-fold higher than the non-stimulated spheroids (i.e., r-

NC and r-WC) with/without stimulation during measurement, which is consistent with the 

previous report25. When comparing r-NS spheroids with r-WS spheroids, significant 

improvement in the contraction amplitude and synchronization were found in the r-WS 

spheroids (Fig. 3B, D), which indicate e-SiNWs can facilitate synchronized electrical signal 

propagation throughout the spheroids.

To understand the effects of e-SiNWs and chronic stimulation, the expressions of several 

key cardiac-specific proteins in all four different spheroids were examined using western 

blotting and immunofluorescence staining (Fig. 3E-G and Supplementary Fig. 3A, B). 

Among them, connexin-43 (i.e., Cx-43) forms gap junction channels that regulate electrical 

signal propagation between cardiomyocytes26, 27. Cardiac α-sarcomeric actinin (α-SA) and 

cardiac troponin I (cTnI) are cardiac-specific contractile proteins, and β-myosin heavy chain 

(β-MHC) is neonatal isoform of myosin heavy chain in rat cardiomyocytes25. As shown in 

the Fig. 3E, F and Supplementary Fig. 3A, B, chronic stimulation can significantly increase 

the expressions and assembly of contractile proteins (e.g., α-SA and cTnI), in agreement 

with the previous report 25. On the other hand, the incorporation of e-SiNWs led to 

enhanced expression and clustering of Cx-43 (Fig. 3E, G), also consistent with the previous 

literature28-31. The combination of SiNWs and chronic stimulation can result in the reduced 

expression of β-MHC, which indicates a transition from the neonatal isoform of myosin 
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protein to the adult isoform25. This could be attributed to the up-regulated Cx-43 expression 

(Fig. 3E, G) and/or the increased contraction amplitude (Fig. 3D).

The results from rat-neonatal cardiac spheroids led to the development of hiPSC cardiac 

spheroids (i.e., cardiac spheroids prepared from hiPSC-derived cardiomyocytes, Fig. 2C). 

Unlike the rat-neonatal cardiac spheroids, strong spontaneous contractions with consistent 

contraction frequency were found for the non-stimulated hiPSC cardiac spheroids. Notably, 

a significant decrease in contraction amplitude was found for electrically stimulated hiPSC-

derived cardiac spheroids (i.e., hiPSC-NS and hiPSC-WS spheroids) (Fig. 4A). TUNEL 

staining (marker of early apoptosis) of the spheroid sections revealed significant increase in 

cell death at the center of hiPSC-NS and hiPSC-WS spheroids, while not in the r-NS and r-

WS spheroids (Supplementary Fig. 4). Given the similar sizes of the rat-neonatal and hiPSC 

cardiac spheroids, the increased cell death at the center of stimulated hiPSC-derived 

cardiomyocytes was attributed to the increased metabolic demands of the hiPSC-derived 

cardiomyocytes compared to rat-neonatal cardiac cells.32-34 Accordingly, strong expression 

of the assembled cardiac contractile proteins (e.g., α-SA and c-TnI) can only be found on 

the periphery of the hiPSC-NS and hiPSC-WS spheroids (Supplementary Fig. 5A, B).

On the other hand, the addition of e-SiNWs into hiPSC cardiac spheroids without electrical 

stimulation (i.e., hiPSC-WC spheroids) can lead to significant improvement in contraction 

amplitude and synchronization. As shown in the Fig. 4A, the contraction amplitude of the 

hiPSC-WC spheroids averaged more than 55% higher than the hiPSC-NC spheroids from 

Day 1 to Day 7. The sharper peaks of fractional area change of the hiPSC-WC spheroids 

over the hiPSC-NC spheroids strongly indicated the enhanced contraction synchronization 

(Fig. 4B, C). This is further supported by calcium transient imaging of whole spheroids (Fig. 

4D, E). The quantification of calcium imaging of spheroids revealed the hiPSC-WC 

spheroids have the increased overall amplitude (F/F0) of calcium levels and the accelerated 

time to peak of the calcium transient (Fig. 4F, G), which supported the enhanced synchrony 

during spontaneous contraction. The significant improvement in contraction amplitude and 

synchronization of hiPSC-WC spheroids is remarkable, considering only a trace amount of 

e-SiNWs (i.e., 0.004% w/v) was utilized to create e-SiNW-reinforced cardiac spheroids.

The enhanced contraction amplitude and synchronization of the hiPSC-WC spheroids 

resulted in improved functional maturation. As shown in the Fig. 5A-C and supplementary 

Fig. 5C, D, the immunofluorescence staining indicated the significant increase in expression 

level and assembly of both conductive and contractile proteins (e.g., Cx-43, α-SA, and cTnI) 

in the hiPSC-WC spheroids, which was further supported by the increased expression of 

conductive gene GJA1 (Cx-43) and contractile gene MYL2 (ventricle isoform of myosin 

light chain) (Supplementary Fig. 6). In addition, the Fig. 4D-G showed the improved peak 

calcium amplitude and the speed of calcium release, which suggest the improved calcium 

handling channels and indicates increased maturation. This is further supported by the 

increased ratio of gene expression of the calcium channel L-type/T-type subunits 

(CACNA1C/CACNA1G) (Supplementary Fig. 6). The improved calcium handling 

properties can be attributed to the enhanced organization of the sarcomere structures in the 

hiPSC-WC spheroids35.
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To confirm the effects of e-SiNW-reinforced 3D cell culture on the structural and contractile 

maturation of hiPSC-derived cardiomyocytes, monolayer cells were obtained from hiPSC 

cardiac spheroids by seeding them onto gelatin-coated substrates, which was thought to 

minimize dramatic stress usually associated with mechanical/enzymatic spheroid 

dissociation processes. Sarcomere length and Z-band width were measured as they were 

known as effective indicators of twitch force generated by cardiomyocytes36, 37 (Fig. 6). As 

shown in Fig. 6A-C and G, cardiomyocytes harvested from both hiPSC-NC and hiPSC-WC 

spheroids showed significant improvement in Z-band width when compared to pre-spheroid 

hiPSC-derived cardiomyocytes. This indicates that 3D culture can provide supportive 

microenvironments for the maturation of hiPSC-derived cardiomyocytes. Moreover, the 

hiPSC-WC cardiomyocytes showed significant improvement in both sarcomere length and 

Z-band width when compared to the hiPSC-NC cardiomyocytes (Fig. 6F, G). These 

improvements were attributed to the enhanced contraction of the hiPSC-WC spheroids. 

Notably, the alignment of Z-band in hiPSC-WC cardiomyocytes showed remarkable 

resemblance with adult rat cardiomyocytes (Fig. 6C-E, H). The increased sarcomere 

alignment in the hiPSC-WC spheroids was attributed to the e-SiNW-induced synchronized 

contractions (Fig. 4B, C), which was hypothesized to provide an anisotropic mechanical 

environment to direct the assembly of contractile machinery of hiPSC-WC cardiomyocytes.

For the first time, we incorporated a trace amount of e-SiNWs into rat-neonatal and hiPSC 

cardiac spheroids to create electrically conducting microenvironments and induce 

synchronized and enhanced contraction, which was shown to promote structural and 

contractile maturation. A long-term culture (i.e., 3 weeks) was conducted to examine 

whether the addition of e-SiNWs into the hiPSC cardiac spheroids alone is sufficient to 

derive fully matured hiPSC-derived cardiomyocytes. The improvements in hiPSC-WC 

spheroids in contraction amplitude, expression level and assembly of contractile protein 

(e.g., α-SA and cTnI) seen at Day 7 were maintained through Day 21 (Supplementary Fig. 

7). However, the extended culture did not result in further improvements in the maturation 

of hiPSC-derived cardiomyocytes. The sarcomere structure and nuclear shape in hiPSC-WC 

spheroids and hiPSC-NC spheroids at Day 21 resembled that of the Day 7 spheroids (Figure 

5, Supplementary Fig. 5, 7). Our future research will combine additional chemical/physical 

stimuli (e.g., growth factors, miRNA) with e-SiNW-reinforced human cardiac spheroids to 

produce fully matured hiPSC-cardiomyocytes.35, 38

Recently, nanocomposite scaffolds composed of electrically conductive nanomaterials and 

hydrogels have been developed for cardiac tissue engineering applications24, 29-31. The 

research reported here is the first demonstration of using nanoscale semiconductors to 

promote cardiac tissue formation and cardiomyocyte maturation without involving 

conventional scaffolding materials (e.g., polymers and hydrogels). Also, this research is the 

first example to directly utilize silicon-based nanomaterials for tissue engineering 

applications. Our results suggest that silicon-based nanomaterials can have major impacts in 

tissue engineering. Notably, e-SiNW induced synchronized contraction could have major 

implications in cell-based cardiac therapy, considering that arrhythmia caused by 

unsynchronized contraction is a major concern in cardiac surgery7, 8. Our future research 

will also include the transplantation of e-SiNW-reinforced hiPSC cardiac spheroids into 

infarcted hearts to examine their electrical integration with the host myocardium.
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Figure 1. Schematic overview of e-SiNWs reinforced cardiac spheroids
(A) Structure of cardiac spheroids without (top) or with (bottom) e-SiNWs: cardiac cells 

(red), nuclei (blue) and e-SiNWs (black). e-SiNWs (bottom) can act as bridges to electrically 

connect cardiac cells and create electrically conductive microenvironments throughout the 

spheroids. (B) Cardiomyocytes in the cardiac spheroids without e-SiNWs (top) form 

electrically isolated small beating clusters with random contractions, while cardiomyocytes 

in the e-SiNWs-reinforced cardiac spheroids can produce synchronized and enhanced 

contractions (bottom). Arrows represent the directions of contractile forces.
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Figure 2. Electrically conductive silicon nanowires (e-SiNWs) introduced to cardiac spheroids
(A) Transmission electron microscopy (TEM) image of an e-SiNW (diameter ≈ 100 nm; 

length ≈ 10 μm) and (B) high-resolution TEM image of the e-SiNW. (C) Schematic 

representation of spheroid fabrication using rat-neonatal cardiac cells or human induced 

pluripotent stem cell (hiPSC)-derived cardiomyocytes at a ratio 1:1 (number of cells/number 

of e-SiNWs) with or without electrical stimulation. (D) Bright field image of hiPSC 

spheroid with e-SiNWs. (E) TEM image of hiPSC spheroid with e-SiNWs, black arrow 

indicates the e-SiNWs located in the extracellular area. Scale bars: (A) = 0.2 μm; (B) = 5 

nm; (D) = 100 μm; (E) = 500nm.
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Figure 3. Functional and structural analysis of rat-neonatal cardiac spheroids
(A) Averaged fractional area change (i.e., contraction amplitude) over 3 days for r-NS 

spheroids and (B) a characteristic beating profile on day 3 for r-NC, r-NC under stimulation 

during measurement, and r-NS spheroids. (C) Averaged fractional area change over 3 days 

for r-WS spheroids and (D) a characteristic beating profile on day 3 for r-WC, r-WC under 

stimulation during measurement, and r-WS spheroids. (E) Western blot analysis (averaged 

data of three separate experiments) of protein expression levels relative to GAPDH 

expression after 7 days with or without electrical stimulation normalized to the r-NC group. 

(F, G) Immunofluorescent staining of cardiac-specific contractile and conductive proteins 

for all groups after 7 days. r-NC= rat-neonatal cardiac spheroids, no e-SiNWs, no 

stimulation; r-NS= rat-neonatal cardiac spheroids, no e-SiNWs, with stimulation; r-WC= 

rat-neonatal cardiac spheroids, with e-SiNWs, no stimulation; r-WS= rat-neonatal cardiac 

spheroids, with e-SiNWs, with stimulation. n = 6 spheroids per condition (A-D). Asterisks 

(*) represent statistical significance with p<0.05; error bars represent standard deviation. 

Scale bars: (F) = 100 μm; (G) = 20 μm.
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Figure 4. Functional analysis of hiPSC-derived cardiomyocyte spheroids
(A) Average contraction amplitude from Day 1 to Day 7 of each group. Double asterisk (**) 

represents statistical difference between all groups. (B, C) Representative fractional area 

change (i.e., contraction amplitude) of spontaneously beating spheroids with and without e-

SiNWs at time points Day 0 and Day 6; n = 6 spheroids per condition. (D, E) Representative 

calcium transient imaging of 7 regions of interest (colored circles) per spheroid for each 

group. Fluorescence amplitude, F/F0, refers to measured fluorescence intensity normalized 

to background fluorescence intensity. (F) Comparison of the peak value of F/F0 for each 

group. (n=3) (G) Comparison of calcium release duration for each group. (n=3) hiPSC-NC= 

human induced pluripotent stem cell cardiac spheroids, no e-SiNWs, no stimulation; hiPSC-

WC= human induced pluripotent stem cell cardiac spheroids, with e-SiNWs, no stimulation. 

Asterisks (*) represent statistical significance with p<0.05; error bar represents standard 

deviation. Scale bars = 100 μm.
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Figure 5. Structural analysis of hiPSC-derived cardiomyocyte spheroids
(A) Immunofluorescent staining of alpha sarcomeric actinin (α-SA) and troponin I (cTn I). 

(B) Immunofluorescent staining of connexin-43 (Cx-43) and beta myosin heavy chain (β-

MHC). (C) Protein expression analysis based on fluorescent signal-covered area per nuclei 

normalized over hiPSC-NC expression (n = 3; 75 μm x 130 μm picture regions, at least 

containing >50 nuclei) based on (A, B). hiPSC-NC= human induced pluripotent stem cell 

cardiac spheroids, no e-SiNWs, no stimulation; hiPSC-WC= human induced pluripotent 

stem cell cardiac spheroids, with e-SiNWs, no stimulation. Asterisks (*) represent statistical 

significance with p<0.05; error bar represents standard deviation. Scale bars = 20 μm.
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Figure 6. Single cell analysis of hiPSC-derived cardiomyocytes before and after spheroids, and 
rat-neonatal and adult cardiomyocytes
(A) Fluorescent confocal images (green, α-sarcomeric actinin (α-SA); red, troponin I; blue, 

DAPI nuclear stain) of single cells harvested before hiPSC spheroid fabrication, (B) after 7 

days from hiPSC-NC spheroids, (C) and after 7 days from hiPSC-WC spheroids. (D) Rat-

neonatal cardiomyocyte and (E) adult left ventricular cardiomyocyte for morphological 

comparison. (F) Sarcomere length measured as distance between α-SA-stained Z-line 

structures from cardiomyocytes with visible sarcomere structures; n = 9 cells per condition. 

(G) Z-line width measurements based on α-SA-stained Z-line structures in comparison to 

neonatal and adult rat cardiomyocyte references; n = 10 cells per condition. (H) Z-line 

alignment calculations were based on a fraction (±20° of the peak orientation degree) of 

aligned α-SA-stained structures; n = 12 cells (hiPSC), 4 cells (rat) per condition. hiPSC-

NC= human induced pluripotent stem cell cardiac spheroids, no e-SiNWs, no stimulation; 

hiPSC-WC= human induced pluripotent stem cell cardiac spheroids, with e-SiNWs, no 

stimulation. Asterisks (*) represent statistical significance with p<0.05; error bars represent 

standard deviation. Scale bars = 25 μm.
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