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Abstract

Tissue engineered cardiac patches have great potential as a therapeutic treatment for myocardial 

infarction (MI). However, for successful integration with the native tissue and proper function 

of the cells comprising the patch, it is crucial for these patches to mimic the ordered structure 

of the native extracellular matrix and the electroconductivity of the human heart. In this study, 

a new composite construct that can provide both conductive and topographical cues for human 

induced pluripotent stem cell derived cardiomyocytes (iCMs) is developed for cardiac tissue 

engineering applications. The constructs are fabricated by 3D printing conductive titanium carbide 

(Ti3C2Tx) MXene in pre-designed patterns on polyethylene glycol (PEG) hydrogels, using aerosol 

jet printing, at a cell-level resolution and then seeded with iCMs and cultured for one week with 

no signs of cytotoxicity. The results presented in this work illustrate the vital role of 3D-printed 

Ti3C2Tx MXene on aligning iCMs with a significant increase in MYH7, SERCA2, and TNNT2 
expressions, and with an improved synchronous beating as well as conduction velocity. This study 

demonstrates that 3D printed Ti3C2Tx MXene can potentially be used to create physiologically 

relevant cardiac patches for the treatment of MI.
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1. Introduction

Myocardial infarction (MI) is one of the most common cardiovascular diseases, which 

remain the leading cause of death worldwide [1,2]. MI is caused by the blockage of coronary 

arteries that leads to ischemia, and subsequent damage to the cardiac tissue. The damaged 

tissue has limited capacity to regenerate and is repaired by the resident fibroblasts and 

myofibroblasts, resulting in a fibrotic scar, which is no longer electrically engaged with 

the rest of the heart and ultimately leads to fatal arrhythmias [3,4]. In terminal situations, 

the therapeutic options are limited to mechanical assist devices and heart transplantation. 

Yet, these interventions might cause some complications such as infection and disease 

transmission, and in the case of transplantation, there is a shortage of available donor 

hearts [5,6]. Hence, numerous studies have focused on developing methods to regenerate the 

damaged myocardium. One promising technique promoting the regeneration of the cardiac 

tissue is the use of engineered cardiac patches. To engineer the cardiac tissue, many different 

biomaterials such as collagen [7,8], albumin [9,10], gelatin methacryloyl (GelMA) [11], 

poly-caprolactone (PCL) [12,13], and polyglycerol sebacate [14,15] have been considered; 

however, their non-conductive nature can hinder the electrophysiological coupling of the 

cardiac patch with the host tissue [16]. Recent studies have shown that conductive polymers 

[17], along with composites of hydrogels or cryogels and conductive particles like carbon 

nanotubes (CNTs) [18–20], graphene [21,22], gold nanorods [23,24], as well as MXene 

nanoparticles [25] improve the electrophysiological properties of the biomaterial they were 

blended in, thus making them promising candidate materials for cardiac tissue engineering 

applications. However, clinical usage of CNTs [26,27] and gold nanorods [28] is limited 

due to their cytotoxicity. Similarly, graphene also may cause cytotoxicity depending on 

its dosage [29]. Contrarily, Ti3C2Tx MXene, a type of two-dimensional (2D) transition 

metal carbides, nitrides, and carbonitrides, has many advantages including cytocompatibility, 

very large specific surface area, with high electroconductivity and hydrophilicity, making 

them suitable candidates for various biomedical applications [30–38]. As such, composites 

of Ti3C2Tx MXene and hydrogels have been used as conductive biomaterials, mostly in 

biosensing applications [39,40].
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In addition to electroconductivity, alignment of the cardiomyocytes (CMs) is also important 

when engineering a cardiac patch, since the functionality of the cardiac tissue is highly 

dependent on the linear alignment of the myofibrils and their assembly to bundles, and 

the longitudinal shape of the ventricular myocytes and their interconnection [41]. Hence, 

patterning the CMs has been the focus of several studies that aim to develop functional 

cardiac patches. Many of these studies have shown that the alignment of CMs enhances 

calcium (Ca2+) handling, conduction velocity, and contractile strength. Various techniques 

have been used, mainly to pattern the substrates biochemically or topographically for 

CM alignment [42–47]. In a limited number of such studies, conductive materials were 

introduced alongside cell alignment cues mostly using micropatterning techniques, to 

achieve better mimicry of the native cardiac tissue [48–50]. However, potential applications 

of 3D printed conductive materials to achieve cell alignment and electroconductivity 

simultaneously are yet to be explored.

Aerosol jet printing (AJP) is an additive manufacturing technique, which enables the 

printing of nanomaterial-based inks on conformal surfaces with high resolution. The 

nanoink is aerosolized using an ultrasonic atomizer, then using a carrier gas (N2) the 

aerosolized ink is directed to the deposition head where it is aerodynamically focused by a 

coaxial sheath gas flow, as shown in Figure S1. A variety of nanoinks with a wide range of 

viscosities (1–1000 cP) and nanoparticle size (as large as 500 nm) can be printed using this 

method [51]. AJP is particularly promising for cell patterning applications due to its high 

resolution, which enables printing patterns in cell-scale sizes. Moreover, its ability to print 

on conformal and soft surfaces, provides a significant advantage to print on hydrogels in any 

shape and fabricate hybrid tissue constructs.

Here, we present the first study to utilize aerosol jet printed titanium carbide (Ti3C2Tx) 

MXene-hydrogel composites to engineer human cardiac patches. We printed Ti3C2Tx 

MXene on polyethylene glycol (PEG) hydrogels using AJP method to engineer 

electroconductive cardiac patches that also promote alignment of the human induced 

pluripotent stem-cell derived cardiomyocyte (iCMs). We investigated the cytotoxicity of 

the Ti3C2Tx MXene-PEG composite hydrogel on iCMs for seven days, and characterized 

the cardiac patches by analyzing alignment, protein expression, gene expression and Ca2+ 

flux intensity and propagation. The findings of this study suggest that Ti3C2Tx MXene-PEG 

composite hydrogel is a promising electroactive scaffold for cardiac repair.

2. Materials and Methods

2.1. Synthesis of Ti3C2Tx MXene

The Ti3C2Tx MXene ink was synthesized from 1 g of its precursor MAX phase Ti3AlC2 

(Carbon-Ukraine) through selective etching of Al by an acidic mixture comprised of 5wt.% 

HF, 22 wt.% HCl, and 73% deionized (DI) water (from 48 wt.% HF stock and 37 wt.% 

HCl stock, Millipore Sigma). The acidic mixture was added into high-density polyethylene 

(HDPE) container placed in an oil bath on a Corning 6795–620D Digital Stirring Hot Plate. 

The Ti3AlC2 was slowly added (3 min period), then stirred with a magnetic stir bar at 

350 rpm at 35 °C for 24 h. Then, the Ti3C2Tx solution was washed repeatedly, until the 

supernatant reaches a pH of 6, via centrifugation using DI water in an Eppendorf 5804R 
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centrifuge at 3000 RCF for 3 min. After achieving a pH of 6, the Ti3C2Tx was delaminated 

using 1 g of anhydrous LiCl (Millipore Sigma) in 50 mL of DI water in an HDPE container 

with a magnetic stir bar using an oil bath for 1 h at 1000 RPM at a temperature of 60 °C. 

After delamination, the solution was washed of any remaining LiCl similar to the previously 

described acid washing steps. Then, the delaminated Ti3C2Tx solution was centrifuged at 

2380 RCF for 1 h, and the supernatant of this cycle was used as the Ti3C2Tx flake solution. 

This Ti3C2Tx was further concentrated into ink form through centrifugation at 4000 RCF for 

30 min to achieve a concentration greater than 15 mg/mL in DI water. The concentration 

of the supernatant was determined by vacuum-assisted filtration of 10 mL of solution, 

overnight drying in a vacuum oven at 100 °C, then weighing of the final free-standing 

Ti3C2Tx film.

2.2. Characterization of the nanoflakes:

A scanning electron microscope (SEM) (FEI Magelllan 400 XHR, USA), with working 

voltage 15 kV and working distance 4.5 mm was used for top-view imaging of the printed 

Ti3C2Tx MXene films on glass.

2.3. Mechanical and conductive properties

Compression stiffness test was conducted by using a nanoindenter (Optics 11, USA) with an 

indentation probe (spring constant of 5.33 N/m, tip diameter of 50µm.

Young’s modulus was calculated by determining the slope of the stress-strain plot in the 

elastic region, using a custom-made MATLAB code.

The conductivity measurements were performed using 2 probe method.

2.4. Cell culture

2.4.1. hiPSC Culture—DiPS 1016 SevA hiPSC line derived from human skin were 

seeded and kept in culture on Geltrex (1% Invitrogen, USA)-coated culture flasks using 

mTeSR (StemCell Technologies, Canada) supplemented with penicillin (Pen) (VWR, 

USA). When hiPSCs reached a confluency of 80%, they were detached using Accutase 

(StemCell Technologies, Canada), and seeded in culture well plates in mTeSR1 media 

supplemented with Rho-associated, coiled-coil containing protein kinase (ROCK) inhibitor 

(5 µM, StemCell Technologies, Canada). The culture was maintained with daily media 

changes until 95% confluency was reached.

2.4.2. iCM differentiation—To differentiate iCMs from hiPSCs, a previously 

established protocol was adapted [51]. Briefly, when the hiPSCs reached 95% confluency, 

they were treated with RPMI Medium 1640 (Life Technologies, USA) supplemented with 

B27 without insulin (2%, Invitrogen, USA), beta-mercaptoethanol (final concentration of 

0.1mM, Promega, USA) and Pen (1%) (CM (−)) with the addition of Wnt activator, 

CHIR99021 (CHIR) (10 µM, Stemgent, USA). Precisely twenty-four hours later, media 

were replaced with CM (−) without CHIR. On day 4, iCMs were treated with CM (−) media 

with the addition of Wnt inhibitor IWP-4 (5 µM, Stemgent, USA). On day 6, media were 

changed back to only CM (−). Three days later (day 9), media were replaced with RPMI 
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Medium 1640 supplemented with B27 (2%, Invitrogen, USA), beta-mercaptoethanol (final 

concentration of 0.1mM, Promega, USA), and Pen (1%) (CM (+)). After day 9, media were 

changed every 3 days, and beating was observed generally by day 21 of differentiation as 

stated in previous papers [52–54].

2.5. Preparation of cardiac patches

The pre-hydrogel solution was prepared by dissolving PEG (diacrylate, 3.5 kDa, 10% w/v, 

JenKEM, USA) in phosphate-buffered saline (PBS) (VWR, USA) and adding photoinitiator 

(PI) (0.1% w/v in PBS) (Irgacure 2959, Sigma-Aldrich, USA). To dissolve PEG in PBS, the 

solution was mixed thoroughly using a vortex. By using a pipette, 30 µl of PEG solution was 

placed in a disk-shaped polydimethylsiloxane (PDMS) mold (diameter: 8 mm, thickness: 

0.5 mm) placed onto a cover slip in a 24-well plate. The solution was then exposed 

to UV radiation at 6.9 mW/cm2 by using a UV lamp (Lumen Dynamics, Mississauga, 

ON, Canada). After gelation, the molds were removed carefully. As a result, disk-shaped 

hydrogel slabs were obtained. The hydrogels were washed three times for 5 min each in 

PBS, and immediately placed in 37 °C.

High resolution AJP was used for printing various patterns including straight line, bowtie, 

Hilbert’s curve, and square (1 mm2) on the PEG hydrogels or glass cover slips. The 

printing process is non-contact and conformal, allowing patterning over conformal surfaces. 

During the AJP process, the nanoink was atomized into droplets ranging from 1–5 µm in 

diameter using an ultrasonic atomizer. Prior to printing Ti3C2Tx MXene, to assure there 

was no contamination, all the printer parts including the deposition head, ink reservoir, 

connecting tubes and nozzle were cleaned by sonication in a special solution (Branson, 

MC-3 cleaner solution) for 3 hours. Additionally, before placing glass substrates containing 

PEG hydrogels, the printer platen was cleaned with isopropyl alcohol followed by DI water 

for 5 minutes. In order to achieve a high-quality print, several printing parameters, such as 

the flow rate of the carrier gas, the flow rate of the sheath gas that collimates the aerosol 

flow into a narrow beam, ultrasonic atomizer power, platen speed and nozzle size, were 

optimized. Figure S2 demonstrates the print quality before and after optimizing the printing 

parameters and the optimized printing parameters are presented in Table S1. All the patterns 

were printed using a nozzle with 100 µm diameter to acquire the desired resolution and 

Ti3C2Tx was printed with a single pass with ~1 µm thickness (Figure S3).

Immediately after printing, the Ti3C2Tx MXene-PEG composite hydrogels were sterilized 

under UV for 30 minutes. After sterilization, fibronectin in PBS (50 µg/mL, Sigma-Aldrich, 

USA) was placed on the gels and they were placed at 37 °C for 30 minutes. The iCMs 

were detached using trypsin-EDTA (0.25%, Corning, USA) and resuspended in Dulbecco’s 

Modified Eagle Medium (Hyclone, USA, DMEM) supplemented with fetal bovine serum 

(10%, Hyclone, USA, FBS) and Pen (1%). The fibronectin solution was then removed, and 

the cells were seeded at a density of 5 x 105 cells/ml. The next day, media were replaced 

with CM (+) media.
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2.6. Transmission Electron Microscopy (TEM) Imaging

Ti3C2Tx MXene-PEG constructs were fixed in 2% glutaraldehyde (Sigma-Aldrich, USA) 

in 0.1 M cacodylate buffer (Electron Microscopy Sciences, USA) for 2 hours. Then post 

fixation was performed in 1% Osmium tetroxide (Electron Microscopy Sciences, USA) in 

the same buffer for one hour. They were then dehydrated in a graded series of ethanol. For 

infiltration, the samples were kept in a mixture of 100% ethanol and Spurr’s low viscosity 

embedding media (Sigma-Aldrich, USA) (1:1 overnight, then 1:3 for 8 hours and 1:3 for 8 

hours) before replaced with 100% Spurr’s media. The next day, the constructs were placed 

in embedding BEEM capsules (Electron Microscopy Sciences, USA), then the capsuled 

were filled with Spurr’s low viscosity embedding media and placed into 70 °C oven to 

polymerize overnight. Using a Leica UC7 Ultramicrotome and a Diatome diamond knife, 70 

nm thick sections were obtained.

To perform TEM imaging of Ti3C2Tx MXene, drop casting method was used. After diluting 

Ti3C2Tx MXene with DI water, a droplet of the diluted solution was placed on the TEM grid 

and left for air drying. The samples then imaged using a JEOL 2011 electron microscope 

equipped with AMT CCD camera at 120 kV.

2.7. Live dead assay

Cardiac patches were prepared as described in the previous section. Three different patterns 

were printed on PEG gels: straight line, bowtie, and Hilbert’s curve. To evaluate the 

cytotoxicity of Ti3C2Tx MXene, live/dead assay (Life Technologies, USA) was performed 

on day 2 after seeding the Ti3C2Tx MXene-PEG composite hydrogels (n = 3, for each 

condition), following the manufacturer’s instructions. Briefly, the constructs were washed 

and incubated for 30 min in a solution containing Calcein AM (live cells, green, 2 µM) and 

Ethidium homodimer-1 (dead cells, red, 4 µM). The images were taken using a fluorescence 

microscope (Zeiss, Hamamatsu ORCA flash 4.0, Thornwood, NY, USA). For Hilbert’s 

curve pattern, live/dead assay was additionally performed on days 4 and 7, following the 

same protocol described above. To be able to image the cells attached on Ti3C2Tx MXene, 

the constructs attached on glass coverslips were transferred up-side down to a glass-bottom 

dish. The images were analyzed using in house MATLAB code and the live cell percentage 

was calculated by using Equation 1.

Live cell % = [(live cell number)/(total cell number)]∗100 (1)

2.8. Immunostaining

For immunostaining three different conditions were used: MXene printed on glass with a 

pattern, 1mm2 Ti3C2Tx MXene squares printed on PEG (unpatterned), and printed Ti3C2Tx 

MXene on PEG with Hilbert’s curve (patterned). Right after printing and sterilizing, cells 

were seeded on the samples as described previously. After seven days in culture, constructs 

were washed with PBS (Corning, USA) and fixed using paraformaldehyde (4%, Electron 

Microscopy Sciences, USA) for 15 minutes at room temperature. After fixing, they were 

washed with PBS and then permeabilized in Triton X-100 (0.1%, Sigma-Aldrich, USA) 
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for 30 min. They were washed with PBS and blocked using goat serum (10%, Sigma-

Aldrich, USA) for 2 hours. After blocking, constructs were incubated with sarcomeric 

alpha actinin (ab9465, Abcam, United Kingdom), and Connexin 43 (CX43) (ab11370, 

Abcam, United Kingdom) primary antibodies diluted (1:200) and (1:100) respectively in 

goat serum at 4 °C overnight. The next day, the constructs were washed thoroughly with 

PBS and then incubated with Alexa Fluor 647 (A21245, Life Technologies, USA) and 

Alexa Fluor 488 (A11001, Life Technologies, USA) diluted (1:200) in goat serum at 4 °C 

for 6h. After incubation, constructs were washed with PBS until no background was seen. 

The samples were then fixed using a mounting medium with DAPI (ab 104139, Abcam, 

United Kingdom). Imaging was then performed using a fluorescence microscope (Zeiss, 

Hamamatsu ORCA flash 4.0, Thornwood, NY, USA). Sarcomere lengths and orientations, 

and CX43 expressions were measured using NIH ImageJ software.

2.9. Quantitative Real Time PCR (qRT-PCR)

To observe the effect of MXene and patterning separately, three different sample types 

were prepared: (i) iCMs seeded on glass only, (ii) 1 mm2 Ti3C2Tx MXene squares printed 

on PEG (unpatterned), and (iii) Hilbert’s curve-patterned Ti3C2Tx MXene printed on PEG 

(patterned). After one week in culture, RNA was collected using a total RNA isolation 

kit (RNeasy, Qiagen, USA). The purity and concentration of RNA were measured using 

a NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, USA). Using the iScript 

cDNA Synthesis Kit (Bio-Rad, USA), RNA was converted into cDNA. Certified human 

gene-specific primers were purchased from Bio-Rad (Table S2). For qRT-PCR reactions, 

iTaq SYBR Green Supermix (Bio-Rad, USA) was used and the reactions were run on CFX 

Connect 96 Real Time PCR system (Bio-Rad, USA) in duplicates. To quantify the relative 

expression of genes, ΔΔCt method was applied using GAPDH as the housekeeping gene.

2.10. Western blotting

The cardiac patches were cultured for a week. At day 7, the cell lysates were collected using 

RIPA buffer (ab156034, Abcam, United Kingdom) with protease inhibitor (Calbiochem, 

USA) and ran on 8% SDS-PAGE gel (Bio-Rad, USA). Then proteins were transferred 

to PVDF membrane (Bio-Rad, USA). Immunoblotting was performed using antibodies 

specific to TNNT2 (ab209813, Abcam, UK), MYH7 (HPA001239, Sigma-Aldrich, USA), 

Connexin 43 (3512S, Cell Signaling Technology, USA), SERCA2 (9580S, Cell Signaling 

Technology, USA), and beta-actin (ab8226, Abcam, UK), followed by secondary antibody 

staining (ab205718, Abcam, UK). Using chemiluminescence detection, the antibody-bound 

proteins were imaged. Quantification of protein expression levels were performed using 

Image J.

2.11. Ca2+flux assay

The contraction kinetics of the iCMs were assessed by investigating Ca2+ transient kinetics 

by labeling them using a Ca2+-sensitive dye and observing Ca2+ handling during the 

spontaneous beating. Briefly, at day 7 of culture, the media were removed, and the 

constructs were washed with PBS. They were then incubated with Fluo-4 AM (Thermo 

Fischer Scientific, USA) prepared following manufacturer’s instructions at 37 °C for 30 

mins. The solution was then replaced with warm CM (+) media and immediately after real 
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time imaging was performed using a fluorescence microscope (Axio Observer. Z1, Zeiss, 

Hamamatsu C11440 digital camera) at 200 ms exposure for 30 seconds. The videos were 

analyzed using a customized MATLAB code. Briefly, the colors of the videos were split into 

red, green, and blue channels. The green compartment on each frame was used to identify 

the beating of the cardiac cells and the green intensities were normalized using the red 

compartment of the images. Using the intensity profile, time to peak, 50% decay time and 

90% decay time were calculated with a slight deviation, where the maximum intensity point 

was identified as the peak. For fluorescence decay occurred within 200 ms, the decay points 

were estimated by linear fitting between the peak and the baseline. The peaks were plotted 

together by coinciding with the beating starting points. The fitting of each beating peak was 

represented by a dashed line, and the average of the fitting curves was represented by a solid 

line.

To measure the conduction velocity, the center of beating for each group was identified and 

marked with a yellow dot. Using a customized MATLAB code, the travel duration of Ca2+ 

flow between two adjacent points was calculated. All the dimensions were calculated using 

NIH ImageJ software. Then the conduction velocity was simply calculated as the ratio of the 

distance over time of travel.

2.12. Statistical analysis

For all replicates except for western blotting, the mean ± standard deviation (SD) was 

reported. For western blotting standard error of the mean was reported. To find any 

statistically significant differences, one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc was used and p<0.05 was considered statistically significant.

3. Results

3.1. Preparation of Ti3C2Tx MXene-PEG Composite Hydrogels

Three different patterns were printed on PEG hydrogels: Straight line, bowtie and Hilbert’s 

curve. The straight line was chosen to achieve the linear alignment of iCMs. In addition 

to their iCM alignment ability, bowtie and Hilbert’s curve patterns were chosen for their 

specific features. The bowtie geometry was chosen because it is stiffer in one direction than 

the other, like the native heart [55]. Hilbert’s curve was chosen since it is a self-similar 

structure and a space-filling curve, which is a continuous path that never crosses itself [56]. 

This property is important for tracking Ca2+ signal propagation as the iCMs contract which 

is explained further in the electrophysiological characterization section.

The preparation steps of Ti3C2Tx MXene-PEG composite hydrogels are shown in Figure 

1. Ti3C2Tx MXene nanosheets were prepared by selective etching of aluminum (Al) layers 

from Ti3AlC2 MAX powder with HF/HCl acidic combination (Figure 1a). The schematic 

of the AJP process of Ti3C2Tx MXene patterns on PEG hydrogel is shown in Figure 1b. 

Different patterns were printed on PEG hydrogels (Figure 1c). A top view SEM image 

of deposited Ti3C2Tx MXene shows the restacked nanoflakes after deposition, which have 

lateral sizes within 1 µm range (Figure 1d). To observe the ultrastructure of Ti3C2Tx MXene 

and Ti3C2Tx MXene-PEG composite hydrogels TEM imaging was performed (Figure 1e 
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and 1f). The results confirmed the restacked nanoflakes structure seen in SEM image when 

printed on PEG (Figure 1f) compared to more distributed nanoflakes and visible structure of 

Ti3C2Tx MXene when drop casted (Figure 1e).

3.2. iCMs Alignment and Viability on Ti3C2Tx MXene-PEG Composite Hydrogels

Using AJP, Ti3C2Tx MXene was successfully printed on glass, GelMA and PEG 

hydrogels. After seeding the iCMs on these constructs, cell attachment and alignment were 

characterized (Figure S4). Superior alignment of the iCMs was observed on the Ti3C2Tx 

MXene-PEG hydrogels; therefore, PEG hydrogels were chosen for further investigation. 

When the composite constructs were prepared using PEG hydrogels, cells attached only on 

Ti3C2Tx MXene, resulting in the patterning of the iCMs (Figure 2a–c). Cell viability on 

day 2 of culture was over 85% (89% ± 8% for lines, 94% ± 3% for bowtie, and 85% ± 

6% for Hilbert’s curve) in all patterns. Hilbert’s curve was chosen to study the effect of 

Ti3C2Tx MXene patterning on protein and gene expressions and the beating properties of the 

iCMs, because it enabled tracking of Ca2+ signal propagation. Cell viability of the Hilbert’s 

curve-patterned MXene-PEG composite hydrogels was further assessed on days 4 and 7 of 

culture (Figure 2d). The percentage of live cells increased over time, from 85% ± 6% on day 

2 to 89% ± 7.0% on day 4, and 93% ± 1% on day 7 (Figure 2e), indicating that MXene was 

compatible with the iCMs.

3.3. Phenotypical Characterization of iCMs on Ti3C2Tx MXene-PEG Composite Hydrogels

To assess the effect of Ti3C2Tx MXene on the structure and function of the iCMs, cells were 

seeded on the straight line-patterned Ti3C2Tx MXene printed on glass, unpatterned square 

shaped Ti3C2Tx MXene (1mm2) printed on PEG, and Hilbert’s curve-patterned Ti3C2Tx 

MXene printed on PEG (Figure 3). Cells seeded on the straight line-patterned MXene on 

glass samples preferentially attached on the glass and did not align along the lines. On day 

7 of incubation, expression of CX43, the inter-cellular junction protein, and sarcomeric 

alpha-actinin, the cytoskeletal actin binding protein, was assessed by immunostaining 

(Figure 3a–c). All groups showed some CX43 expression (Figure 3a) and striated and 

aligned sarcomeric alpha-actinin structures (Figure 3b). The average sarcomere lengths 

were measured to be 1.9 ± 0.2 µm, 1.8 ± 0.2 µm, and 1.6 ± 0.3 µm for the straight 

line-patterned Ti3C2Tx MXene printed on glass, unpatterned Ti3C2Tx MXene-on-PEG, and 

patterned MXene-on-PEG, respectively (Figure 3d), which were all significantly different 

from each other. Directionality analysis showed that sarcomeres were better aligned on 

the patterned Ti3C2Tx MXene-on-PEG (standard deviation: 15.9°) than on glass (standard 

deviation: 34.9°) (Figure 3e). Additionally, the sarcomeres were oriented almost in the 

same direction with the Ti3C2Tx MXene pattern (6.3° ± 15.9° difference between the 

sarcomeres and the struts), while on glass they diverged from the strut direction (41.5° ± 

34.9° difference between the sarcomeres and the struts). To assess the effect of Ti3C2Tx 

MXene and patterning on the cardiac maturity related gene expression, qRT-PCR was 

performed on day 7 of culture. MYH7 expression increased significantly in the presence 

of Ti3C2Tx MXene (1.4 ± 0.1 fold increase) and with patterning (2.3 ± 0.1 fold increase) 

(Figure 3f). Similarly, a significant increase in TNNT2 expression was observed in the 

unpatterned (1.6 ± 0.1 fold) and patterned Ti3C2Tx MXene (2.1 ± 0.1 fold) compared to 

glass control, indicating improved iCMs maturity. For SERCA2, even though no significant 
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difference was observed between the unpatterned Ti3C2Tx MXene and glass control (1.2 

± 0.3 fold increase), patterning of Ti3C2Tx MXene increased the expression significantly 

(1.7 ± 0.1 fold) compared to the glass control. In the presence of Ti3C2Tx MXene, GJA1 
(Connexin 43) increased significantly (1.2 ± 0.1 fold) compared to the on-glass controls. 

However, no significant difference was observed between the patterned and control groups 

(1.0 fold change). Western blotting showed no significant difference between the glass 

control, unpatterned and patterned Ti3C2Tx MXene for the MYH7, SERCA2, Connexin 43 

and TNNT2 protein expressions (Figure 3 g,h).

3.4. Electrophysiological Characterization of the Engineered Cardiac Patches

To investigate the contraction kinetics of the engineered cardiac patches, the changes in their 

Ca2+ transient kinetics were investigated. At day 7 of culture, the patches were monitored 

in real-time for the Ca2+ handling ability of iCMs as they beat spontaneously. Maximum 

fluorescence intensity was observed at peak flux (Figure 4a). The beating profile of cells on 

glass was plotted using the change in intensity over time (30 s) (Figures 4b and c). Then, 

using the beating profile, time to peak flux, 50% decay time and 90% decay time values 

were calculated as 300.0 ± 109.5 ms, 441.0 ± 103.0 ms and 688.5 ± 94.6 ms, respectively 

(Figure 4d). The beat rate was measured to be 12 bpm. To track the Ca2+ flow in the 

patterned cardiac patches, the imaged area was divided into sixteen sub-regions (Figure 4e). 

Beating profiles were plotted separately for each sub-region (Figures 4f and g). Similar 

to the on-glass controls, time to peak, 50% decay time and 90% decay time values were 

calculated for each sub-region and the average was calculated as 306.9 ± 60.6 ms, 573.0 

± 76.5 ms and 826.9 ± 90.2 ms, respectively (Figure 4h). The beat rates ranged from 8 to 

14 bpm. The percentage of the beating cell area was much greater on the Hilbert’s curve 

patterned Ti3C2Tx MXene on PEG (82%) than on the glass control (36%) (Movie S1). To 

further assess the effect of patterned Ti3C2Tx MXene on the contraction kinetics of the 

iCMs, the conduction velocity of iCMs was measured by simply tracing the Ca2+ signal 

between the adjacent groups (Figure 4e and Movie S2). It was observed that some groups, 

such as 1 and 2, 2 and 3, and 7 and 8, beat almost simultaneously. The conduction velocity 

between these groups were calculated as 4.3 cm/s, 6.5 cm/s and 5.1 cm/s, respectively. On 

the other hand, the conduction was detectable visually between some other groups, such as 

3 and 4, and 9 and 10, for which the conduction velocity was measured as 0.5 cm/s and 0.3 

cm/s, respectively.

4. Discussion

Engineered cardiac patches are promising candidates for the treatment of infarcted cardiac 

region after MI, by promoting the regeneration of the cardiac tissue. There are a number of 

studies that have investigated the applications of several different conductive materials for 

fabricating cardiac patches [18,19,21,22,24,25,57].

However, the potential of 2D Ti3C2Tx MXene nanoflakes and MXene/hydrogel composites 

is yet to be fully explored. In a recent study, Ye and colleagues obtained conductive 

nanocomposite hydrogels by synthesizing titanium carbide MXene (Ti2CTx)-cryogels 

through mixing polyethylene glycol diacrylate (PEGDA), a crosslinker solution and Ti2CTx 
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solid particles dispersed in water, and seeded these gels with rat cardiomyocytes to engineer 

cardiac patches [25]. Here, in this study, rather than simply embedding the Ti3C2Tx MXene 

nanoparticles in the hydrogel, we deposited the MXene on a hydrogel base using AJP, 

thus achieving continuous filaments with which we aimed to enable cell alignment while 

enhancing the conductivity. By seeding iCMs on the composite constructs, we were able to 

demonstrate the cell alignment with great viability. Although there are studies that combined 

electroconductivity and fibrillar structure of the native heart [48–50], none of them except 

one used 3D printing. In a recent study, extrusion printing, which has a resolution of couple 

hundred micrometers, was used to fabricate a hydrogel with gold nano rods and cell mixture 

where an external electrical field was used to help align the nano rods and thus the cells [58]. 

In another recent study the potential application of Ti3C2 MXene blended within hyaluronic 

acid-alginate hydrogels as a bioink for extrusion based 3D printing was investigated using 

Human Embryonic Kidney 293 (HEK-293) cells [59]. Our study advances the field by 

introducing cell-level resolution for printing (which requires a high sheath flow and an 

optimization process for the printing parameters) a cell-friendly conductive material directly 

on a 3D conformal scaffold using AJP. Moreover, compared to other traditional fabrication 

methods such as infusion molding, AJP allows for fabricating the materials in desired shapes 

without the requirement of product specific molds and in a faster manner.

As the hydrogel part of the composite construct, we chose PEG (diacrylate, 3.5 kDa) due 

to its low protein adsorption properties [60] allowing the cell attachment on MXene alone, 

thus enabling the patterning of the iCMs. We printed Ti3C2Tx MXene on PEG hydrogels 

in different patterns to show that cells can be patterned in various shapes. We reported 

high cell viability for each pattern. However, we observed that the straight-line patterns 

fell apart more easily during longer culture periods. Additionally, we considered Hilbert’s 

curve pattern to be more suitable for investigating Ca2+ transient kinetics of the iCMs and 

calculating their conduction velocity because of its continuous and non-self-intersecting 

property. We reported high viability of iCMs when they were seeded on patterned Ti3C2Tx 

MXene-PEG hydrogels and kept in culture for a week, indicating that Ti3C2Tx MXene is not 

cytotoxic. Previous studies reported similar results where no negative effect was observed 

for Ti3C2Tx MXene on the neuron and muscle activity of the zebrafish embryo model [61], 

rat CMs [25], and neurons [62].

To observe the effect of MXene and patterning on iCM phenotype and maturity, 

we performed immunostaining, qRT-PCR and western blotting. In this study, we only 

investigated the effect of Hilbert’s curve pattern, but a future study may be dedicated to 

studying the effect of different patterns on iCM function. Immunostaining results revealed 

that CX43 was mainly localized to the cell membrane and its expression was greatly 

increased in the presence of Ti3C2Tx MXene and patterning (Figure 3a). CX43 is a 

well-known gap junction protein expressed between CMs and plays an important role in 

synchronous contraction by regulating electrical impulse propagation [25]. Hence, improved 

levels of CX43 expression located mostly between the cell boundaries indicate better 

coordination of the iCM network.

Similarly, in the literature, this trend has been reported for other electroconductive scaffolds, 

including hydroxyethyl methacrylate embedded with gold nanoparticles, nanocomposites 
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consisting of alginate and nanowires, and decellularized cardiac ECM blended with 

polypyrrole [63–65]. Structural organization and expression were investigated by staining 

the structural maturity marker, sarcomeric alpha actinin and measuring the sarcomere length 

and direction. Measured values were in the same range with other studies that have been 

done with human or mouse-derived CMs [66,67], but slightly lower than the sarcomere 

length of human adult CMs, which was reported to be over 2 µm [68]. We observed 

larger sarcomere length of iCMs when they were seeded on the cover glass compared to 

when seeded on unpatterned and patterned Ti3C2Tx MXene-PEG hydrogels. It has been 

shown that stiffer substrates enhance sarcomere length [69]. Therefore, this increase can 

be explained with the greater elastic modulus of the cover glass, which is in GPa range 

[70], compared to the underlaying PEG hydrogel, whose elastic modulus is measured as 

7.0 kPa ± 1.6 kPa using a nano-indenter. Similarly, the elastic modulus of the patterned 

and unpatterned Ti3C2Tx MXene measured to be 17.5 kPa ± 5.5 kPa and 144.5 kPa ± 38.8 

kPa, respectively. Since the patterned MXene contains less Ti3C2Tx than the unpatterned 

one, it is relatively softer and has a similar elastic modulus with the healthy heart tissue 

[71]. Although glass cover slip increases the sarcomere length, it is not a physiologically 

relevant material due to its 3 orders of magnitude higher elastic modulus compared to the 

native cardiac tissue [72]. Moreover, even though the sarcomere length was slightly smaller 

when iCMs were seeded on the patterned Ti3C2Tx MXene-PEG hydrogel constructs, we 

observed that the sarcomere orientation was in line with the printed pattern orientation. 

This observation is valuable because the linear alignment of iCMs improves cardiac 

function [41]. Additionally, it has been shown that myofibril alignment not only results 

in higher contractile force but also in more efficient translation of sarcomere shortening (the 

difference between the sarcomere length at the relaxed and contracted states) to contractile 

output in iCMs [73].

Besides alignment and sarcomere length, sarcomeric isoform switching is an essential 

element of myofibril maturation, and MYH7 is the predominant isoform in the adult human 

heart [74]. Our results showed a significant increase in MYH7 in the presence of Ti3C2Tx 

MXene and with patterning. Overall, even though the sarcomere length slightly decreased 

when iCMs were cultured on MXene, better myofibril alignment and increased expression 

of MYH7 indicate improved contractility and maturity.

In addition to MYH7, other maturation marker expressions in mRNA level was investigated 

using qRT-PCR. We selected genes that are known to upregulate with the increasing 

CM maturity level such as TNNT2, SERCA2 and GJA1 [57,72,75,76]. We observed a 

significant increase in TNNT2 expression indicating the improved maturity in the presence 

of Ti3C2Tx MXene and patterning, which is consistent with the previous reports [19,72,77]. 

We also reported an increased expression of SERCA2, which is an indication of improved 

Ca2+ handling properties, since SERCA2 was shown to play a critical role in excitation/

contraction coupling of CMs [66,72] and it increases with maturity [74]. Even though no 

change in GJA1 expression was observed, this might be an indication that transcription 

has equilibrated itself to a similar level as the on-glass control turnover levels, but with a 

higher total amount of CX43 expression, which was verified by the immunostaining results. 

Western blot analysis for protein expressions such as MYH7, SERCA2, Connexin 43 and 

TNNT2 revealed no significant effect of Ti3C2Tx MXene or patterning, although a trend of 
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increase can be seen (Figure 3h). Even though a significant increase in MYH7, SERCA2, 

and TNNT2 gene expression in the presence of unpatterned and patterned Ti3C2Tx MXene 

was observed, these were likely not translated to protein expression results in the duration 

of this study. Longer culture times might be necessary to see the effect of the gene 

upregulations at the protein level.

In addition to phenotypical characterization of the cardiac patches, we reported a 

characterization of contraction kinetics by examining the Ca2+ handling and conduction 

velocity. Although, we observed a similar contraction duration for on-glass controls and 

for the patterned Ti3C2Tx MXene-PEG hydrogel; the 50% and 90% decay durations were 

prolonged for the latter. Previous reports related to this prolonged duration with maturity 

[66,72,77]. In contrast to previous reports where the conductive material improved the 

beating rate of the rat CMs [18,21], our results show no significant improvement in the 

beating rate of the iCMs in the presence of MXene. However, we observed that Ti3C2Tx 

MXene significantly increased the beating cell area percentage.

When the conduction velocity between the groups was measured, we observed a slight 

difference between them which can be explained with the minor changes in the degree of 

iCMs attachment on the different sections of the MXene pattern resulting in slightly uneven 

cell densities throughout the large pattern. In their study, Ellis et al measured the conduction 

velocity of reseeded iCMs to be 4.6 cm/s using a microelectrode array (MEA), for which 

the conduction velocity is defined as the field potential propagation velocity across the 

MEA surface [54,78]. After the surface area of Hilbert’s curve pattern was normalized to 

the MEA’s, the conduction velocities calculated in this study were either similar or slightly 

better than the previous reports. This increase in the conduction velocity of the iCMs could 

conceivably be an outcome of the conductive property of the Ti3C2Tx MXene which was 

measured as 1.1ˣ104 S/m when printed on PEG and greatly improved the conductivity of 

PEG (0.1 S/m).

Overall, in this study we investigated the potential of the Ti3C2Tx MXene 2D material for 

cardiac patch applications. In light of our results, we conclude that 3D printed Ti3C2Tx 

MXene is a promising technique for engineering cardiac patches. By integrating Ti3C2Tx 

MXene into nonconductive hydrogels the synchronous beating of the iCMs could be 

improved. Furthermore, the conductive properties of the composite hydrogel could improve 

the electrophysiological coupling of the patch with the infarcted region. By using the 

patterning capability of this material and the printing method we used, the cells on the 

patch can be made in the same orientation with the rest of the heart, which would result 

in additional improvements in the signal transfer from the healthy heart tissue through the 

patch.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

As cardiovascular diseases and specifically myocardial infarction (MI) continue to be 

the leading cause of death worldwide, it is critical that new clinical interventions be 

developed. Tissue engineered cardiac patches have shown significant potential as clinical 

therapeutics to promote recovery following MI. Unfortunately, current constructs lack 

the ordered structure and electroconductivity of native human heart. In this study, we 

engineered a composite construct that can provide both conductive and topographical 

cues for human induced pluripotent stem cell derived cardiomyocytes. By 3D printing 

conductive Ti3C2Tx MXene in pre-designed patterns on polyethylene glycol hydrogels, 

using aerosol jet printing, at a cell-level resolution, we developed tissue engineered 

patches that have the potential for providing a new clinical therapeutic to combat 

cardiovascular disease.

Basara et al. Page 19

Acta Biomater. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
3D conformal aerosol jet printing of Ti3C2Tx MXene on polyethylene glycol (PEG) gels. 

(a) Scheme illustrations of selective HF etching of layers of Ti3AlC2 MAX phases for 

the preparation of Ti3C2Tx MXene. (b) Schematic illustration of printing Ti3C2Tx MXene-

hydrogel composite using aerosol jet printer including (I) preparing PEG hydrogel on glass 

substrate, (II) printing Ti3C2Tx MXene on hydrogel. (c) Printed Ti3C2Tx MXene on PEG 

hydrogel with a square (81 mm2) pattern. The inset is printed bowtie pattern Ti3C2Tx on 

PEG. (d) Top view SEM image of printed Ti3C2Tx MXene nanoflakes. (e) TEM image of 

Ti3C2Tx MXene. (f) TEM image of Ti3C2Tx MXene printed on PEG hydrogel.
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Figure 2. 
Patterning and viability analysis of iCMs on Ti3C2Tx MXene-PEG hydrogel composite. (a) 

Straight lines, (b) Bowtie, (c) Hilbert’s curve, (d) iCM viability analysis on Hilbert’s curve 

pattern on days 2, 4 and 7, (e) live cell percentage at the corresponding days.
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Figure 3. 
Immunostaining characterization and qRT-PCR analysis of iCMs at day 7 (All scale bars 

indicate 20 µm). (a) The CX-43 staining of the straight line-patterned Ti3C2Tx MXene 

printed on glass controls, on unpatterned Ti3C2Tx MXene controls, and Hilbert’s curve-

patterned Ti3C2Tx MXene printed on PEG. (b) The sarcomeric alpha-actinin staining of 

on-glass controls, on-Ti3C2Tx controls and Hilbert’s curve. Cell nuclei are stained with 

DAPI (blue). (c) Combined Connexin-43 and sarcomeric alpha-actinin staining of on-glass 

controls, on-MXene controls and Hilbert’s curve. Cell nuclei are stained with DAPI (blue). 

(d) Sarcomere length quantification in µm (* represents p < 0.05 and ** represents p < 0.01). 

(e) Directionality analysis. (f) qRT-PCR analysis of relative mRNA expression of cardiac 

markers MYH7, SERCA2, GJA1, and TNNT2 (** represents p<0.01 and n.s. represents 

non-significant) (g) Western blotting for the expressions of MYH7, SERCA2, GJA1, and 

TNNT2 proteins. (h) Quantification for the western blotting (n=2).
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Figure 4. 
Characterization of the spontaneous beating of iCMs when seeded on glass (a to d) and 

on patterned Ti3C2Tx MXene-PEG composite hydrogel (e to h). (a) A representative snap 

shot from calcium flux time-lapse recording, (b) Beating profile as extracted from these 

time-lapse recordings. (c) Intensity of calcium flux time-lapse image and (d) Calculated 

time to peak intensity, 50% decay time from peak, and 90% decay time from peak. (e) A 

representative snap shot from calcium flux time-lapse recording of Ti3C2Tx MXene-PEG 

composite hydrogel (the pattern was divided into 16 groups and each group was represented 

with a different color). (f) Beating profile of each designated group as extracted from these 

time-lapse recordings. The color of the profiles follow the colors of the sub-regions in panel 

e. (g) Average intensity of calcium flux time-lapse image. (h) Calculated average time to 

peak intensity, 50% decay from peak, and 90% decay from peak.
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