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A B S T R A C T

Biofabrication represents a promising technique for creating tissues for regeneration or as models for drug 
testing. Collagen-based hydrogels are widely used as suitable matrix owing to their biocompatibility and tunable 
mechanical properties. However, one major challenge is that the encapsulated cells interact with the collagen 
matrix causing construct shrinkage. Here, we present a hydrogel with high shape fidelity, mimicking the major 
components of the extracellular matrix. We engineered a composite hydrogel comprising gallic acid (GA)- 
functionalized hyaluronic acid (HA), collagen I, and HA-coated multiwall carbon nanotubes (MWCNT). This 
hydrogel supports cell encapsulation, exhibits shear-thinning properties enhancing injectability and printability, 
and importantly significantly mitigates shrinkage when loaded with human fibroblasts compared to collagen I 
hydrogels (~20 % vs. > 90 %). 3D-bioprinted rings utilizing human fibroblast-loaded inks maintain their shape 
over 7 days in culture. Furthermore, inclusion of HAGA into collagen I hydrogels increases mechanical stiffness, 
radical scavenging capability, and tissue adhesiveness. Notably, the here developed hydrogel is also suitable for 
human induced pluripotent stem cell-derived cardiomyocytes and allows printing of functional heart ventricles 
responsive to pharmacological treatment. Cardiomyocytes behave similar in the newly developed hydrogels 
compared to collagen I, based on survival, sarcomere appearance, and calcium handling. Collectively, we 
developed a novel material to overcome the challenge of post-fabrication matrix shrinkage conferring high shape 
fidelity.

1. Introduction

Biofabrication is a promising approach for generating tissues and 
organ-like structures as predictive, diagnostic, and explorative in vitro 
models as well as functional replacements for injured tissues. The goal is 
to generate biologically functional products with structural organization 
from living cells, bioactive molecules, biomaterials, cell aggregates, such 
as microtissues, or hybrid cell-material constructs, through 3D bio
printing or bioassembly and subsequent tissue maturation processes [1]. 
Biofabrication enables production from computer designs or medical 

images of patient-specific constructs or implants that match the 
geometrically complex and irregular shapes of the native tissue. 
Notably, the complex architecture of a tissue/organ plays a crucial role 
in facilitating tissue/organ function [2,3]. A significant challenge re
mains to engineer a cytocompatible material that not only allows 
optimal fabrication (e.g. shear thinning for 3D bioprinting) and provides 
favorable mechanical and biological properties for cells, but also a 
material that is resistant against cell-induced shrinkage to maintain the 
original biofabricated shape over long culture periods.

Collagen is one of the most abundant proteins of the extracellular 
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matrix (ECM) in most tissues/organs, which constitutes ~25 % of our 
body mass [4] and it continues to be widely used for tissue engineering 
and 3D cell culture [5–7]. Collagen and other ECM proteins, such as 
fibronectin, vitronectin, laminin, and nephronectin possess cell adhesive 
RGD rich domains [8–11] that play a major role in mechanotransduction 
[12,13]. The encapsulated cells within these ECM protein-derived 
matrices attach to the RGD adhesive motifs via integrins and exert 
traction forces through focal adhesions connected to their actin cyto
skeletons [14]. In principle, as the cell density increases, the traction 
forces increase, resulting in an increased matrix stiffness and bulk 
shrinkage that influences the viability and functionality of the encap
sulated cells. Notably, encapsulation of fibroblasts in collagen hydrogels 
also triggers contraction of the hydrogel resulting in significant 
apoptosis of the encapsulated cells [15].

Hydrogels derived from hyaluronic acid (HA) are also widely used 
for in vitro 3D cultures as HA is an important glycosaminoglycan present 
in the ECM that not only provides viscoelasticity, but also influences cell 
proliferation, migration, differentiation, wound healing, and immune 
response [16]. Cells cultured within HA hydrogels interact with the 
matrix via CD44 receptors, however they remain rounded and do not 
spread, as the HA lacks cell-adhesive motifs. Interestingly, grafting of 
adhesive molecules such as dopamine or gallic acid to HA-gels [17] al
ters this behavior as these molecules effectively trap the cell-produced 
ECM and remodel the matrix, imparting new properties, for example, 
to maintain differentiated hPSC-derived neurons [18] or induce immu
nosuppressive characteristics [19].

Several strategies have been devised to address the hydrogel 
shrinkage and stability issues. For example, cell-free hydroxyapatite ink 
with cell-laden alginate-methylcellulose ink was printed in a layer-by- 
layer fashion to fabricate bone tissues with improved stability [20]. 
While this approach improved the overall stability of printed constructs, 
the shrinkage of the cell-laden hydrogel was not investigated. Further 
efforts have been taken to reinforce 3D-bioprinted constructs 
post-fabrication by oxidized sucrose mediated crosslinking of 3D-bio
printed cardiac constructs [21] or by reinforcing the 3D-bioprinted 
constructs of fibroblast-laden HA-aldehyde and 
carboxymethylcellulose-doped gelatin-alginate hydrogels through sec
ondary ionic crosslinking using CaCl2 [22]. The post-fabrication treat
ment of these 3D constructs rendered greater mechanical properties. The 
shrinkage of cell-laden hydrogels is more prominent in protein-based 
gels when compared to other ECM mimetic gels. Interestingly, incor
poration of HA into collagen gels would disperse the stress induced by 
cell attachment to the matrix and enhance the viscoelastic properties 
[23]. Although, shrinkage of 3D constructs is detrimental for main
taining structural fidelity and precision, controlled shrinkage of the 
matrix by ionic complexation of the 3D-printed construct was utilized 
for controlled enhancement of the resolution in printed constructs [24]. 
In order to improve shape fidelity of collagen-based hydrogels, bovine 
collagen I was modified with azide groups and crosslinked with 4-arm 
polyethylene glycol molecules with bicyclononyne end groups (SPAAC 
Collagen) [25]. These constructs containing mesenchymal stem cells 
showed less shrinkage compared to unmodified cell-laden collagen 
hydrogels. Nevertheless, extended crosslinking time of 2 h in this case 
can negatively affect cell viability. Thus, an alternative method with 
shorter crosslinking kinetics can advance the efforts in generating 
shrink-resistant hydrogels.

We have recently reported the formulation of hydrazone crosslinked 
HA-based bioink embedded with collagen for 3D bioprinting of corneal 
epithelium and stroma [26], wherein the collagen was mixed with HA 
building blocks without any chemical crosslinking. More importantly, 
we found that bioinks of collagen I and HA allow direct 3D bioprinting of 
functional cardiac ventricles utilizing human induced pluripotent stem 
cell (hiPSC) derived cardiomyocytes [27]. However, these ventricles 
consisted only of hiPSC-cardiomyocytes as the addition of fibroblasts 
would have compacted the ventricles to “balls” of cardiac tissue. Yet, as 
fibroblasts greatly improve the contractility of engineered cardiac 

tissues [28], we intend to design the next generation of bioinks in which 
HA and collagen are covalently crosslinked without using any toxic 
catalysts or crosslinkers. While direct crosslinking of HA-collagen 
hydrogels through acrylation of collagen or indirect approaches 
employing intermediate linkers seem useful, these techniques suffer 
from several drawbacks: (i) They are non-selective, cumbersome, and 
lack precise control over the degree of crosslinking, resulting in het
erogeneous crosslinks. (ii) This heterogeneity leads to batch-to-batch 
variability, compromising the stability and functionality of the cross
linked materials. We have recently discovered the unique ability of GA 
to generate free radicals at physiological pH [17] that could be exploited 
to tailor photo-crosslinked hydrogel systems. From a tissue engineering 
perspective, incorporation of GA within the hydrogel matrix is highly 
valuable as we found that grafting of GA to HA-gels impart an immu
nosuppressive microenvironment by polarizing macrophages to an 
immunosuppressive phenotype and also provide tissue adhesive char
acteristics [19].

In this work, we report the fabrication of blue light crosslinked HA- 
collagen hydrogels embedded with HA-coated carbon nanotubes (HA- 
MWCNTs). We could elegantly harness the radical forming capability of 
GA to crosslink HA and collagen wherein riboflavin was used as a bio
friendly photosensitizer that enables fast crosslinking (within 5 min) 
when exposed to blue light of 405 nm wavelength, which is not harmful 
to cells. In addition, we incorporated HA-MWCNTs to enhance structural 
integrity of the hydrogel system, as we had previously shown that 
addition of CNTs to hydrogel scaffolds enhanced their conductivity and 
mechanical properties [29,30]. This novel hydrogel displayed excellent 
stability, cytocompatibility, antioxidant, and tissue adhesive properties 
while maintaining its shape without showing significant cell-mediated 
shrinkage upon fibroblasts or cardiomyocyte encapsulation and cul
ture for one week. To assess the suitability of the bioink for tissue en
gineering, we monitored subcellular organization as well as contractile 
function and calcium handling properties of encapsulated 
hiPSC-cardiomyocytes. Finally, we 3D-bioprinted human fibroblasts-as 
well as hiPSC-cardiomyocyte-laden hydrogels and show high shape 
fidelity.

2. Experimental section

2.1. Carbon nanotube coating chemistry

Multiwalled carboxylic acid functionalized carbon nanotubes 
(755125-1G, Sigma Aldrich) were dispersed in deionized water with 
vigorous stirring and sonicated at 30 W with 60 % amplitude and 10 s 
on/off bursts with UP200St hierschler sonicator. EDC (03449-5G, Sigma 
Aldrich) chemistry was used to functionalize the carbon nanotube sur
face with carbodihydrazide (CDH) (C11006-100G, Sigma Aldrich) 
moieties, according to our previous report [29]. Briefly, CDH, 1-Hydrox
benzotriazole hydrate (HoBt) (54802-250G-F, Sigma Aldrich), and EDC 
were dissolved in the dispersion of multiwalled carbon nanotubes and 
left to stir vigorously overnight. EDC chemistry was followed with three 
days of dialysis using Spectrum™ Labs Spectra/Por™ 3 3.5 kD MWCO 
Standard dialysis membrane (Spectrum Labs 132725T). For the first 24 
h, the solution was dialyzed against 2 L deionized water with 3 drops of 
10 N Hydrochloric acid (HCl) and 12 g of Sodium Chloride (NaCl). The 
second day dialysis was performed against 3 drops of 10 N HCl in 2 L 
deionized water, and on the third day, dialysis against 2 L of deionized 
water alone with a minimum of 3 water changes per day. After dialysis, 
HA (100 kDa, Lifecore Biomedical Chaska Minnesota USA, HA100K-5) 
was dissolved into the dispersion and allowed to stir at 750 rounds 
per minute (rpm) overnight. HA physically and chemically coated the 
nanotubes via electrostatic charge difference and aldehyde carbohy
drazide chemical crosslinking.
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2.2. Gallic acid conjugation onto hyaluronic acid

GA -modified HA was prepared using previously reported EDC 
chemistry [19]. Briefly, HA (400 mg) and HoBt (1 mol equivalent 153 
mg) were dissolved together in 75 mL deionized water with constant 
stirring. Gallic hydrazide (0.5 mol equivalent, 92 mg) prepared in house 
with previously reported chemistry [19] was dissolved in 25 mL 
dimethyl sulfoxide (DMSO) (10722164, Thermofisher Scientific) and 
then added dropwise to the stirring HA and HoBt solution. EDC cross
linker (0.25 mol equivalent, 48 mg) was added in two small batches 15 
min apart and the mixture was left to stir overnight. HAGA was further 
dialyzed for three days against three drops of HCl (10 N) in deionized 
water (2 L) and NaCl (12 g) on day 1, three drops of HCl (10 N) in 
deionized water (2 L) on day 2, and against deionized water (2 L) alone 
on day 3 with a minimum of three water changes per day. After dialysis, 
HAGA was lyophilized and stored at − 20 ◦C. UV–Vis and Proton 1H NMR 
were used to confirm GA conjugation and percentage of modification 
(Figs. S1 and S2). UV–Vis spectroscopy was conducted by dissolving 
HA-GA in 1x phosphate-buffered saline (PBS) at a concentration of 1 
mg/ml and measuring the absorbance within 240–340 nm. The standard 
curve of the commercial gallic acid was established over the concen
tration range of 10–200 μM. The degree of modification was found to be 
10 mol% with respect to the repeated disaccharide units of HA. 1H NMR 
further confirmed the 10 mol% conjugation of GA onto HA by the 
presence of distinctive aromatic peaks at 6.98 and 6.93 ppm of GA.

2.3. Hydrogel preparation

To prepare different hydrogel groups, a constant mass concentration 
of collagen I was maintained. As an example of the preparation, here the 
preparation of hydrogels with a volume of 150 μL is described. Table 1
outlines the specific volumes of stock solutions used to produce acellular 
or cell-laden hydrogels. Hydrogel precursors were prepared on ice. The 
following stock solutions were first prepared. 

• Collagen I solution: 4.0 mg/mL (Advanced Biomatrix, 5153), a 
ready-to-use acidic solution.

• Riboflavin solution: 10 mg/mL in Dulbecco’s PBS (DPBS, Sigma- 
Aldrich D8662).

• HA-coated MWCNTs: 2 mg/mL in deionized water.
• HAGA30 and HAGA60 stock solutions: Prepared by dissolving GA- 

modified HA directly into collagen I acidic solution (4.0 mg/mL) at 
4 ◦C. The concentrations of GA-modified HA were 1.37 mg/mL for 
HAGA30 and 2.74 mg/mL for HAGA60, corresponding to ~30 % and 
~60 % of the mass of collagen I in the final hydrogel precursor 
mixture, respectively (as shown in Table 1). To facilitate dissolution 
of GA-modified HA, 2 v% HCl (37 %) was added to the HAGA30 and 
HAGA60 solutions.

All components were kept on ice during hydrogel preparation except 
for the neutralization solution, which was at room temperature until 

mixing. When required for preparing the hydrogel precursor, the com
ponents were mixed in the following order: DPBS, MWCNTs, neutrali
zation solution, collagen I solution or HAGA stock solutions, and 
eventually riboflavin. All hydrogel precursors and riboflavin stock so
lution were protected from light. The precursor solution was kept cold 
until use. For encapsulating cells, the hydrogel precursor solution was 
pipetted directly on top of the cell pellet of a known number of cells and 
gently mixed with pipetting avoiding bubble formation. The gel solution 
was pipetted into each well or mold and cured for 5 min of blue light 
exposure followed by incubation at 37 ◦C and 5 % CO2 for 30 min. After 
photo-crosslinking, media was added to the wells, submerging the 
hydrogels.

2.4. Thermogravimetric analysis

Thermogravimetric Analysis (TGA) measurements were conducted 
with a TA Instruments q500 Thermogravimetric Analyzer. 10 mg of 
lyophilized HA-coated MWCNTs and uncoated MWCNTs directly from 
the bottle (755125-1G, Sigma Aldrich) were loaded onto the free 
hanging weigh pan. A temperature ramp from 25 ◦C to 1000 ◦C at 25 ◦C/ 
min was conducted and the resulting weight of the pan measured every 
0.5 ◦C. Measurements were conducted under an inert nitrogenous at
mosphere with the sample gas flow at 60 mL/min and the balance gas 
flow at 40 mL/min.

2.5. Dynamic light scattering and surface zeta potential

HA-coated MWCNTs and CDH-conjugated MWCNTs were dispersed 
in deionized water at 0.25 mg/mL and sonicated with a UP200St 
Hielscher ultrasonic homogenizer at 30 W power, 20 % amplitude in 10 s 
on/off bursts while samples were on wet ice. 1 mL of solution was loaded 
into polystyrene cuvette and dynamic light scattering measurements 
were taken with a Malvern Zetasizer. For surface zeta potential analysis, 
1 mL of solution at a reduced concentration of 0.1 mg/mL was added to 
polystyrene cuvette with universal zeta potential ‘dip’ cell kit placed 
into the solution provided by Malvern. Zeta potential measurements 
were carried out in zeta potential mode with a Malvern Zetasizer.

2.6. Rheological properties

A volume of 200 μL hydrogel precursor was prepared in 12 mm cy
lindrical molds and was exposed to 5 min blue light exposure followed 
by an incubation at 37 ◦C for 30 min. Their rheological properties were 
assessed with a TA instruments TRIOS Discovery HR 2 rheometer with a 
hot plate set to 37 ◦C and a solvent trap to emulate cell culture condi
tions. All measurements were conducted with 12 mm stainless steel 
parallel plate geometry. First, amplitude sweeps from 0.1 % to 20 % 
strain with a set frequency of 1 Hz were conducted to evaluate the linear 
viscoelastic region (LVER) to define the rheological stability of the gels 
and to assess the critical yield point. Next, frequency sweeps from 0.1 Hz 
to 10 Hz with a set 1 % oscillation strain within the LVER generated 
rheological fingerprints of the hydrogels. Additionally, amplitude and 
frequency sweeps were conducted at day 3 and day 15 of gels with CRL- 
2429 cells encapsulated following the shrinkage study protocol 
explained in section 4.10 below. The elastic storage modulus G’ and the 
viscous loss modulus G” were evaluated across frequencies to determine 
the viscoelastic properties of the hydrogels. Further, time-dependent 
hydrogel crosslinking kinetics of 200 μL gel precursor solutions were 
measured and compared across groups using time sweeps at set 1 % 
oscillation strain and 1 Hz frequency with 60 s intervals of on/off blue 
light exposure and set 37 ◦C hot plate with a solvent trap to minimize 
drying. HAGA60 precursor bioink rheological characterization with 200 
μL loaded volume was conducted at 10 ◦C unless otherwise indicated. 
Rheological bioink characterization included shear rate sweeps from 
0.01 to 100 (1/s) to evaluate shear thinning characteristics at 10 ◦C, 
37 ◦C, and 37 ◦C directly following 5 s blue light exposure. Thixotropy 

Table 1 
Constituent materials per each group of hydrogels (all volumes are μL).

Stock solution collagen collagen- 
riboflavin

HAGA0 HAGA30 HAGA60

collagen I 
solution

131.67 131.67 131.67 – –

HAGA30 stock – – – 131.67 –
HAGA60 stock – – – – 131.67
Neutralization 

solution
14.63 14.63 14.63 14.63 14.63

HA-coated 
MWCNTs

– – 3 3 3

Riboflavin – 0.18 – 0.18 0.36
DPBS 3.7 3.52 0.7 0.52 0.34
Total volume 150 150 150 150 150
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analysis of HAGA60 bioink was conducted at 10 ◦C with 6 cyclic high 
(10/s) and low (0.01/s) sheer rate intervals of 60 s and resulting vis
cosity was measured over time. Oscillatory time sweeps were conducted 
to illustrate effectiveness of photo-induced crosslinking on cold 10 ◦C 
HAGA60 bioink with continuous blue light exposure initiated at 60 s. 
Finally, yield stress was estimated using Herschel-Bulkley fluid Model 
for non-Newtonian fluids following equation (1). 

τ = τ0 + K
(

du
dy

)n

(1) 

Where du
dy is the shear rate (or velocity gradient), τ represents the applied 

shear stress, τ0 is the yield stress, K is the consistency coefficient, and n is 
the flow behavior index. Viscosity according to the Herschel Bulkley 
model can be described by the following equation (2). 

η =
τ0(
du
dy

)+ K
(

du
dy

)n− 1

(2) 

Power law curve fit was applied to shear rate sweep rheological data 
in excel to estimate yield stress τ0, K, and n of HAGA60 bioink.

2.7. Electrical conductivity measurements

Electrical conductivity measurements were performed as explained 
previously [31]. Briefly, freshly mixed hydrogels (150 μL) were trans
ferred into a self-built sealed polytetrafluoroethylene vessel and incu
bated at 37 ◦C for 30 min. By sweeping a bias voltage (±1.75 V) across 
the outer leads, two- and four-point current–voltage (I–V) characteris
tics were recorded. The values of the hydrogel electrical conductivity 
were estimated based on the four-point resistance values and accounting 
for appropriate geometrical corrections associated with the geometry of 
the measurement vessel [32]. During electrical characterization, sam
ples were kept in a humid environment at a constant temperature of 
37 ◦C. The measurements for each hydrogel were repeated at least three 
times.

2.8. DPPH radical scavenging assay antioxidant properties

The (2,2,1-diphenyl-1-picrylhydrazyl) DPPH (Sigma Aldrich, D9132- 
1G) method was employed to compare the radical scavenging properties 
of the hydrogels using a previously reported protocol [33]. Hydrogels 
(100 μL) were prepared in triplicate and cast into 24 well plates. DPPH 
stock solution was prepared by adding 4 mg of DPPH into 50 mL of 100 
% ethanol and subsequently slowly diluted with more ethanol to adjust 
the absorbance of the DPPH stock solution to fall within the range of 
1.08–1.12 arbitrary units (a.u.) absorbance maxima at 517 nm. A vol
ume of 300 μL of the DPPH stock solution was pipetted on top of the 
crosslinked hydrogel samples in the 24 well plate and incubated for 30 
min at room temperature. After 30 min of incubation, 100 μL of the 
DPPH solution was removed from the hydrogel samples and placed into 
a 96 well plate. Absorbance was measured and recorded at 517 nm using 
a Tecan Spark Multimode spectrophotometric microplate reader. The 
DPPH scavenging activity was calculated with the following equation. 

DPPH Scavenging activity (%) =

[
A0 − A1

A0

]

× 100 (3) 

A0 refers to the blank stock DPPH solution absorbance used under the 
same reaction conditions without hydrogel samples, and A1 equals the 
absorbance of the DPPH solution in the presence of the hydrogel sam
ples. Absorbance background was corrected with 100 % ethanol blank 
wells without DPPH stock solution under the same experiment condi
tions. Results were the average of three independent measurements.

2.9. Tack adhesion test of hydrogels to porcine cardiac tissue

A tack adhesion test was performed with the TA instruments TRIOS 
Discovery HR 2 rheometer in axial mode to quantify the differences in 
the adhesive properties of the different hydrogel groups to cardiac tissue 
at 37 ◦C. Porcine cardiac tissue was prepared by slicing into an 
approximate 12 mm disc with 5 mm thickness with a surgical scalpel and 
super glued to the movable rheometer head (12 mm). Prior to super 
gluing, the rheometer metal head part was wrapped with wrapped 
tightly with a protective layer of (polytetrafluoroethylene) PTFE 
plumbers’ tape to keep the metal clean from super glue. 200 μL molded 
12 mm disc hydrogels were placed on the bottom rough steel plate un
derneath the head with the glued heart tissue. Subsequently, the heart 
tissue attached to the rheometer head was lowered into contact with the 
hydrogel sample and allowed to compress for 120 s (residence time) at a 
constant axial force of 100 mN to establish uniform molecular contact 
between the hydrogel and the heart tissue at 37 ◦C. Next, in axial mode, 
the rheometer head was pulled upwards at a constant velocity of 10 μm 
s− 1 recording the axial force (N) with respect to time to illustrate the 
differences of cardiac tissue adhesion between the different hydrogel 
groups. Tests of each gel group were repeated in quintuples, and the 
average tack adhesion profile of each gel group was established and 
reported against step time along with the absolute average minimum 
force achieved of each gel group. The adhesion force corresponds to a 
negative axial force as the head pulls upwards, the gel and tissue 
adhesion pull downwards on the head, recording negative axial force 
(N) based on the adhesion strength between the heart tissue and the 
hydrogel.

2.10. Hydrogel shrinkage study

Human neonatal fibroblasts CRL-2429 cells were cultured in DMEM 
(Gibco DMEM with High glucose, GlutaMAX Supplement, pyruvate, 
Gibco™ 31966021) with 10 % fetal bovine serum (FBS) and 100 U 
penicillin and 100 μg Streptomycin (Pen/Strep). Cells were encapsu
lated into 200 μL hydrogels following hydrogel preparation steps for 
each group at a cell density of 2 million cells/mL (400,000 cells per 200 
μL gel) and plated on top of non-adherent glass coverslip to study the full 
effect of internal cell traction without the gel material or encapsulated 
cells sticking to the bottom of the well plate. Gels were gently detached 
from the non-adherent sterile cover slip glass after crosslinking with a 
pipette tip to ensure no surface adhesion. Cells were grown in gels for 
7–24 days. Media was changed every other day, and photos of gels were 
taken for each time point at 1 cm above the top of the plate using an 
Apple iPhone 12 main f/1.6 aperture 12 MP camera. NIH ImageJ was 
used to calculate the area of the gel in pixels at each time point, 
normalized to well size, and compared to the day 0 size to calculate 
shrinkage according to the following equation: 

Area % =
Area

Initial Area
*100 (4) 

Rheological measurements of the gels with cells encapsulated was 
also carried out to evaluate mechanical changes over time at day 3 and 
day 15 of cell culture following rheology protocol outlined in section 4.6 
above.

2.11. PrestoBlue and CyQUANT cell viability and proliferation assays

Dual PrestoBlue (Invitrogen, cat #A13262) cell viability assay fol
lowed by CyQUANT DNA quantification (Invitrogen, cat #C7026) were 
performed on 25 μL cell-laden hydrogel constructs with CRL-2429 fi
broblasts encapsulated at a density of 2 million cells/mL (50,000 cells 
per 25 μL gel) following manufacturer’s protocols as end point assay at 
each time point. Briefly, 25 μL cell-laden constructs were fabricated as 
described above in 24 well plates. Smaller gel volumes with same cell 
density were chosen to ensure cell numbers fit within assay’s sensitivity 

K. Roshanbinfar et al.                                                                                                                                                                                                                         Biomaterials 318 (2025) 123174 

4 



ranges throughout the experiment. PrestoBlue reagent was prepared by 
diluting 1:10 into cell media, normal cell media was removed and 
replaced with 500 μL PrestoBlue containing media per well. Constructs 
were incubated for 1 h in PrestoBlue media at each time point. 1 h in
cubation was selected to increase sensitivity of assay and allow for 
proper diffusion of dye throughout gel constructs. PrestoBlue containing 
media was then removed and placed into 96 well clear bottom black 
plate along with background blank PrestoBlue media. Fluorescence was 
measured using VICTOR Nivo multimode microplate reader with exci
tation wavelength set to 544 nm and emission wavelength of 595 nm. 
Data was background corrected at each time point with wells containing 
blank PrestoBlue media. Results presented as average of 3 independent 
biological replicate wells at each timepoint. Following PrestoBlue media 
removal to prepare samples for CyQUANT, gel constructs were soaked in 
1x PBS for 15 min and washed 3x to remove any phenol red from DMEM 
and any remaining PrestoBlue dye that may interfere with CyQUANT 
signal. Gels were then removed from wells, placed in 1.5 mL plastic 
Eppendorf tubes, and submerged in sterile 1x PBS enzyme solution 
containing 500 U/mL collagenase type II (Gibco, cat #17101015) and 
500 U/mL hyaluronidase (Sigma Aldrich, H3506-100 MG). They were 
then incubated for 1 h at 37 ◦C to gently break down gel materials and 
release encapsulated cells. Once gel materials were dissolved, samples 
were centrifuged at 1500 rpm for 5 min to form cell pellets. Enzyme 
solution was gently removed, and cell pellets were frozen at − 80 ◦C. 
Once all time points were collected and frozen at least for 24 h, 
CyQUANT was performed on all samples on the same day. Briefly, 
extended linear range (250,000 cell upper limit) 5x CyQUANT working 
solution was prepared by diluting reagent 80-fold in 1x cell lysis buffer 
as described by manufacturer. 200 μL of CyQUANT working solution 
was added to each cell pellet, mixed, and pipetted into black clear 
bottom 96 well plates. Samples were incubated at room temperature for 
5 min protected from light and subsequently the fluorescence was 
measured with VICTOR Nivo Multimode plate reader with emission 
wavelength of 480 nm and excitation wavelength of 530 nm. No cell 
blank 5x CyQUANT working solution controls were used to background 
correct signals, and data represents the average of 3 independent bio
logical replicates at each time point.

2.12. Degradation performance

Blank 3 cm sterile petri dishes were individually labeled and 
weighed. Next, 100 μL sterile blank gels of each group were pipetted and 
crosslinked as previously described above separately in 3 cm sterile cell 
culture petri dishes. Whole Petri dish containing crosslinked gels were 
then weighed again prior to adding solutions for day 0 weight. Gels were 
submerged in 3 mL of either sterile 1x PBS, complete DMEM cell media 
(DMEM with 10 % FBS and Pen/Strep), 0.2 μm sterile filtered hyal
uronidase solution (50 U/mL in 1x PBS), 0.2 μm sterile filtered colla
genase type II solution (50 U/mL in 1x PBS), or 0.2 μm sterile filtered 
enzyme mix solution (50 U/mL of each Hyaluronidase and Collagenase 
type II in 1x PBS). Samples were incubated in cell incubator at 37 ◦C up 
to 28 days. At every time point, solutions were completely and gently 
removed, and whole Petri dish samples were massed. Once massed, fresh 
solutions were reapplied. Blank Petri dish weight was subtracted and 
weight % was calculated using equation (5) below. Data is representa
tive average weight % of 3 individual replicates at each time point. 

Weight % =
Gel weight

Initial Gel Weight
*100 (5) 

2.13. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed as described 
previously [31]. Briefly, hydrogels were fixed in a 1:1 mixture of 
glutaraldehyde and paraformaldehyde (3.7 %) for 1 h, followed by 
gradual dehydration in ethanol series (10 %, 20 %, 30 %, 50 %, 70 %, 80 

%, 90 %, 95 %, and 100 %), with each step lasting 30 min, followed by 
immersion in 100 % ethanol. Subsequently, samples were critical point 
dried using an EM CPD300 (Leica, 12 cycles, exchange speed of 5 and 
120 s delay) and sputter-coated with gold for 30 s (Q150T, Quorum 
Technologies Ltd., Germany). Scanning electron microscopy (FE-SEM, 
Auriga, Carl-Zeiss, Germany) was performed on the cross-sectional area 
of the samples.

2.14. Cardiac differentiation of hiPSCs

F1 hiPSCs at passage number 24–29 were differentiated in car
diomyocytes based on an established method [34]. Briefly, mesoderm 
formation through activating Wnt signaling was induced in hiPSCs more 
than 85 % confluent by introducing CHIR-99021 (6 μM) for 2 days. After 
1 day of incubation in the culture medium, Wnt signaling was inhibited 
by IWR-1-endo (5 μM) for 2 days. After another 2 days of incubation in a 
culture medium, cells started to beat. Up to this point, the basal differ
entiation medium was RPMI 1640 containing B-27 supplement minus 
insulin (2 %, Thermo Fisher Scientific, A1895601). Subsequently, cells 
were cultured for 2 days in RPMI 1640 supplemented with B-27 sup
plement (2%, Thermo Fisher Scientific, 17504044), and on day 9 of 
differentiation, cells were cultured in RPMI 1540 without glucose sup
plemented with sodium DL-Lactate (4 mM, Sigma Aldrich L7900) to 
purify cardiomyocytes for 2 days. The resulting cells were then cultured 
in RPMI 1640 supplemented with B-27 supplement (2%).

2.15. Generation of engineered tissues

The pre-gel solution of collagen, collagen-riboflavin, HAGA0, 
HAGA30, or HAGA60 hydrogels was prepared according to Table 1. For 
engineered cardiac tissues, 2.5 × 107 cells/mL were resuspended in the 
pre-gel solution. The cell-laden hydrogels (15 μL) were dispensed in 
each well of a 24 well plate, were exposed to a blue light source with a 
wavelength of 405 nm at the intensity of 90 % for 8 min. After that, the 
samples were placed in a cell culture incubator at 37 ◦C and 5 % CO2 for 
30 min to induce thermal gel formation. Tissue constructs were incu
bated in RPMI 1640 supplemented with B-27. The same procedure was 
performed to generate fibroblast-based tissues with a cell density of 2 ×
106 cells/mL of CRL-2429 fibroblasts. These cells were then cultured in 
DMEM/F12 supplemented with 10 % FBS and Pen/Strep.

2.16. Live/dead assay

The viability of cells in tissue constructs was determined using a 
Live/Dead viability/cytotoxicity kit (L3224, Invitrogen) [34] and 
quantified using NIH ImageJ software. Briefly, calcein-AM (0.025 %) 
and EthD-1 (0.1 %) were diluted in DPBS and added to each tissue fol
lowed by 15 min incubation in an incubator at 37 ◦C and 5 % CO2. For 
the CRL-2429 containing samples in shrinkage studies (Fig. 5a), samples 
were imaged using Nikon Ts2 inverted epi-fluorescent microscope 
directly after incubation in place at bottom of well. For hiPSC 
cardiomyocyte-containing hydrogels, the tissue samples were mounted 
on a microscopy slide without mounting medium but with a cover slide 
and immediately imaged using a Zeiss LSM-800 confocal laser scanning 
microscope.

2.17. Immunostaining analysis

Tissue constructs were immunostained for cardiac or fibroblast- 
specific markers as previously described [35] with the following modi
fications. Samples were fixed in paraformaldehyde (3.7 %) for 30 min 
and permeabilized in Triton X-100 (0.25 %) for 20 min. The following 
primary antibodies were used for overnight incubation at 4 ◦C: for 
cardiac tissues: mouse anti-sarcomeric α-actinin (1:250, Abcam, 
ab9465), rabbit anti-connexin43 (1:250, Abcam, ab11370) and goat 
anti-cardiac troponin I (1:250, Abcam, ab56357). For fibroblast tissues: 
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rabbit anti-vimentin (1:250, Abcam, ab92547). The following secondary 
antibodies were used for 2 h incubation at room temperature in the dark: 
donkey anti-mouse AlexaFluor 488 (1:500, Abcam A21202), donkey 
anti-rabbit AlexaFluor 594 (1:500, Abcam A-21203), and donkey 
anti-goat AlexaFluor 647 (1:500, Abcam A-21081). DNA was visualized 
with 4′,6-diamidino-2-phenylindole (DAPI, 0.5 g/mL in 0.1 w/v% NP40, 
15 min). In the end, samples were mounted with a fluorescent mounting 
medium and preserved for microscopy.

2.18. Calcium handling of cardiac tissues

Analysis of calcium handling of engineered cardiac tissues were 
performed using Fluo-4 Direct™ Calcium Assay Kit (ThermoFisher Sci
entific), as described previously [34]. Following the manufacturer’s 
instructions, tissue constructs were incubated for 60 min with the la
beling solution diluted in culture media (1:3 dilution). Subsequently, the 
fluorescent movies were acquired using a live cell imaging setup (Key
ence Microscopy) with a 4× objective and a GFP filter at 488 nm.

2.19. Preparation of support bath

The two-component support bath of gelatin-gum arabic was pre
pared according to our previously published protocol [27].

2.20. 3D bioprinting

A bioink of HAGA60 was prepared as explained in “4.2 Hydrogel 
preparation”. CRL-2429 fibroblasts or hiPSC-cardiomyocytes were har
vested from culture plates, centrifuged, and resuspended in the gel 
precursor of HAGA60 by carefully pipetting up and down using a 1 mL 
pipet. The cell-laden bioink was transferred into a 5 mL syringe and 
placed into the cartridge of an Allevi 3 bioprinter. In parallel, the sup
port bath was prepared and poured into an appropriate vessel using a 1 
mL pipet. A 3D design of a ring with the diameter of 10 mm, height of 1 
mm, and filament thickness of 0.1 mm was generated in license-free 
Autodesk Tinkercad platform, and the stl file was imported into an 
Allevi 3 bioprinter. For cardiac ventricles, a 3D design was made in 
Blender, and two ventricle shapes were designed as a small ventricle 
opening (size 5 mm × 5 mm x 5.21 mm (X:Y:Z)) and a big ventricle 
opening (5 mm × 5 mm x 4 mm (X:Y:Z)). Printing was executed at a 
cartridge temperature of 4 ◦C, print speed of 6 mm/s, layer height of 0.4 
mm, and a pressure of 1.0 psi for the rings. To print the ventricles, a 
cartridge temperature of 15 ◦C, print speed of 6 mm/s, layer height of 
0.2 mm, and extrusion pressure of 1.0 psi was used. After the 3D printing 
step, samples were exposed to blue light at 405 nm at 90 % intensity for 
5 min. Then, tissues were placed in an incubator at 37 ◦C and 5 % CO2 
for 30 min, during which the support bath was melted and replaced with 
fresh DMEM/F12 supplemented with 10 % FBS and Pen/Strep for 
fibroblast-laden rings. For 3D-bioprinted ventricle models, the support 
bath was replaced with Iscove’s medium supplemented with B27 sup
plement minus insulin (4 %), IGF-1 (10 ng/mL), FGF-2 (10 ng/mL), 
VEGF165 (5 ng/mL), non-essential amino acids (1 %), and Pen/Strep.

2.21. Movie acquisition

Movies of beating 3D constructs and movies for calcium handling 
assays were recorded in wells of 24 well plates for 10 s. All movies were 
recorded under a Keyence BZ9000 microscope. Calcium movies were 
analyzed, as explained previously, over four different regions of interest 
per movie [34]. Movies of beating 3D-bioprinted ventricles were 
recorded using a high-speed camera on ZEISS Axio Zoom.V16 Stereo
microscope and exported as avi files.

2.22. Microscopy

Fluorescence images for Live/Dead viability studies in the shrinkage 

assay (Fig. 5a) with encapsulated CRL-2429 fibroblasts were acquired 
using a Nikon ECLIPSE Ts2 inverted epi-fluorescent microscope. The 
same LED illuminator power and settings were used for all presented 
images. For calcein AM imaging, excitation wavelength was set to 470 
nm and for EthD-1, excitation was set to 560 nm. All other fluorescence 
images were acquired on an LSM 800 confocal laser scanning micro
scope (Carl Zeiss). The same laser power and settings were used for all 
presented images within individual assays. The following excitation and 
emission wavelengths were set for each secondary antibody: AlexaFluor 
488 (excitation 493 nm, emission 517 nm, detection wavelength 
450–585 nm), AlexaFluor 594 (excitation 280 nm, emission 618 nm, 
detection wavelength 595–650 nm), AlexaFluor 647 (excitation 653 nm, 
emission 668 nm, detection wavelength 645–700 nm), DAPI (excitation 
353 nm, emission 465 nm, detection wavelength 410–546 nm). The 
pinhole was set to 1 airy unit.

2.23. Statistical analyses

Data from at least three independent experiments were expressed as 
mean ± standard deviation (SD). Statistical significance of differences 
was evaluated by a two-tailed Student’s t-test (GraphPad Prism) or, 
where appropriate, by one-way or two-way analysis of variance 
(ANOVA) followed by Bonferroni’s posthoc test (GraphPad Prism) un
less otherwise indicated in the manuscript. Data are presented as mean 
± standard deviation (SD). Significant differences were indicated by *: p 
≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001, and ****: p ≤ 0.0001.

3. Results and discussion

3.1. Modification of MWCNTs and hydrogel formation

In order to generate hydrogels based on GA-functionalized HA 
(HAGA), collagen I, and HA-MWCNTs, we first synthesized hydrazide- 
functionalized MWCNTs by conjugating carbodihydrazide onto car
boxylic acid-functionalized MWCNTs using EDC chemistry, according to 
our previously published protocol [29,30]. These nanotubes were then 
coated with unmodified HA through electrostatic adhesion forces be
tween positively charged hydrazide functional groups of MWCNTs and 
the negatively charged HA molecules (Fig. 1a). HA was selected as the 
coating material to improve dispersibility of the MWCNTs in solution. 
We used TGA analysis to evaluate a successful HA coating of the 
MWCNTs (Fig. 1b). The analysis of TGA showed a continuous and faster 
decrease in the mass of the HA-MWCNTs compared to the uncoated 
MWCNTs, indicating a thermal degradation of HA over increased tem
peratures, confirming the successful coating of MWCNTs with HA. 
Analysis of the size of nanotubes using dynamic light scattering (DLS) 
revealed an increased average hydrodynamic size of nanotubes from 
~100 nm for uncoated MWCNTs to ~500 nm for HA-MWCNTs (Fig. 1c). 
Further analysis of nanotubes surface charge by zeta potential mea
surements showed a shift towards more negative charges after particles 
being coated with HA, further providing evidence of a successful coating 
of MWCNTs.

To form a hydrogel, we mixed rat tail collagen I with the HA- 
MWCNTs and dissolved HAGA at different concentrations directly into 
acidic collagen I solution. The HAGA was synthesized following our 
reported protocol [17,19]. The degree of GA modification was estimated 
to be 14.6 mol% based on the UV measurement (Fig. S1). The degree of 
modification was further corroborated by 1H NMR (in D2O), which 
displayed 15 mol% of GA modification with respect to the disaccharide 
repeat units of HA as estimated by integrating aromatic peaks at 6.85 
ppm of GA with N-acetyl signal of HA at 1.829 ppm (Fig. S2). We utilized 
vitamin B2 (riboflavin) as a photosensitizer for crosslinking GA and 
collagen I. The hydrogel was fabricated by mixing appropriate amounts 
of HAGA, collagen I, riboflavin, and MWCNT-HA, as presented in 
Table 1, with blue light exposure (5 min), followed by incubation at 
37 ◦C for 30 min (Fig. 1e). We designed material groups to study the 
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addition of each component to collagen I and compared each group to 
collagen I hydrogels as the control. All groups contained equal mass 
weight of collagen I.

We added riboflavin to collagen I alone to form the collagen- 
riboflavin group, HA-MWCNTs to collagen I to elucidate the effect of 
adding the HA-MWCNTs forming the HAGA0 group. Subsequently, we 
mixed all components together, adding increasing amounts of HAGA at 
30 % by weight of collagen content in the HAGA30 group, and 60 % of 
collagen content by weight in the HAGA60 group to compare the effects 
of adding HAGA to the system at increasing amounts. The addition of 
HAGA into the system along with riboflavin was evaluated and 
compared to collagen I alone with and without HA-MWCNTs throughout 
the study. HAGA30 and HAGA60 hydrogels benefit from a double 
crosslinking strategy forming an interpenetrating network, namely (i) 
GA-mediated photo-crosslinking and (ii) thermal self-assembly of 
collagen fibrils.

3.2. HAGA inclusion to collagen I hydrogels retains fibrillar structure and 
enhances conductivity

We performed a series of experiments to assess the effect of HAGA 
addition to collagen I hydrogels. To evaluate the microstructure of the 
hydrogels, SEM was performed on sputter-coated samples of critical 
point dried hydrogels (Fig. 2a). Analysis of SEM images confirmed a 
fibrillar structure of all hydrogels. In addition, we studied whether the 
addition of HA-coated MWCNTs increases the electrical conductivity of 
the hydrogels based on four-point-probe (Fig. 2b) and two-point-probe 
(Fig. 2c) analyses. Previously, we had shown that hydrazide- 
functionalized MWCNTs improve electrical conductivity and that elec
trically conductive materials enhance electrical coupling and matura
tion of cardiomyocytes in engineered cardiac tissues [30,31,34,36,37]. 
These measurements revealed a conductivity of 144.3 ± 6.3 mS/cm for 
collagen I hydrogels (Table 2).

Inclusion of riboflavin into collagen I hydrogels did not significantly 
alter the conductivity resulting in 139.6 ± 1.5 mS/cm. Including HA- 

Fig. 1. Materials modification and hydrogel formulation. (a) Schematic illustration of carbon nanotube coating with hyaluronic acid (HA). (b) Thermogravi
metric analysis of uncoated and HA-carbon nanotubes. Dynamic light scattering analysis of carbon nanotubes reporting (c) size and (d) surface (zeta) potential. (e) 
Schematic illustration of hydrogel formation based on collagen I, hyaluronic acid, and HA-MWCNTs. In d, a.u. indicates the arbitrary units.
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Fig. 2. Hydrogel characterization. (a) Representative scanning electron microscopy images of critical point dried hydrogels. (b) Representative I–V graphs of 
conductivity measurements of hydrogels based on four-point-probe and (c) two-point analysis. (d) Conductivity values calculated based on four-point-probe analysis 
(n = 3). (e) Evolution of storage modulus of hydrogels over time, based on time sweep analysis. (f) Evolution of storage modulus G’ (Pa) of hydrogels based on 
frequency sweep analysis. (g) Storage modulus at 1 Hz frequency of hydrogels extracted from frequency sweep analysis. (h) Evolution of shear modulus (G′ Storage 
Modulus and G″ Loss modulus) of hydrogels at different oscillation strain % based on amplitude sweep test. (i) Quantitative analysis of antioxidant properties of 
hydrogels (n = 3). (j to l) Quantitative analysis of (j) adhesion properties over time (n = 3), (k) time to reach the peak force for detachment (n = 3), and (l) force 
required for detachment (n = 3). Data is mean ± SD. One-way ANOVA with Bonferroni’s posthoc analysis was performed. Scale bar: 100 μm.
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coated MWCNTs into collagen I hydrogels resulted in decreased con
ductivity values of 82.1 ± 0.6 mS/cm. However, the decreased con
ductivity of HAGA0 was elevated when incorporating HAGA, resulting 
in 143.9 ± 2.9 mS/cm in HAGA30. Conductivity was further increased 
by increasing the amount of HAGA, reaching 221.7 ± 13.3 mS/cm in 
HAGA60, a higher electroconductivity than that of plain collagen I 
hydrogels (Table 2 and Fig. 2d).

The presence of carbon nanotubes in collagen I hydrogels is known to 
enhance conductivity of hydrogel constructs [38]. Nevertheless, we 
observed that the presence of HA-coated MWCNTs resulted in lower 
conductivity compared to that of collagen I. This phenomenon is prob
ably due to steric hindrance induced by the HA coating that might 
interfere with the charge propagation through the matrix. Increased 
conductivity in hydrogels containing HAGA could be due to π-π stacking 
between GA and the exposed aromatic surfaces of the MWCNTs. It has 
been shown that GA increases conductivity of hydrogels owing to π-π 
stacking and increased interfacial adhesion between the electrode sur
face and polymer networks [39].

3.3. HA-MWCNTs and HAGA inclusion enhances mechanical properties 
of the hydrogels

Hydrogel mechanics play a significant role in the stability and cor
responding biological functions of encapsulated cells within constructs. 
Mimicking native ECM with our hydrogels aims at providing encapsu
lated cells with natural mechanical cues, thus we measured and 
compared the bulk hydrogel mechanics as well as gelation kinetics [40]. 
We believe the radical generating property of gallol moiety on the HAGA 
and nucleophilic reactive groups within collagen I chains covalently 
bind together after activation by riboflavin under blue light, further 
increasing crosslinking of the system and reinforcing the matrix. In order 
to study the gelation kinetics of the hydrogels, gel precursor of each 
composition was placed onto the lower geometry of a TA instruments 
TRIOS Discovery HR 2 rheometer, and a time sweep assay at a fixed 1 Hz 
frequency and 1 % oscillation strain was performed at 37 ◦C, measuring 
the storage (G′) and loss moduli (G”) over time with sequential 60 s 
on/off cycles of blue light exposure (Fig. 2 e). Analysis of time-sweep 
rheometric data revealed that with the addition of HAGA, the gel con
structs continued to be light-responsive after repeated light exposure 
time frames, evidenced by a continuous increase of storage modulus G’ 
from 0 Pa to 1000 Pa after 180 s of combined blue light exposure 
(Fig. 2e). The continuation of light responsiveness and increasing stiff
ness upon repeated light exposure of HAGA30 and HAGA60 groups 
provides evidence towards the added reactivity of HAGA inclusion into 
the gel system. To generate our hydrogels, we performed 
photo-crosslinking before 37 ◦C incubation to ensure faster covalent 
crosslinking between GA-modified HA and free polymeric chains of 
collagen I. This method ensures a quick stabilization of the hydrogel 
structure, especially during 3D printing, as shown in Fig. 2d and 6b.

Previous work has illustrated that riboflavin can be used in combi
nation with UV or blue light to crosslink collagen alone in connective 
tissues and collagen hydrogels [17,18], however, this crosslinking is 
weak resulting in modest enhancement of mechanical properties of the 
hydrogel. For example, the exposure of collagen to blue light in the 
presence of riboflavin increased the storage modulus from 5.28 ± 2.03 
Pa to 8.82 ± 0.72 Pa after 1 min irradiation [37]. Here, we have also 

observed similar results. The collagen I hydrogel exhibited a storage 
modulus of 92 Pa, and irradiation of collagen I hydrogels with blue light 
in the presence of riboflavin showed only a modest enhancement of 
mechanical properties to 127 Pa at 1 Hz frequency and 1 % oscillation 
strain (Fig. 2f and g). In contrast, incorporation of HAGA had a profound 
impact on the viscoelasticity and stability of the hydrogel. The inclusion 
of HAGA resulted in an increased storage modulus (G′) and a higher 
strain stiffening with increasing frequencies compared to native 
collagen I (at day 0 at 1 Hz frequency; collagen: 92 ± 67 Pa vs. HAGA30: 
198 ± 61 Pa vs. HAGA60: 378 ± 133 Pa, Fig. 2f and g). At 10 Hz fre
quency, there was a threefold increase in the storage modulus (G′) to 
663 Pa for HAGA60 compared to 251 Pa for collagen I when the HAGA 
was crosslinked at 405 nm light exposure for 15 s. To determine the role 
of MWCNTs, we assessed the storage modulus of HAGA60 with and 
without MWCNTs. In addition, we utilized unmodified HA to validate 
the effect of GA-functionalization of HA on the storage modulus 
(Figs. S3a and b). Our data showed that the presence of MWCNTs results 
in an increased storage modulus of HAGA60. In addition, the storage 
modulus of hydrogels with unmodified HA was markedly lower than 
HAGA60 confirming the role of GA for crosslinking. The amplitude 
sweep analysis (Fig. 2h) showed that the groups without HAGA incor
porated (native collagen I group along with collagen I-riboflavin and 
HAGA0 groups) have lower storage moduli with G′ for native collagen I 
ranging from 136 Pa to 53 Pa compared with G′ for HAGA30 ranging 
from 237 Pa to 99 Pa, and G′ for HAGA60 ranging from 363 Pa to 88 Pa 
over the same linear viscoelastic region. These values are greater than 
the storage moduli reported previously for collagen-based engineered 
cardiac tissues (20–30 Pa) [41], however, they are significantly softer 
than ≈10 kPa reported for the end-diastolic shear storage modulus of 
human myocardium [42]. For all groups, non-linear properties began to 
appear at ~15 % oscillation strain, and gels began to lose their elastic 
solid structure. The exact storage (G’) and loss (G”) moduli values 
derived from the frequency sweeps at 1 Hz frequency and 1 % oscillation 
strain is presented in Table 3. Notably, the storage modulus increases 
with increasing frequency. This is in agreement with the fact that me
chanical loading of collagen I increases the toughness of collagen fibrils 
[43]. On the contrary, we have earlier shown that HA hydrogels become 
softer with mechanical loading [44]. At higher frequencies, we observed 
a strain-hardening effect of collagen I hydrogels and HAGA30 and 
HAG60 hydrogels which are attributed to the denser packing of collagen 
fibrils upon compression. Such strain-stiffening behavior matches native 
cardiac tissue. Interestingly, covalent crosslinking of the 
GA-functionalized HA to collagen I did not disrupt this behavior, sug
gesting that the HAGA30 and HAGA60 hydrogels retain the physi
ochemical characteristics of the native collagen I hydrogels while 
mitigating the matrix shrinkage induced by encapsulated cells.

In order to determine if the different hydrogels exhibit different 
balance in their viscous and elastic characteristics, we calculated loss 
tangent (Tan δ), which is a ratio of loss modulus (G″) to storage modulus 
(G’) and shows whether a material behaves liquid-like (Tan δ > 1) or 
solid-like (Tan δ < 1). The Tan δ values at 1 Hz indicated that all gel 
groups exhibited solid-like (elastic) behavior as Tan δ was for all groups 
less than 1 (Table 3). Collagen I-riboflavin group exhibited the most 
plastic behavior with a Tan δ of 0.29 and HAGA0 exhibited the most 
solid-like behavior with a Tan δ of 0.0653. As loss tangent indicates the 

Table 2 
Electrical conductivity of hydrogels.

Material Conductivity (mS/cm)

collagen I 144.3 ± 6.3
collagen-riboflavin 139.6 ± 1.5
HAGA0 82.1 ± 0.6
HAGA30 143.9 ± 2.9
HAGA60 221.7 ± 13.3

Table 3 
Rheological properties summary of collagen I – HAGA hydrogels at 1 Hz 
frequency.

Groups n G’ (Pa) G” (Pa) Tan δ (G”/G′)

collagen I 5 91.77 ± 63.23 11.23 ± 5.17 0.1224
collagen-riboflavin 5 127.17 ± 83.05 36.49 ± 15.43 0.2869
HAGA0 5 155.57 ± 114.16 10.16 ± 2.86 0.0653
HAGA30 5 198.67 ± 60.79 31.82 ± 6.97 0.1602
HAGA60 5 378.00 ± 133.16 44.50 ± 22.26 0.1177
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dampening effect of the hydrogels, this is particularly of interest in the 
context of cardiac tissue engineering as less dampening can translate 
into more efficient transduction of cell-generated forces, which is 
desirable in cardiac tissue engineering.

The amplitude sweep (Fig. 2h) was further used to determine the 
linear viscoelastic region, and the gels maintained solid structure, where 
G’ was greater than G”, with some non-linear effects due to the forma
tion of possible microcracks appearing between 15 and 20 % oscillation 
strain without any gel groups reaching critical failure point by 20 % 
oscillation strain. Notably, to the best of our knowledge, no work has 
shown the addition of HAGA and blue light photo-crosslinking as a 
reinforcing agent and that the crosslinking of HAGA with collagen 
greatly enhances the viscoelasticity and stability of the hydrogel that 
supports cell survival and function.

In order to assess the degradability of the hydrogels, we studied their 
swelling and degradation behavior in PBS, DMEM complete culture 
medium, solutions of collagenase, hyaluronidase, and a mixture of 
collagenase and hyaluronidase (Fig. S4). Our data revealed that all 
hydrogels were swelling but not degrading in either PBS or DMEM 
culture media over 30 days, which was expected due to crosslinking of 
collagen I and, in the case of HAGA hydrogels the chemical crosslinking 
due to photocuring of the hydrogel precursor (Figs. S4a and b). Likewise, 
incubation of hydrogels in hyaluronidase for up to 8 days did not result 
in their degradation but only induced swelling. This suggests that the 
collagen I network strongly stabilizes the hydrogel structure. However, 
incubating hydrogels in collagenase or a combination of collagenase and 
hyaluronidase resulted in complete degradation of all hydrogels in 8 
days (Figs. S4d and e).

3.4. HAGA inclusion into collagen I hydrogels increases radical 
scavenging and tissue adhesiveness

Due to the known ability of gallol moiety to act as a radical scav
enger, we additionally quantified the radical scavenging ability of each 
hydrogel. The radical scavenging ability of the hydrogels was measured 
using a 2,2′-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay 
(Fig. 2i). The radical scavenging capability of the hydrogels significantly 
increased by ~15 % with the inclusion of HAGA as compared to pure 
collagen I hydrogels. This indicates that the inclusion of HAGA imparts 
antioxidant and radical scavenging capabilities to the hydrogels.

For the successful implantation of hydrogels as cardiac patch, skin 
patch or other tissue engineering applications, it is of great advantage 
when biofabricated hydrogels exhibit tissue adhesive properties. Thus, 
we estimated the adhesive properties of our hydrogel to porcine cardiac 
tissue using the tack adhesion test on the rheometer based on adhesion 
properties over time (Fig. 2j), the time to reach the peak force for 
detachment (Fig. 2k), and the force required for detachment (Fig. 2l). 
The results revealed that HAGA inclusion significantly enhances the tack 
adhesion force to cardiac tissue by a factor of ~4 as well as the retention 
time of the hydrogel to the tissue interface with an elongated time to 
minimum force peak. This ability to adhere to cardiac tissue supports the 
possibilities for HAGA-containing hydrogels to be used as cardiac 
patches.

3.5. HAGA-collagen I-based hydrogels are suitable for cardiac tissue 
engineering

Cardiovascular diseases are the most common cause of death in the 
world [45] and currently, heart transplantation remains the only 
available therapy to restore heart function. Furthermore, congenital 
heart diseases are the leading cause of child mortality among birth de
fects and represent the most common congenital abnormalities (~1 % of 
all live births) [46]. In search of novel therapeutic strategies, engineered 
cardiac tissues are valuable tools to model disease and study drug 
response. In addition, pre-clinical animal studies suggest that trans
plantation of such engineered tissues can improve heart function after 

infarction [47–50]. The safety and efficacy of such a procedure for pa
tients is currently being investigated in a clinical trial (ClinicalTrials.gov
Identifier: NCT04396899). To determine if the here developed hydrogel 
system is compatible with hiPSC-cardiomyocytes, these cells were mixed 
at 2.5 × 107 cells/mL with either of the gel precursors, exposed to blue 
light (405 nm, 5 min), and subsequently incubated at 37 ◦C for 30 min. 
Confocal images of Live/Dead staining analysis at 7 days demonstrated 
the survival of hiPSC-cardiomyocytes in culture (Fig. 3a and b). Our data 
revealed that the addition of riboflavin or HA-MWCNT to collagen I did 
not induce cytotoxicity. Importantly, the chemical modification of HA, 
MWCNTs, and the photo-crosslinking of the hydrogels did not induce 
cell death in the hydrogels compared to collagen I alone (Fig. 3b), 
indicating cytocompatibility of the hydrogels. Immunofluorescence 
analysis of confocal laser scanning microscopic images of 
hiPSC-cardiomyocytes embedded within different hydrogels revealed 
that these cells spread in all hydrogels. Furthermore, 
hiPSC-cardiomyocytes exhibited clear sarcomeres (Fig. 3c), whereby 
parallel aligned myofibrils suggested a proper formation of their con
tractile machinery (Fig. 3c). Quantitative analysis of connexin 43 (Cx43) 
showed no significant differences (Fig. 3d) and the sarcomeric length of 
cardiomyocytes correlated with increasing HAGA concentrations, indi
cating improved maturation (Fig. 3e). However, the difference in sar
comeric length was not significant. These data show that the here 
developed hydrogels provide a suitable environment for 
hiPSC-cardiomyocytes.

To assess whether our hydrogel allows proper electrical coupling of 
cardiomyocytes and permits seamless intercellular communications, we 
labeled hiPSC-cardiomyocytes in the different types of hydrogels with 
calcium-sensitive dye Fluo-4 (37 ◦C, 60 min) and performed live cell 
imaging using a Keyence BZ-9000 fluorescent microscope. Subsequent 
quantitative analysis of recorded videos (10 s) revealed a synchronous 
homogenous calcium wave in all engineered tissues (Fig. 4, Movie S1).

Spontaneous, synchronous calcium signal was recorded and visual
ized (Fig. 4b) by using NIH ImageJ by plotting a Z-axis profile for each 
video and subsequent detection of minimal and maximal calcium signal 
in the videos and applying color lot to each of them (Fig. 4a). The 
quantitative graphs indicate regular and spontaneous peaks corre
sponding to calcium waves (Fig. 4b), revealing no significant differences 
in the flux frequency as well as intensity and the calcium waves were at a 
frequency of ~0.5 Hz. These data show that HAGA hydrogels allow 
appropriate intercellular connections.

3.6. HAGA markedly reduces cell-mediated shrinkage of collagen I 
hydrogels

Collagen I-based hydrogels provide an excellent matrix for tissue 
engineering purposes and are widely used, but they have some draw
backs, including shrinkage and cell-induced shrinkage during normal 
cell culturing time frames [51]. Encapsulated cellular traction onto the 
collagen I fibrils in vitro leads to shrinkage of the tissue engineered 
construct. We aimed at generating a hydrogel system that resists 
shrinkage. In order to test whether the here developed hydrogels 
maintain their size, we resuspended CRL-2429 fibroblasts (2 × 106 

cells/mL) directly in the hydrogel precursor, induced gel formation, and 
maintained them in culture for up to 24 days (Fig. 5). Fibroblasts were 
chosen as they are important for all tissue types to achieve optimal 
function [28,52] and as they are known to markedly shrink collagen I 
hydrogels [53]. Brightfield macroscopic images of the tissues and sub
sequent quantification of the hydrogel area using NIH ImageJ revealed 
the stabilizing effect of adding HAGA into the collagen I matrix, evi
denced by a shrinkage of <20 % for HAGA60 compared to >90 % 
shrinkage for collagen I hydrogels within the first 7 days of cell culture 
(Fig. 5a and b). Long-term experiments revealed that HAGA30 and 
HAGA60 hydrogels continued to shrink until day 15 (60 % shrinkage) 
and maintained thereafter their size (Fig. 5b and c). Notably, MWCNTs 
were not required for shrink resistance, as the shrinkage of HAGA60 
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with or without MWCNTs was comparable (Figure S5 a). Taken 
together, HAGA hydrogels allow the fabrication of tissues with defined 
size for one week. For long-term experiments, the low shrinkage rate still 
provides a major advantage over collagen I hydrogels and should allow 
us to predict size changes.

As shrinkage is mediated by the encapsulated cells, it might be 
possible that the observed differences in shrinkage between hydrogels 
are due to different cell numbers caused by different survival or prolif
eration rates. Live/Dead images of all these tissues after 14 days 
(Fig. 5d) as well as after 24 days for HAGA30 and HAGA60 with and 

without MWCNTs (Fig. S5) showed an overall high viability of the cells. 
To address whether changes in cell number occur over time, mito
chondrial activity (Fig. 5e) and DNA content were determined (Fig. 5f). 
These data show no marked changes in mitochondrial activity or DNA 
content over time despite obvious shrinkage in collagen I hydrogels in 
the observed time frames. Taken together, these data exclude the pos
sibility that changes in cell number over time are responsible for the 
observed shrink-resistant properties of HAGA hydrogels.

To determine, if construct shrinkage changes the mechanical prop
erties, we performed frequency sweep tests on fibroblast-laden 

Fig. 3. HAGA hydrogels support the viability and cell spreading of hiPSC-derived cardiomyocytes. (a) Representative images of hiPSC-cardiomyocytes 
cultured within hydrogels stained with calcein-AM (green, living cells) and EthD-1 (red, dead cells). (b) Quantitative analysis of live and dead staining (n = 3, 3 
hiPSC-cardiomyocyte differentiation assays used to generate 5 tissue constructs) based on a. (c) Examples projections of confocal images of hiPSC-cardiomyocyte- 
laden tissue constructs stained for cardiomyocyte-specific markers troponin I and sarcomeric α-actinin (day 18 post-fabrication). DNA was visualized with DAPI. (d) 
Quantitative analysis of connexin 43 surface coverage (n = 3). (e) Quantitative analysis of sarcomeric length based on confocal images of hiPSC- cardiomyo-cytes 
stained for troponin I and sarcomeric -actinin. Data is mean ± SD. One-way ANOVA with Bonferroni’s posthoc analysis was performed. Scale bars: white: 50 μm, 
blue: 30 μm, yellow: 10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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hydrogels after 3 days in culture to elucidate possible differences in their 
mechanical properties (Fig. 5g and h). Quantitative analysis of these 
measurements showed a stabilizing effect of HAGA incorporation into 
the matrix accompanied by collagen I stiffening in particular compared 
to HAGA-containing gels in the first three days of culture. In hydrogels 
containing fibroblasts, the storage modulus (G′) of collagen I hydrogels 
increased by 6-fold from ~91 Pa at day 0–~566 Pa by day 3. Stiffening 
also occurred in the collagen-riboflavin group where G′ increased from 
~127 Pa at day 0–~284 Pa at day 3. Similarly, G′ increased for HAGA0 
group from ~155 Pa on day 0–~432 Pa on day 3. Inclusion of HAGA 
into the hydrogels in HAGA30 resulted in less stiffening where G′ 
increased from ~198 Pa at day 0–~296 Pa at day 3. Conversely, we 
noticed a slight softening in HAGA60 where G’ decreased from ~378 Pa 
to ~349 Pa over the course of three days. Notably, such shrink resitive 
hydrogels allowed proper cardiomyocyte function (Fig. 4) as well as 
fibroblast spreading and growth while maintaining the geometry (Figs. 5 
and 6).

3.7. HAGA60 is an ink suitable for 3D bioprinting

The shrink-resistant characteristic of HAGA60 is unique and makes it 
a good candidate as ink for 3D bioprinting. Therefore, we have evalu
ated the rheological properties, 3D bioprinting capability, and cellular 
compatibility of HAGA60 (Fig. 6).

We assessed the shear-thinning characteristic of HAGA60 utilizing 
rheological analysis. Quantitative analysis of viscosity over a range of 
shear rates from 0.01 to 10 Hz showed a high viscosity of HAGA60 at low 
shear rates, which was inversely correlated with increasing the shear 
rates, confirming shear-thinning properties, which are critical for 
extrusion-based 3D bioprinting (Fig. 6a). The shear-thinning behavior of 
HAGA60 was similar at 10 ◦C or 37 ◦C whether or not being crosslinked 
by blue light. These data show that HAGA60 is extrudable at different 
temperatures. Moreover, we found that exposure to the blue light trig
gered an immediate increase in storage modulus (G′) and its dominance 
over the loss modulus (G″), indicating network formation and a more 
solid-like behavior of the ink. This sharp increase in G’ upon blue light 
exposure indicates successful photo-crosslinking. Modeling the rheo
logical behavior of HAGA60 based on Herschel-Bulkley Model Fit, 
demonstrated its yield stress (~0.55 Pa) and shear-thinning behavior (τ 
= τ₀ + k⋅γⁿ) with a strong model fit (R2 = 0.9928) suggesting a reliable 
characterization (Fig. 6c). Thixotropic recovery is crucial for extrusion- 
based bioprinting, thus, we measured this characteristic of HAGA60 by 
subjecting it to alternating low and high shear rates (Fig. 6d). This data 
confirmed that HAGA60 consistently recovers its viscosity after each 
high-shear event, indicating excellent thixotropic behavior. However, it 
is noteworthy that the yield stress of HAGA60 is relatively low, which 
could make the printed constructs susceptible to deformation. This ne
cessitates the use of either higher solid content, or additional stabilizers 

Fig. 4. hiPSC-derived cardiomyocytes show regular pulses of calcium. (a) Local calcium minima and maximum concentration based on Fluo-4 calcium analysis 
at day 6. (b) Representative examples of intracellular calcium changes in 3D engineered tissues for different ROIs are provided as overlays to indicate synchronous 
calcium peaks. Scale bar: 200 μm. In b, a.u. indicates the arbitrary units.
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to enhance the structural integrity post-printing. Therefore, we designed 
an approach to 3D bioprint this material in a support bath of gelatin 
microparticles. As a proof of concept, we have resuspended human 
neonatal CRL-2429 fibroblasts at 1 and 2 × 106 cells/mL ink and 3D-bio
printed rings. We have prepared a support bath of gelatin/gum arabic, as 
reported previously [27]. This support bath exhibits self-healing prop
erties and provides a supportive environment for 3D bioprinting of soft 
hydrogels. To assess the printability of HAGA60 hydrogel in the 
above-described support bath, a 3D design of a ring with a diameter of 
10 mm, height of 1 mm, and filament thickness of 0.1 mm was generated 
in license-free Autodesk Tinkercad platform, and the stl file was im
ported in an Allevi 3 bioprinter to print the tissues. Cell-laden hydrogel 
precursor was loaded into a 5 mL syringe which was then inserted into 
the printer. The rings were 3D-bioprinted into the support bath and 
exposed to blue light (90 % intensity, 5 min). Subsequently, the rings 

inside the support bath were placed in an incubator at 37 ◦C and 5 % CO2 
for 30 min to melt the support bath and extract the 3D-bioprinted rings 
(Fig. 6e).

We have monitored the 3D-bioprinted rings for up to 7 days to assess 
whether shrinkage of the rings due to the presence of fibroblasts occurs 
(Fig. 6f). The stereomicroscopic images of the bioprinted rings at 1 and 7 
days post-printing showed almost no shrinkage of the 3D-bioprinted 
rings (Fig. 6f). When HAGA60, which forms a soft gel, was printed 
into the support bath with a low cell density of 1 × 106 cells/mL, we 
observed a deformity in the circular shape of the 3D-bioprinted rings. 
However, by increasing the cell density to 2 × 106 cells/mL, the 3D-bio
printed constructs remained circular throughout the 7 days observation. 
In order to evaluate the behavior of fibroblasts within the 3D-bioprinted 
rings, we performed immunostaining analysis after 7 days in culture. 
The confocal laser scanning microscopic images showed fibroblasts 

Fig. 5. Gallic acid-functionalized hyaluronic acid maintains geometry of collagen I hydrogels. (a) Representative photographs of cell-laden hydrogels on day 
0, day 7, and day 24. (b) Quantified shrinkage of hydrogels over time for 24 days (n = 3). (c) Shrinkage of cell-laden hydrogels on day 24. (d) Representative epi- 
fluorescent microscopy images of CRL-2429 fibroblasts in 3D hydrogels at day 14. (e) Quantitative analysis of mitochondrial activity of cells in the bulk of hydrogels 
based on Presto blue assay (n = 3). (f) Quantitative analysis of the DNA content in each hydrogel group over 3 days based on Cyquant assay kit (n = 3). (g) Evaluation 
of storage modulus of cell-laden hydrogels at day 3 based on frequency sweep test. (h) Storage G′ and loss modulus G″ of cell-laden hydrogels on day 3. Data is mean 
± SD. Scale bars: white: 50 μm, yellow: 2.2 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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spreading, extending, and forming an interconnected cellular network at 
both cell densities (Fig. 6g). As expected, when the shape is maintained, 
the compactness of the cellular network increased with the number of 
cells loaded in the bioink. Taken together, these data show that HAGA60 
is shrink-resistant, 3D-bioprintable, and cytocompatible.

The suitability of HAGA60 and its support for fibroblasts convinced 
us to further evaluate this bioink for more complex systems. Hence, we 
3D-bioprinted different geometric models of cardiac ventricles based on 
hiPSC-cardiomyocyte-laden HAGA60 in a support bath of gelatin mi
croparticles (Fig. 7).

We designed two stl files of ventricle shapes with different opening 
diameters. The ventricles were 5 mm × 5 mm x 5.21 mm (X:Y:Z) for the 
smaller opening and 5 mm × 5 mm x 4 mm (X:Y:Z) for the bigger 

opening. Stereomicroscopic images of 3D-bioprinted ventricles after 20 
days showed that the opening of both models remained open, suggesting 
successful preservation of the lumen in the 3D-bioprinted constructs 
(Fig. 7a). We have evaluated the shrinkage of the 3D-bioprinted ven
tricles over 30 days in culture. HAGA60-bioprinted ventricles main
tained their size and shape up to 5 days and compacted to ~75 % after 8 
days. The compaction continued until day 12, reaching a plateau at ~40 
% of their initial size, still maintaining a ventricle-like shape (Fig. 7b and 
c). The culture media for these ventricles were changed every 2 days and 
the bioprinted constructs started to beat after 7–10 days and maintained 
their contraction throughout the experimental period (Movie S2). We 
evaluated the responsiveness of the 3D-bioprinted ventricles to phar
macological stimulation with epinephrine (50 μM), which is known to 

Fig. 6. Rheological characterization, 3D bioprinting, and cellular compatibility of HAGA60 bioink. (a) Viscosity of HAGA60 as a function of shear rate at 
10 ◦C, 37 ◦C, and 37 ◦C with blue light exposure. (b) Storage modulus (G′) and loss modulus (G″) of HAGA60 over time at 37 ◦C during blue light photo-crosslinking 
(405 nm, 5 min). (c) Shear stress vs. shear rate curve of HAGA60 fitted to the Herschel-Bulkley model (τ = τ₀ + k⋅γⁿ), showing a yield stress of 0.55 Pa and strong 
shear-thinning behavior (R2 

= 0.9928). (d) Thixotropic recovery of HAGA60 during alternating low and high shear rate cycles. (e) Schematic representation of 3D 
bioprinting procedure. (f) Representative stereoscopic images of 3D-bioprinted rings at day 1 and 7. (g) Examples of projections of confocal images of CRL-2429- 
laden 3D-bioprinted HAGA60 stained for vimentin and nuclei by DAPI (day 7 after printing). Scale bars: yellow: 1000 μm, white: 20 μm. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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enhance cardiomyocyte beating rates [27,31,34]. The bioprinted ven
tricles significantly increased their beating rate directly upon stimula
tion (Fig. 7d and Movie S3). A closer analysis of the cellular contractile 
machinery by immunostaining against cardiac troponin I (cTp I) and 
sarcomeric alpha-actinin (actinin) revealed that cardiomyocytes within 
bioprinted HAGA60 established and maintained well-striated sarco
meres, indicating proper subcellular organization of the contractile 
machinery in these cardiomyocytes (Fig. 7e). Notably, an overview laser 
confocal microscopic image of the bioprinted ventricle showed that 
cTpI, a marker of more mature cardiomyocytes, is broadly expressed 
within the ventricle (Fig. 7f).

4. Conclusion

Collectively, we have developed a hydrogel system based on ECM 
polymers that is resistant against cell-mediated hydrogel shrinkage, is 
cytocompatible, and allows 3D bioprinting of cell-laden constructs. 
Several lines of evidence support our conclusions. First, hiPSC- 
cardiomyocytes and human fibroblasts exhibited normal cell behavior 
and/or function in this hydrogel system. Second, fibroblast-laden 
HAGA60-hydrogels, whether casted or printed, shrink markedly less 
compared to collagen I hydrogels. Interestingly, this hydrogel is tissue 
adhesive and exhibits radical scavenging properties. The here developed 
hydrogels exhibited enhanced mechanical stiffness owing to the 

Fig. 7. 3D bioprinting HAGA60 ventricles containing hiPSC-cardiomyocytes. (a) 3D-bioprinted HAGA60 ventricle-shaped constructs loaded with 2.5 × 107 

cells/mL. Side and top view images of the printed constructs and their respective STL files, illustrating varying opening diameters (dashed yellow circles). (b) Time- 
lapse brightfield microscopy images showing compaction of 3D-bioprinted ventricles over 30 days in culture. (c) Quantification of construct compaction, represented 
as the percentage of the initial area over time (n = 3). (d) Functional assessment of bioprinted ventricles at day 30, showing increased contraction frequency upon 
exposure to epinephrine (50 μM). (e) High-resolution immunostaining of the 3D-bioprinted ventricle at day 30, showing cardiac troponin I (cTnI, magenta) and 
α-actinin (green). The boxed regions show sarcomere organization at increasing magnifications, confirming cardiomyocyte differentiation. (f) Overview images of an 
immunostained 3D-bioprinted ventricle at day 30, showing cTnI (magenta) and α-actinin (green) distribution throughout the construct, indicating uniform car
diomyocyte integration and differentiation. Data are presented as mean ± SD, *: p < 0.05. Scale bars: red: 1 mm, white: 20 μm, yellow: 10 μm, green: 500 μm. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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chemistry that has been used in the generation protocol offering a ver
satile platform for generating engineered cardiac tissues.
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