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Collagen Hydrogel Containing Polyethylenimine-Gold
Nanoparticles for Drug Release and Enhanced Beating
Properties of Engineered Cardiac Tissues

Kaveh Roshanbinfar, Maria Kolesnik-Gray, Miriam Angeloni, Stefan Schruefer,
Maren Fiedler, Dirk W. Schubert, Fulvia Ferrazzi, Vojislav Krstic, and Felix B. Engel*

Cardiac tissue engineering is a promising strategy to prevent heart failure.
However, several issues remain unsolved, including efficient electrical
coupling and incorporating factors to enhance tissue maturation and
vascularization. Herein, a biohybrid hydrogel that enhances beating
properties of engineered cardiac tissues and allows drug release concurrently
is developed. Gold nanoparticles (AuNPs) with different sizes (18–241 nm)
and surface charges (33.9–55.4 mV) are synthesized by reducing gold (III)
chloride trihydrate using branched polyethyleneimine (bPEI). These
nanoparticles increase gel stiffness from ≈91 to ≈146 kPa, enhance electrical
conductivity of collagen hydrogels from ≈40 to 49–68 mS cm−1, and allow
slow and steady release of loaded drugs. Engineered cardiac tissues based on
bPEI-AuNP-collagen hydrogels and either primary or human induced
pluripotent stem cell (hiPSC)-derived cardiomyocytes show enhanced beating
properties. hiPSC-derived cardiomyocytes exhibit more aligned and wider
sarcomeres in bPEI-AuNP-collagen hydrogels compared to collagen
hydrogels. Furthermore, the presence of bPEI-AuNPs result in advanced
electrical coupling evidenced by synchronous and homogenous calcium flux
throughout the tissue. RNA-seq analyses are in agreement with these
observations. Collectively, this data demonstrate the potential of
bPEI-AuNP-collagen hydrogels to improve tissue engineering approaches to
prevent heart failure and possibly treat diseases of other electrically sensitive
tissues.
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1. Introduction

Cardiovascular diseases (CVD) are the lead-
ing cause of death worldwide, responsible
for nearly 19 million deaths in 2020[1] and
annually impose an estimated €200 billion
on the European countries and $378 billion
on the United States.[1,2] Ischemic heart dis-
eases, including myocardial infarction (MI),
comprise the major part of CVD, account-
ing for 39–45% of CVD-related deaths.[2] MI
results in a cell loss-dependent impairment
of pumping function accompanied by ven-
tricular arrhythmia or tachycardia. Cell ther-
apy has been considered a promising ap-
proach to compensate for the loss of car-
diomyocytes. However, it suffered from low
engraftment and limited survival rate of
transplanted cells in the recipient tissue.[3]

Moreover, transplanted human embryonic
or induced pluripotent stem cell (hiPSC)-
derived cardiomyocytes resulted in ventric-
ular arrhythmia or tachycardia, which needs
to be addressed.[4] This could be due to in-
efficient electrical coupling within the graft
and between the graft and host tissue.

Over the past 2 decades, engi-
neered biomaterials provided significant
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advancements in tissue engineering, including enhanced cel-
lular retention, survival, and integration with the host tissue.[5]

Notably, electrically conductive biohybrid systems provide an en-
vironment to facilitate the propagation of intercellular electri-
cal signals.[6] Different electroconductive materials, including
nanoparticles, nanorods, nanowires, carbon nanotubes, and poly-
mers have been used in tissue engineering applications.[7] We
have previously shown that introducing electroconductive ma-
terials facilitates intercellular communications, enhances car-
diomyocyte maturation, and improves the beating properties of
engineered cardiac tissues.[8–11] We developed electrically con-
ductive electrospun fiber mats based on collagen, hyaluronic
acid, and polyaniline to mimic the cardiac extracellular ma-
trix and showed the positive effects of the conductive fabrics
on neonatal rat ventricular cardiomyocytes as well as hiPSC-
derived cardiomyocytes.[11] To investigate the beneficial effects
of conductive materials in 3D, we developed an electrically con-
ductive biohybrid hydrogel system based on collagen, alginate,
and poly(3,4-ethylenedioxythiophene) polystyrene sulfonate and
showed enhanced maturation and electrical coupling of primary
and hiPSC-derived cardiomyocytes.[10] Moreover, we have shown
that the presence of hydrazide-functionalized multiwall carbon
nanotubes in pericardial matrix-derived hydrogels enhances con-
tractility, calcium handling, and the response of hiPSC-derived
cardiomyocytes to several pharmaceutical treatments.[8,9]

Recent clinical studies have shown that injecting cell-free hy-
drogels into the myocardial wall of infarcted hearts stabilizes the
ventricular wall.[12] Combining this mechanical support with the
capability to deliver pharmaceuticals, growth factors, or proan-
giogenic factors can potentially enhance the function of the host
tissue. Moreover, combining pharmaceutical approaches with en-
gineered tissues can improve their beneficial effects. For exam-
ple, the release of proangiogenic factors will help to facilitate
the vascularization of the graft, ensuring survival and optimal
function. Other beneficial factors might be pro-proliferative[13]

or anti-arrhythmic drugs. Importantly, uncontrolled administra-
tion of drugs can have off-target effects, be prematurely cleared
from the body, be difficult to dose, or have a post-administration
burst release. Therefore, it is beneficial to incorporate a drug re-
lease system into engineered cardiac tissues. Previously, it has
been shown that gold nanoparticles (AuNP)s as drug carriers
can prolong the presence of drugs and minimize their burst and
off-target effects.[14] AuNPs have reportedly been used to deliver
drugs and microRNA to the heart to treat heart failure in vivo.[15]

Similarly, branched polyethyleneimine (PEI)-coated AuNPs have
been utilized to release siRNAs[16] and gapmers.[17] PEI is a ba-
sic, cationic polyamine. The delivery of bioactive factors using
PEI is modulated based on the affinity binding of these factors to
PEI, which is based on ionic interactions.[18] Polycationic PEI can
condense negatively charged molecules into stable complexes re-
sulting in their retention in the hydrogels. Degradation of PEI or
possible pH changes trigger the release of the bioactive factors.
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Regulating these processes along with a control over the extent
of ionic interactions can tailor the release profile.[18]

Notably, gold is a conductive material whereby AuNPs offer
easy fabrication and tailorable geometrical and physicochemical
properties. AuNPs have been used for imaging, diagnostics, and
tissue engineering application.[7] Gold is chemically inert[19] and
AuNPs have no effects on the immune response at concentra-
tions below 1% w/v.[20] Previous studies based on seeding rat car-
diomyocytes on scaffolds containing AuNPs collectively showed
enhanced alignment of these cells accompanied by increased
connexin 43 expression.[7] Notably, rat cardiomyocytes cultured
on a collagen-AuNP hybrid hydrogel established efficient interca-
lated discs indicating enhanced intercellular coupling.[21] How-
ever, these studies were limited to post-fabrication seeding of
rat cardiomyocytes on 2D hydrogel films. As an advancement,
3D printing of rat cardiomyocyte-loaded hydrogels based on gold
nanorods and gelatin metacryloyl (Gel-MA) was reported to en-
hance connexin 43 expression in these cells.[22] However, the
functionality of the tissue and cellular calcium handling prop-
erties were not investigated. Notably, there is a gap in knowledge
regarding the effects of AuNPs in a 3D hydrogel system on hu-
man cardiomyocytes. Moreover, there are no reports utilizing the
dual function of bPEI-AuNPs for enhancing the conductivity and
allowing the release of biologically active materials.

In this study, we have developed an electrically conductive hy-
brid hydrogel based on collagen type I and bPEI-coated AuNPs.
A positively charged coating of AuNPs allows for incorporating
a wide range of negatively charged pharmaceutical drugs and
growth factors. We utilized these hydrogel systems and generated
engineered cardiac tissues by incorporating neonatal rat ventric-
ular or hiPSC-derived cardiomyocytes. We have provided an in-
depth analysis of cell survival, subcellular organization, and cal-
cium handling as an effect of bPEI-AuNPs in a 3D engineered
cardiac tissue. Furthermore, we have demonstrated that the here
developed hybrid hydrogel system based on bPEI can be used as
a carrier platform for drug release and simultaneously increasing
electrical conductivity.

2. Results and Discussion

2.1. One-Step Generation of AuNPs with Different Sizes and
Surface Charges

In order to test the suitability of a gold-based drug releasing sys-
tem for cardiac tissue engineering, we generated bPEI-AuNPs
by incubating gold(III) chloride trihydrate (HAuCl4·3H2O, from
12.5 to 50 mg mL−1) and bPEI for 1 h at 65 °C (Figure 1a and
Table 1).

Depending on the initial concentration of HAuCl4·3H2O, an
immediate change in the color of the solution was detectable (Fig-
ure 1b). Higher concentrations resulted in darker solutions. Anal-
ysis of the UV–vis spectra of the different nanoparticle solutions
revealed a peak corresponding to the formation of gold nanopar-
ticles for all groups except the solution with the initial concentra-
tion of 50 mg mL−1 HAuCl4·3H2O (Figure 1c). In order to elim-
inate the batch variability effect, we prepared different batches
and measured the UV–vis absorption at different dilutions, but
all measurements resulted in no peaks for bPEI-AuNP-50.
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Figure 1. Branched polyethylenimine reduces gold chloride to gold and results in the generation of gold nanoparticles. a) Schematic illustration of the
synthesis of gold nanoparticles coated with bPEI. b) Representative photographs of different gold chloride solutions before and after the reaction. c)
Representative graphs of UV–vis absorption spectra for the different solutions after the reaction. Absorption graphs of bPEI and HAuCl4·3H2O solution
are provided as controls. Black arrow: peak corresponding to the formation of gold nanoparticles. d,e) Quantitative analysis of average particle/aggregate
size (diameter, d) and surface charge (e) utilizing dynamic light scattering (DLS) measurements (n = 3). Data are mean ± Standard Deviation (SD) and
compared based on a one-way ANOVA and Bonferroni’s multiple comparison test.

Table 1. Numerical values of particle size and surface charge of bPEI-
AuNPs measured by dynamic light scattering.

Nanoparticles HAuCl4·3H2O/bPEI Particle size [nm] Surface charge [mV]

bPEI-AuNP-12.5 0.25 18.50 ± 0.28 33.9 ± 5.6

bPEI-AuNP-25 0.50 18.13 ± 0.62 31.6 ± 13

bPEI-AuNP-37.5 0.75 92.75 ± 0.56 48.1 ± 11.3

bPEI-AuNP-50 1.00 241.03 ± 0.50 55.4 ± 5.48

It has been reported that aggregated nanoparticles show sev-
eral changes in their UV–vis absorption, including changes in
the extinction coefficient, maximum wavelength shifts, and for-
mation of new peaks.[23] It is also reported that alcohol-induced
aggregation of AuNPs results in a time-dependent decrease of
the peak and formation of a new peak at greater wavelengths.[24]

Therefore, we have performed high resolution phase-contrast
microscopic analysis of all different gold nanoparticle solutions
(Figure S1a, Supporting Information). This analysis revealed ag-
gregate formation for bPEI-AuNP-37.5 as well as bPEI-AuNP-
50. For bPEI-AuNP-12.5 and bPEI-AuNP-25, no comparable ag-
gregates were detected. Dynamic light scattering (DLS) analy-
sis, after brief sonication of the samples, were utilized to deter-
mine average particle size and surface charge (Figure 1d,e and
Table 1).

Our data show that the average particle size and surface charge
did not change significantly between bPEI-AuNP-12.5 and bPEI-
AuNP-25 (Figure 1d). However, further increasing the ratio of
HAuCl4·3H2O to bPEI resulted in an increase in bPEI-AuNPs’ av-
erage particle/aggregate size and surface charge. The initial con-
centration of 25 mg mL−1 HAuCl4·3H2O resulted in the smallest
average particle size of 18.13 ± 0.62 nm (diameter) with a surface
charge of 31.6 ± 13 mV compared to the largest average parti-
cle/aggregate size of 241.03 ± 0.50 nm and a surface charge of
55.4 ± 5.48 mV observed with an initial concentration of 50 mg
mL−1 HAuCl4·3H2O. A closer analysis of the size distribution
graphs revealed a narrow distribution of particle size for bPEI-
AuNP-12.5 and a main peak with a broader distribution for bPEI-
AuNP-25 (Figure S1b, Supporting Information). In contrast, four
similar peaks were detected for bPEI-AuNP-37.5. Based on the
microscopic analysis (Figure S1a, Supporting Information), the
first two peak represents probably single particles (≈25 and ≈105
nm) whereas the other peaks represent two classes of aggregates
(≈800 and ≈5 μm). Finally, a very wide peak ≈250 nm and a nar-
row peak ≈5 μm were detected for bPEI-AuNP-50. As the indi-
vidual particles in Figure S1a, Supporting Information, for bPEI-
AuNP-50 have a diameter of ≈100 nm, there seems to be no, or
at most a few, individual particles detectable by phase contrast
microscopy. This might explain why no peak corresponding to
the formation of gold nanoparticles was detected in the UV–vis
spectra for bPEI-AuNP-50.
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2.2. AuNPs Enhance the Electrical Conductivity of Collagen
Hydrogels

Collagen hydrogels are currently the most advanced hydrogel sys-
tems for clinical translation applications. At the beginning of
2021, a clinical trial started with 53 participants with no realistic
chance or not being eligible for heart transplantation that will test
the performance of engineered cardiac tissues.[25] Thus, we eval-
uated the effect of bPEI-AuNPs on collagen hydrogels. After we
obtained bPEI-AuNPs with different sizes and surface charges,
we analyzed whether their incorporation into a pre-gel solution
of collagen I affects gel formation. Nanoparticles were mixed in
a pre-gel solution of collagen I at 1% v/v. The solution was incu-
bated at 37 °C for 1 h to allow thermal-induced fiber entangle-
ment of collagen I, usually resulting in a gel (Figure 2a).

None of the bPEI-AuNPs prevented gelation (Figure 2b). The
generated hydrogels were fixed, dehydrated, critically-point dried,
and sputter-coated with gold and were analyzed by scanning elec-
tron microscopy (SEM). Analysis of their morphology by SEM re-
vealed a fibrous structure in all groups. However, shifting from
bPEI-AuNP-12.5 toward bPEI-AuNP-50 appears to result in less
compact fiber networks (Figure 2c).

In order to measure the electrical conductivity of the hydrogels,
freshly generated samples were transferred to a custom-made
polytetrafluoroethylene chamber, and their electrical properties
were measured based on two- and four-point-probe analysis of
current and voltage (Figure 2c). All different groups of hydrogels
showed a typical resistor behavior. Quantitative analyses of elec-
trical conductivity of the hydrogels revealed that smaller AuNPs
have a more significant effect on increasing the electrical conduc-
tivity of collagen hydrogels. A maximum electrical conductivity
of ≈40 mS cm−1 was measured for collagen hydrogels compared
to the maximum electrical conductivity of 68.2 ± 0.1 mS cm−1

for collagen hydrogels containing 1% v/v of bPEI-AuNP derived
from HAuCl4·3H2O concentrations of 25 mg mL−1.

To continue our study, we decided against using bPEI-AuNP-
37.5 and 50 due to their tendency to form aggregates, which could
have confounded our experimental results (Figure S1, Support-
ing Information). However, we found that bPEI-AuNP-12.5 and
25 have the same size and surface charge, as confirmed by DLS
analysis in Figure 1d,e. Notably, nanoparticles in the size range
of 18–20 nm are preferred due to their reduced toxicity in vivo[26]

and lack of damage to DNA in vitro.[27] In our study, both bPEI-
AuNP-12.5 and 25 enhanced the electrical conductivity of colla-
gen to similar values of ≈63 and ≈68 mS cm−1. However, as there
were no significant differences between these two nanoparticles,
we chose bPEI-AuNP-25 to continue with our experiments.

2.3. bPEI-AuNPs Are Cytocompatible

To assess whether the bPEI-AuNPs are cytocompatible, we tested
their toxicity to hiPSC-derived cardiomyocytes. These cells were
seeded at 3 × 105 cells per well of a 24-well plate and cultured
with different concentrations of bPEI-AuNPs from our bPEI-
AuNP-25 batch for 24 h (Figure 3a,b). Analysis of live and dead
staining images after 24 h showed that the viability of hiPSC-
derived cardiomyocytes treated with 1% v/v was the same as cells
cultured without any nanoparticles. However, higher concentra-

tions of bPEI-AuNPs resulted in a significantly lower viability of
cardiomyocytes, indicating cytotoxicity of these nanoparticles at
concentrations above 1% v/v. Therefore, we chose 1% v/v bPEI-
AuNPs for the generation of 3D engineered tissues.

2.4. bPEI-AuNPs Enhance the Mechanical Properties of Collagen
Hydrogels

In order to compare bPEI-AuNP-collagen hydrogels and collagen
hydrogels, we have performed a side-by-side analysis of gelation
behavior, hydrogel morphology, and mechanical properties of the
hydrogels based on rheological analyses. To analyze the gelation
kinetics, pre-gel solutions of the hydrogels were placed on the
sample holder of a rheometer at 37 °C, equipped with a solvent
trap to minimize dehydration, and their rheological behavior was
monitored over time for 45 min. The results of the time sweep
test showed a plateau region but no lag or growth phase for stor-
age (G′) and loss modulus (G″) (Figure 3d), which is in agree-
ment with previously reported behavior of collagen I hydrogels
studied at 37 °C.[28] Interestingly, the authors studied the gela-
tion also at lower temperatures. At 32 °C, they detected a growth
phase in addition to the plateau region. At 22 or 27 °C, the authors
detected three phases; lag, growth, and plateau phase.

In order to study the gelation kinetics more in depth, we set
the temperature of the lower plate of the rheometer to 4 °C with
a temperature ramp up of 5 °C min−1 to reach 37 °C. These mea-
surements show a lag phase followed by a growth phase end-
ing with a plateau region for both storage modulus (G′) and loss
modulus (G″) (Figure S2, Supporting Information). During the
growth phase, the G′ values were higher and increased more than
G″ resulting in decreased loss tangent values. This indicates a
transition toward a more solid-like material. Notably, no G′/G′’
crossover was detected. In order to improve the precision of the
measurement, in a second approach the geometry was changed
from a 20 to a 40 mm cone plate probe, the sample volume was
increased from 200 to 500 μL, and the temperature ramp up was
decreased to 1 °C min−1. These measurements resulted in similar
profiles whereby the onset of the growth phase was delayed and
its duration was slightly increased. Yet, again no G′/G′’ crossover
was detected. While usually a crossover between G′ and G″ is
used as an indication of sol–gel transition, an absence of such
a crossover is not necessarily indicating that no sol–gel transi-
tion occurs.[29] We used the G′ as an indicator of gelation con-
sidering the storage modulus of complete gelation rather than
that of the crossover which indicates initiation of network forma-
tion. Time to complete gelation was calculated based on the min-
imum time required for storage modulus to reach its maximum
value. Further analysis of this data showed that the presence of
bPEI-AuNPs resulted in a complete gelation within 28.37 ± 2.46
min which was significantly faster than that for collagen that took
35.73 ± 1.15 min (Figure 3c). After 45 min, storage modulus of
collagen was recorded at 91.99 ± 9.46 Pa compared to a signifi-
cantly greater storage modulus for bPEI-AuNP-collagen at 146.22
± 14.16 Pa (Figure 3d). However, the values of loss tangent, indi-
cating the dampening effect of the hydrogels, were not different.
This indicates that incorporation of bPEI-AuNPs in collagen hy-
drogels results in a stiffer hydrogel compared to pure collagen.
Analysis of SEM images of the critically-point dried hydrogels
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Figure 2. Microstructure and electrical conductivity of bPEI-AuNP-collagen hydrogels. a) Schematic illustration of hydrogel formation. b) Representative
photographs of different hydrogels before and after gelation. c) Representative scanning electron microscopic images of critically point dried hydrogels
containing different types of gold nanoparticles as well as representative graphs of quantitative measurements of electrical conductivity of hydrogels
based on two-point and four-point analysis of conductivity (n = 3). The concentrations in the figure indicate the initial concentration of HAuCl4·3H2O
used for synthesizing bPEI-AuNPs. Scale bars: 2 μm.
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Figure 3. Microstructure and mechanical properties of hydrogels. a) Representative images of hiPSC-cardiomyocytes cultured on Matrigel for 24 h
stained with calcein-AM (green, living cells) and ethidium homodimer-1 (EthD-1, red, dead cells). b) Quantitative analysis of live and dead staining in
(a) (n = 3, one-way ANOVA and Bonferroni’s multiple comparison test). c) Quantitative analysis of time to complete gelation of hydrogels performed
based on time sweep test (n = 3, two-tailed t-test). d) Rheometric analysis of mechanical properties of hydrogels over time during the gelation process (n
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Table 2. Summary of mechanical properties of the hydrogels.

end of gelation G′ [Pa] G′ at 1 rad s−1 [Pa]

Collagen 91.99 ± 9.46 88.15 ± 1.74

bPEI-AuNP-collagen 146.22 ± 14.16 113.71 ± 9.88

showed that collagen and bPEI-AuNP-collagen hydrogels exhibit
a porous and fibrous structure with no apparent differences (Fig-
ure 3e).

To investigate the distribution and adhesion of bPEI-AuNPs
to collagen matrix dark-field optical micrographs of bPEI-AuNP-
collagen hydrogel were taken and compared to the images of col-
lagen without any nanoparticles (Figure 3f). Dark-field imaging
mode is here beneficial as it exploits the plasmonic properties of
AuNPs making them visible with optical means. Our data show
that bPEI-AuNPs are by large homogeneously distributed across
the collagen matrix, along the collagen strands, with typical spac-
ing of the order of a few hundred nanometers. Furthermore, the
bPEI-AuNPs do not appear to coalesce into larger groups. Quan-
titative analysis of storage (G′) and loss modulus (G″) of hydro-
gels at 1% shear strain revealed that the presence of bPEI-AuNPs
resulted in a significantly greater storage modulus of 113.71 ±
9.88 Pa at 1 rad s−1 for bPEI-AuNP-collagen hydrogels compared
to 88.15 ± 1.74 Pa for collagen hydrogels (Figure 3g, Table 2).
Furthermore, both hydrogels showed a shear thinning behavior
evidenced by a decreased viscosity due to increased angular fre-
quency. They showed a similar dampening effect based on the
quantitative analysis of the loss tangent (ratio of G″ over G′) over
different angular frequencies up to 12 rad s−1.

We then performed an amplitude sweep test from 0.01% to
100% deformation on the gels (Figure 3h,i). Quantitative analy-
sis of storage and loss modulus of the hydrogels revealed a higher
yielding point of 176.12 ± 24.30 Pa at 36.17 ± 1.00% strain for
bPEI-AuNP-collagen compared to 72.80 ± 24.87 Pa at 24.78 ±
11.92% strain for collagen. However, oscillation displacement at
yield was ≈0.013 rad for both bPEI-AuNP-collagen and collagen
hydrogels. This suggests that while the bPEI-AuNP-collagen hy-
drogel is stronger and can withstand higher stress and strain
before yielding, it does not deform significantly more than the
collagen hydrogel at yield. Then, we have performed a quanti-
tative analysis of the recovery of the hydrogels after the ampli-
tude sweep test (Figure 3j,k, Figure S3, Supporting Information,
and Table 3). These data show ≈66% or ≈69% recovery for col-
lagen or bPEI-AuNP-collagen hydrogels, respectively. This sug-
gests that the addition of bPEI and AuNP to the collagen hydro-
gels does not negatively affect the ability to recover. In order to
assess the regeneration capacity of the hydrogels, a quantitative
analysis of changes in viscosity over time as a function of an-
gular frequency at 0.1 and 100 s−1 was performed (Figure S3,
Supporting Information). We noticed great variations in the first

Table 3. Summary of amplitude sweep and recovery properties of the hy-
drogels.

Yield point [Pa] strain at
yield [%]

displacement
at yield [rad]

recovery
[%]

Collagen 72.80 ± 24.87 24.78 ± 11.9 0.013 ± 0.004 66 ± 12

bPEI-AuNP-collagen 176.12 ± 24.30 36.17 ± 1.0 0.013 ± 0.000 69 ± 8

measurement phase especially for collagen hydrogels. However,
this analysis suggested that bPEI-AuNPs might slightly enhance
the self-healing potential of collagen hydrogels. These data, sum-
marized in Table 3, indicate that bPEI-AuNP-collagen hydrogels
compared to collagen alone are similarly shear thinning with the
same dampening effects but are significantly stiffer and have
greater yield points.

Our data show that the here-generated hydrogels are shear
thinning with a G′ value being in the ranges less than 200 Pa.
While being significantly softer than ≈10 kPa reported for the
shear storage modulus of human myocardium (end diastolic),[30]

these values are greater than the storage moduli reported in the
literature for collagen hydrogels in engineered cardiac tissues
that are between 20–30 Pa.[31] However, very large forces are gen-
erated during cardiac cycle that should be tolerated by the mate-
rial to ensure no drug or cell leakage due to compression cycles.
Generating hydrogel-based engineered cardiac tissues that could
bear the mechanical stress of large animals is challenging. How-
ever, encapsulated cells secrete their own matrices and exten-
sively remodel their initial microenvironment that usually results
in a relatively stiffer and more robust tissue. One possible solu-
tion to minimize the risk of tissue rupture post-transplantation
can be the intermittent tissue culture prior to the transplantation.
This can give the cells enough time to remodel and strengthen
the tissue.

2.5. bPEI-AuNPs Enhance Primary Cardiomyocyte Contractility in
Engineered 3D Tissues

In order to assess the cytocompatibility of these nanoparticles in
3D, neonatal rat ventricular cardiomyocytes were resuspended in
bPEI-AuNP-collagen pre-gel solution at 2.5 × 107 cells mL−1 (Fig-
ure 4a). Analysis of live and dead staining 7 days after tissue for-
mation revealed that most cells were alive (Figure 4b). These data
indicate that the here generated bPEI-AuNPs at 1% v/v are cyto-
compatible.

In order to evaluate whether the presence of AuNPs affects the
contractile apparatus of cardiomyocytes, engineered tissues were
fixed and subsequently stained for cardiac troponin I and sarcom-
eric alpha-actinin. Cardiomyocytes contained well-established
sarcomeres after 7 and 12 days in both collagen- and bPEI-AuNP-
collagen–based engineered cardiac tissues (Figure 4c). No appar-

= 3). e) Representative scanning electron microscopy images of critically-point dried hydrogels. f) Representative dark-field optical microscopy images
of hydrogels showing collagen fibers and gold nanoparticle–decorated collagen fibers. g) Quantitative post-gelation rheometric analysis of hydrogels as
a function of angular frequency (n = 3, G′ and G′ were compared based on two-tailed t-test). h,i) Quantitative rheometric amplitude sweep analysis for
0.01–100% deformation (n = 3) (h) and determination of yield point (i) (n = 3, two-tailed t-test). j) Analysis of hydrogel recovery after amplitude sweep
test over time (n = 3) and k) quantitative analysis of hydrogel recovery at the end of experiment (n = 3, two-tailed t-test). Data are mean ± SD. Scale
bars: yellow: 2 μm, white: 20 μm.
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Figure 4. bPEI-AuNP-collagen hydrogels support viability and subcellular organization of neonatal rat ventricular cardiomyocytes. a) Schematic illustra-
tion of generating engineered cardiac tissues containing neonatal rat ventricular cardiomyocytes. b) Representative images of neonatal rat ventricular
cardiomyocytes cultured within hydrogels for 7 days stained with calcein-AM (green, living cells) and ethidium homodimer-1 (EthD-1, red, dead cells).
c) Examples of projections of confocal images of neonatal rat ventricular cardiomyocyte-laden tissue constructs stained for the cardiomyocyte-specific
markers troponin I and sarcomeric-𝛼-actinin (day 7 post-fabrication) and connexin 43 (Cx43, day 12 post-fabrication). DNA was visualized with DAPI.
Scale bars: yellow: 5 μm and white: 25 μm.

ent difference was observed between the two types of engineered
cardiac tissues. These data substantiate the conclusion that bPEI-
AuNPs are cytocompatible, exhibiting no toxicity toward neonatal
rat ventricular cardiomyocytes.

Finally, we tested whether bPEI-AuNPs inside collagen-
hydrogels affect the contractile behavior of engineered cardiac tis-
sues containing neonatal rat ventricular cardiomyocytes. For this
purpose, we performed quantitative analyses of recorded videos
of beating collagen- and bPEI-AuNP-collagen–based constructs
using the MUSCLEMOTION plugin (NIH ImageJ software) (Fig-
ure 5).[32]

The results revealed that the contraction duration is reduced
in the presence of bPEI-AuNPs due to a reduced relaxation time
while the time to peak is not changed (Figure 5a). These changes
in contraction behavior were accompanied by a larger contraction
amplitude indicating greater force generation, reduced peak-to-
peak time (equals increased beating frequency), and increased
speed of contraction (Figure 5b,c). These data show that engi-
neered cardiac tissues containing bPEI-AuNPs exhibit enhanced
beating properties at 12 days post-fabrication. Notably, these data
are in agreement with the literature showing enhanced contrac-
tility of these cells in the presence of AuNPs[21,22,33] and with our
previous findings that elevated electrical conductivity results in
cardiac tissues with enhanced contractile properties.[9–11]

2.6. bPEI-AuNPs Enhance Contraction Amplitude of
hiPSC-Derived Cardiomyocytes in Engineered 3D Tissues

While primary cardiomyocytes are a very useful cell source for
studying the behavior of cardiomyocytes, they cannot be uti-
lized for therapeutic approaches and exhibit different character-
istics than human cardiomyocytes, limiting their usefulness for
regenerative therapy and drug testing. Therefore, we analyzed
the effect of bPEI-AuNPs on engineered cardiac tissues contain-
ing hiPSC-derived cardiomyocytes. Engineered cardiac tissues
based on collagen I and bPEI-AuNP-collagen hydrogels started
to beat around 5–7 days after fabrication. Their contractile behav-
ior evolved over time, leading to more regular and synchronous
beating. In contrast to neonatal rat cardiomyocyte-based tis-
sues, quantitative analysis of the contractility of hiPSC-derived
cardiomyocyte-based tissues using the MUSCLEMOTION plu-
gin of NIH ImageJ revealed no marked changes in contraction
behavior or beating frequency (peak-to-peak time) in the presence
of bPEI-AuNPs (Figure 6a,b).

These data are in agreement with our previous observation uti-
lizing electrically conductive polymers.[10,11] The difference be-
tween the response of primary and hiPSC-derived cardiomy-
ocytes could be due to species-specific properties and/or their
different maturation stages. Postnatal rat cardiomyocytes have an
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Figure 5. Addition of bPEI-AuNPs results in enhanced contractility of engineered cardiac tissues containing neonatal rat cardiomyocytes. a,b)
MUSCLEMOTION-based quantitative analysis of contraction (a) and contractility (b). c) Examples of engineered tissues’ speed of contraction at differ-
ent days post-fabrication. n = 3 in triplicates. Data are mean ± SD and compared based on a two-way ANOVA and Bonferroni’s multiple comparison
test. *p < 0.05.

intrinsic in vivo beating frequency of 250–500 beats per minute
(4.15–8.3 Hz),[34] while postnatal human heart beats between 80–
120 beats per minute (1.3–2 Hz). Importantly, hiPSC-derived car-
diomyocytes primarily represent fetal cardiomyocytes,[35] while
the primary cardiomyocytes are postnatal cells. However, our data
show that hiPSC-derived cardiomyocyte-based tissues develop
a greater contraction amplitude in bPEI-AuNP-collagen hydro-
gels than collagen hydrogels (Figure 6b,c). These data indicate
that cardiac tissues engineered with bPEI-AuNP-collagen hydro-
gels exhibit greater forces than collagen hydrogels. This might
be due to better-aligned cardiomyocytes or sarcomeres. There-
fore, we have investigated the contractile apparatus of hiPSC-
derived cardiomyocytes within engineered tissues by immunos-
taining for sarcomeric alpha-actinin at 17 days post-fabrication
(Figure 6d). Human cardiomyocytes in both collagen and bPEI-
AuNP-collagen hydrogels contained regular striated sarcomeres.
In contrast, sarcomeres were better aligned and wider in car-

diomyocytes in bPEI-AuNP-collagen hydrogels than collagen hy-
drogels. In addition, cardiomyocytes appeared more aligned.
Analysis of hiPSC-derived cardiomyocytes for sarcomeric alpha-
actinin and cardiac troponin I at 22 days post-fabrication (Fig-
ure 6e) revealed that the cardiomyocytes in bPEI-AuNP-collagen
hydrogels remained aligned, and exhibited still more aligned and
wider sarcomeres than cardiomyocytes in collagen hydrogels.
Furthermore, the here-generated engineered cardiac tissues beat
for 50 days when the experiments were terminated (supplemen-
tary movie S4).

2.7. bPEI-AuNPs Enhance Calcium Handling of hiPSC-Derived
Cardiomyocytes in 3D Tissues

In order to generate maximal force, it is not only crucial that
cardiomyocytes contain a well-organized sarcomeric apparatus
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Figure 6. bPEI-AuNP-collagen hydrogels support hiPSC-derived cardiomyocyte function. a,b) MUSCLEMOTION-based quantitative analysis of contrac-
tion (a) and contractility (b) of engineered cardiac tissues. c) Examples of engineered tissues’ speed of contraction at different days post-fabrication.
d,e) Examples of projections of confocal images of hiPSC-derived cardiomyocyte-laden tissue constructs at 17 days (d) and 22 days (e) post-fabrication
stained for the cardiomyocyte-specific marker sarcomeric-𝛼-actinin and/or troponin I. n = 3. Data are mean ± SD and compared based on a two-way
ANOVA and Bonferroni’s multiple comparison test. ****p < 0.0001. Scale bars: yellow: 25 μm and white: 4 μm.
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Figure 7. bPEI-AuNPs enhance calcium handling of hiPSC-derived cardiomyocytes within hydrogels. a,b) Local calcium minima and maximum concen-
tration based on Fluo-4 calcium analysis. Analyzed regions of interest (ROI) are indicated by black circles (a). Representative examples of intracellular
calcium changes of cardiomyocytes in 3D engineered tissues for different ROIs are provided individually (a) and as overlays (b) to indicate synchronous
calcium peaks. Scale bars: blue: 200 μm.

and that the cardiomyocytes themselves are aligned but also
proper electrical coupling of the cardiomyocytes within these
tissues.[35,36] Thus, we investigated the calcium handling of
hiPSC-derived cardiomyocytes within collagen and bPEI-AuNP-
collagen hydrogels by quantitatively analyzing live videos of
Fluo-4 calcium-labeled engineered cardiac tissues (Figure 7a,b
and Movie S5, Supporting Information). Our data show non-
synchronous calcium flux peaks at different regions of inter-
est in collagen hydrogel-based tissues. In contrast, we detected
synchronous calcium flux peaks when analyzing bPEI-AuNP-
collagen hydrogel-based tissues (Figure 7a,b). These data indicate
that hiPSC-derived cardiomyocytes within bPEI-AuNP-collagen

hydrogels efficiently coupled and exhibited enhanced calcium
handling behavior, explaining the increased contraction ampli-
tude (Figure 6b).

Different models and explanations have been suggested for
the mechanism by which electrically conductive materials im-
prove the cell-to-cell electrical coupling. The idea is that conduc-
tive materials can bridge the electrically resistant obstacles and
improve electrical communication between adjacent cells. This
was shown when gold nanowires were incorporated within a 3D
scaffold of Alginate hydrogel.[37]

From an activated cell to the neighboring cardiomyocyte, it is
suggested that based on the nature of the conductive material,
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they can either increase the ionic concentration around the re-
cipient cell in the case of ionic conductors or enhance the speed
of ion conduction throughout the matrix when electronic conduc-
tors are utilized.[38] AuNPs, as metallic particles, act as electronic
conductors. Based on the suggested models, the presence of gold
within the matrix increases the signal propagation speed by ac-
celerating the ions that are released from an activated cell. These
ions then reach the neighboring cell faster, resulting in an overall
enhanced electrical signal propagation.

2.8. bPEI-AuNPs Improve Calcium Handling, Conduction, and
Maturation Based on RNA-Seq Analyses

Our functional analyses revealed that the presence of bPEI-
AuNPs enhance several important cardiac parameters such as
calcium handling, conduction, and sarcomeric apparatus orga-
nization. This suggests that the presence of bPEI-AuNPs has an
effect on gene expression in hiPSC-derived cardiomyocytes. In
order to analyze differential expression between the bPEI-AuNP-
collagen and the collagen groups (each n = 4), RNA-seq analy-
ses were performed. Figure 8a reveals that there are several dif-
ferentially expressed genes (Table S1, Supporting Information).
The analysis of the expression of a subset of genes previously uti-
lized to demonstrate advanced maturation of human cardiac tis-
sue grown from hiPSC-derived cardiomyocytes[35] indicates that
the presence of bPEI-AuNPs also enhances maturation by alter-
ing the expression of genes associated to calcium handling, sar-
comere maturation, metabolism, and conduction (Figure 8b). Fi-
nally, pathway analysis was performed and results were visual-
ized through gene set enrichment networks.[39] This analysis fur-
ther confirmed that the presence of bPEI-AuNPs affects pathways
related to “ion transport, muscle contraction, and action poten-
tial,” “cell development and growth,” as well as “lipid metabolic
process” and “ATP synthesis and metabolics” (Figure 8c and Ta-
ble S2, Supporting Information). In addition, several unexpected
clusters were identified such as “kidney development.” Yet, a
closer analysis of the unique genes in each cluster with available
RNA consensus tissue gene data showed that on average around
80% of the genes were expressed in the heart (Table S3, Support-
ing Information). Moreover, on average 75% of the differentially
expressed genes in each cluster were expressed in heart.

Taken together, the RNA-seq analyses support our conclusion,
based on functional data, that bPEI-AuNPs enhance maturation
of cardiac tissues derived from hiPSC-cardiomyocytes.

2.9. AuNPs Allow Release of Drugs

To determine whether the here generated bPEI-AuNPs can be
utilized as a drug carrier to release the drug after gelation, we
tested our system by loading bPEI-AuNPs with three different
candidate drugs, namely phenylephrine, isoproterenol, and dox-
orubicin (Figure 9). As proof of concept, we initially used doxoru-
bicin, a standard drug utilized in drug delivery studies, to show
that our hydrogels allow drug release. However, as doxorubicin
is toxic to cardiomyocytes, we utilized in addition phenylephrine
and isoproterenol as relevant drugs known to improve heart func-
tion. Owing to the cationic bPEI-dependent positively charged

surface of AuNPs, drugs with an overall negative charge can ad-
here to their surface due to electrostatic forces. It is important to
note that different drugs exhibit different surface charges that af-
fect drug loading and subsequent release from bPEI-AuNPs.[40]

Drugs were loaded on bPEI-AuNPs by mixing the nanoparticle
solution with a stock solutions of phenylephrine (10 mm), isopro-
terenol (10 mm), or doxorubicin (5 mm) and incubating them for
120 min at room temperature. Then, hydrogels were generated
as explained before, yielding a working concentration of phenyle-
phrine (50 μm), isoproterenol (50 μm), or doxorubicin (25 μm) in
the hydrogels (Figure 9a).

As a control, collagen hydrogels were generated whereby
drugs, without nanoparticles, were added to the pre-gel solution
resulting in the same concentration of drugs. Notably, negatively
charged drugs loaded on gold nanoparticles might change the
surface charge of these nanoparticles and subsequently affect the
mechanical properties of the hydrogels due to a possibly different
interaction between nanoparticles and collagen fibers.

To evaluate whether incorporating drug-loaded nanoparticles
result in a different mechanical properties of the hydrogels, we
performed rheological analysis on collagen without nanoparti-
cles and hydrogels containing bPEI-AuNPs or bPEI-AuNP loaded
with phenylephrine (bPEI-AuNP-collagen–phenylephrine). The
gelation kinetics were monitored based on a time-sweep test
over 45 min followed by a subsequent frequency sweep test to
study the frequency dependent behavior of storage and loss mod-
ulus in these hydrogels. Further analysis of the data showed
no significant differences in mechanical properties of the bPEI-
AuNP-collagen hydrogels compared to bPEI-AuNP-collagen–
phenylephrine hydrogels (Figure 9b and Figure S4, Supporting
Information).

The quantitative analysis of drug release over 96 h revealed a
burst release of ≈60% in the first hours followed by a contin-
uous drug release for all tested hydrogels. The results showed
that phenylephrine had a release of 92.32 ± 0.25% when loaded
onto bPEI-AuNPs, while only 77.11 ± 0.45% was released after 96
h. Similarly, isoproterenol had a release of 93.70 ± 0.29% when
loaded onto bPEI-AuNPs, with 84.62 ± 0.08% being released af-
ter 96 h. Doxorubicin showed the lowest release rate among the
three drugs, with 51.56 ± 0.55% being released when loaded onto
bPEI-AuNPs, and only 34.66 ± 0.83% being released after 96 h.
Notably, drug release from hydrogels was less when loaded onto
bPEI-AuNPs compared to when these drugs were mixed in col-
lagen without nanoparticles (Table 4). Analysis of the drug re-
lease at the end point of the study showed that drug-loaded bPEI-
AuNPs significantly released lower amounts (retained more) of
different drugs (Figure 3c).

Importantly, the net surface charge of a drug affects the load-
ing and subsequent drug release from bPEI-AuNPs embedded
within the hydrogels. Consequently, our data show different re-
lease profiles for doxorubicin compared to phenylephrine or iso-
proterenol (Figure 9c). While the chemical structure of phenyle-
phrine and isoproterenol are relatively similar, doxorubicin con-
tains significantly more aromatic rings resulting in a greater net
surface charge. Thus, doxorubicin binds stronger to positively
charged bPEI-AuNPs than phenylephrine or isoproterenol which
is reflected by a markedly lower cumulative release (≈35% vs
>75%, Figure 9 and Table 4).
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Figure 8. RNA-seq analyses identify marked expression differences between the collagen and bPEI-AuNP-collagen. a) Expression heatmap of the top
500 differentially expressed genes (adjusted p-value < 0.01) between the bPEI-AuNP-collagen (n = 4) and the collagen groups (n = 4). b) Expression
heatmap of selected differentially expressed genes (adjusted p-value < 0.01). Heatmap colors represent expression values (red: up-regulated; blue:
down-regulated in the bPEI-AuNP-collagen). Row/column dendrograms are not shown to increase visibility. c) Gene set enrichment analysis network.
Nodes represent significantly dysregulated pathways (FDR < 0.01) and edges (lines connecting nodes) the similarity between two connected pathways
based on the proportion of shared genes (measured via the overlap coefficient—OC). Node size is proportional to the number of leading edge genes
associated with a given pathway and edge thickness to the OC. Circles identify pathway clusters, and a descriptive label is given for each cluster.
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Figure 9. bPEI-AuNPs function as drug carriers and allow release of drugs from 3D hydrogels. a) Schematic illustration of loading nanoparticles with
drugs and subsequent drug release. b) Quantitative rheometric analysis of mechanical properties of hydrogels over time during the gelation process and
quantitative post-gelation rheometric analysis of hydrogels as a function of angular frequency (n = 3, data regarding collagen and bPEI-AuNP-collagen
is the same as Figure 3 and are provided for comparison purposes). c) Representative graphs of quantitative analyses of drug release from different
hydrogels. Measurements were performed based on UV–vis absorption of samples of medium in which hydrogels were incubated (n = 3). Inserted bar
graphs show the statistical analysis of the end point release of drugs (n = 3). Data are mean ± SD and compared based on a two-tailed t-test.

Table 4. Drug release from each hydrogel after 96 h.

Candidate drug loaded
on the bPEI-AuNPs

Drug release after 96 h [%]

collagen bPEI-AuNP-collagen

Phenylephrine 92.32 ± 0.25 77.11 ± 0.45

Isoproterenol 93.70 ± 0.29 84.62 ± 0.08

Doxorubicin 51.56 ± 0.55 34.66 ± 0.83

Notably, the release trend and the shape of the graphs were
similar between collagen and bPEI-AuNP-collagen hydrogels.
These data show that the here developed system permits release
of drugs or potentially growth factors from PEI-AuNPs inside the
hydrogels. However, it is important to note that only negatively
charged drugs can be loaded on positively charged bPEI-AuNPs,
and that loading and release of a drug depends on its net surface
charge.

2.10. AuNPs Loaded with Phenylephrine Cause an Early Onset of
Beating

Our data so far showed that incorporation of bPEI-AuNPs in col-
lagen promotes contractility and calcium handling of cardiomy-

ocytes embedded within the 3D hydrogel. In order to evaluate
the simultaneous effect of drug release and enhanced electrical
conductivity by AuNPs, we generated engineered tissues by in-
corporating bPEI-AuNPs loaded with phenylephrine and com-
pared them to tissues containing only bPEI-AuNPs. Phenyle-
phrine binds to 𝛼-1 adrenergic receptors and has inotropic effects
on cardiomyocytes.[41] The presence of phenylephrine-loaded
nanoparticles resulted in an early onset of synchronous contrac-
tion of cardiomyocytes in the tissue (Figure 10a). Engineered tis-
sues containing drug-loaded nanoparticles started to beat as early
as day 2 compared to cardiomyocytes in bPEI-AuNP-collagen that
started their synchronous beating only after 7 days. It is reported
that phenylephrine increases the frequency of intracellular cal-
cium flow in stem cell–derived cardiomyocytes through inositol
1,4,5-triphosphate–dependent enhancement of calcium release
from sarcomeric reticulum.[42] Thus, the early onset of contrac-
tions in our tissues might be due to phenylephrine-dependent
enhanced calcium flow in the cells. Furthermore, it is reported
that phenylephrine can protect neonatal cardiomyocytes against
hypoxia and serum deprivation[43] thereby resulting in a possible
improved contractility in cardiomyocytes.

Quantitative analysis of recorded videos of beating tissues re-
vealed that the enhanced contractility of cardiomyocytes was de-
creased after 7 days, evidenced by a reduced contraction ampli-
tude and increased peak-to-peak time. Suggesting that phenyle-
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Figure 10. bPEI-AuNPs function as drug carriers and enhance contractility of cardiomyocytes in 3D engineered tissues. a) MUSCLEMOTION-based
quantitative analysis of contractility of engineered cardiac tissues at different days post-fabrication (n = 3). b) Examples of projections of confocal
images of hiPSC-derived cardiomyocyte-laden tissue constructs at 7 or 16 days post-fabrication stained for the cardiomyocyte-specific marker sarcomeric-
𝛼-actinin and troponin I. Data are mean ± SD and compared based on a two-way ANOVA and Bonferroni’s multiple comparison test. Scale bars: yellow:
25 μm and white: 4 μm.
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phrine is completely released at this time point which is in agree-
ment with our drug release data showing that more than 90%
of phenylephrine is released after 96 h (Figure 9c). Accordingly,
the contractility of engineered tissues at day 7 was not differ-
ent between tissues containing phenylephrine-loaded nanopar-
ticles and those containing bPEI-AuNPs. In order to evaluate
whether such an effect on the contractility of the tissues was
due to the presence of drug-loaded bPEI-AuNPs or it could be
achieved solely by the presence of phenylephrine, we mixed
phenylephrine into the pre-gel solution of collagen hydrogels and
generated engineered cardiac tissues containing 2.5 × 107 cells
mL−1 (collagen-phenylephrine). Our data revealed that the pres-
ence of phenylephrine resulted in an early onset of contractility of
the tissues from day 2. However, there were signs of arrhythmic
beating in collagen-phenylephrine tissues (Movie S7, Supporting
Information). Quantitative analysis of contractility of these tis-
sues revealed a significantly longer time to peak and contraction
duration at days 2 and 3 accompanied by a longer relaxation time
at day 2 compared to bPEI-AuNP-phenylephrine-collagen tissues
(Figure 10a). Moreover, collagen-phenylephrine tissues showed
significantly smaller contraction amplitude than that of bPEI-
AuNP-phenylephrine-collagen tissues. However, the contraction
amplitude ramped up over time and from day 7 it reached the
levels recorded for either bPEI-AuNP-phenylephrine-collagen or
bPEI-AuNP-collagen tissues (Figure 10a). While peak-to-peak
time was not different at early time points, cardiomyocytes ex-
hibited shorter peak-to-peak time in collagen-phenylephrine tis-
sues at day 14 (Figure 10a). These data show the beneficial
effects of phenylephrine-loaded bPEI-AuNPs over administra-
tion of freely available drug within the hydrogel, especially at
the early time points as hiPSC-cardiomyocytes at days 2 and 3
beat without arrhythmia with significantly shorter time to peak
and contraction duration accompanied by a greater contraction
amplitude.

The earlier onset of synchronous contractions can be related to
properly formed contractile machinery in cardiomyocytes. There-
fore, we immunostained the contractile apparatus of hiPSC-
derived cardiomyocytes for sarcomeric 𝛼-actinin and cardiac tro-
ponin I at 7 and 16 days post-fabrication (Figure 10b). While car-
diomyocytes show well-established contractile machinery in col-
lagen hydrogels based on immunostaining images of sarcomeric
alpha actinin and cardiac troponin I images at day 7, presence of
phenylephrine in collagen resulted in greater surface coverage of
these cells. Moreover, presence of bPEI-AuNPs or phenylephrine-
loaded bPEI-AuNPs also resulted in greater surface coverage of
the cells as early as day 7 (Figure 10b). Interestingly, regular stri-
ated sarcomeres of cardiomyocytes in tissues containing either
phenylephrine or drug-loaded nanoparticles at day 7 were compa-
rable to that of the cells in collagen or tissues containing nanopar-
ticles without the drug at day 16. Moreover, cardiomyocytes main-
tained their well-established striations even after 16 days when
we terminated the experiment (Figure 10b). These data suggest
that incorporation of phenylephrine-loaded bPEI-AuNPs in the
hydrogels enhances contractility and subcellular organization of
contractile machinery of hiPSC-derived cardiomyocytes embed-
ded within these hydrogels. While these data are exciting, further
investigation of cellular maturation in future studies will provide
new insight on the efficiency of this approach.

3. Conclusion

Our data show that the incorporation of bPEI-coated AuNPs in
collagen I hydrogels yields an electroconductive hydrogel sys-
tem that provides the opportunity to simultaneously deliver and
release biologically active factors together with cardiomyocytes
giving these hydrogels multifunctionality. We found that bPEI-
AuNPs increase the electrical conductivity of collagen hydrogels
in the range of 48–68 mS cm−1, depending on their size and
surface charge. Smaller nanoparticles had a more significant ef-
fect on the electrical conductivity, with ≈20 nm particles result-
ing in the greatest conductivity. Moreover, incorporating these
nanoparticles did not result in a significant difference in the hy-
drogel’s micromorphology but increased its mechanical proper-
ties compared to collagen hydrogels. Owing to the positive charge
of the bPEI coating of AuNPs, it is possible to load a variety of
drugs, peptides, and oligonucleotides, all having an overall nega-
tive charge. The novel gel represents a versatile platform, is cyto-
compatible, and promotes the physiological beating rate and con-
traction amplitude of neonatal rat cardiomyocytes. Moreover, in
electroconductive biohybrid hydrogels, hiPSC-derived cardiomy-
ocytes exhibited an improved sarcomeric apparatus, elevated con-
traction amplitude, and advanced calcium handling capacities re-
sulting in a synchronous rhythmic beating. These constructs can
be potentially used for pharmaceutical drug screening or as in
vitro produced tissues to treat heart disease. Moreover, the here
developed system, owing to its enhanced electrical conductivity
and possibility of delivering pharmaceutical and growth factors,
could be used as a cell-free system to treat heart diseases. Such
a system can be either injected into the myocardial wall using
angioplasty approaches or the gel system can be implanted epi-
cardially. A cell-free approach can avoid the potential risks and
ethical concerns associated with cell transplantation, such as im-
mune rejection and tumorigenicity. Additionally, a cell-free ap-
proach can offer greater flexibility and scalability in terms of pro-
duction and delivery, as well as potentially lower costs.

4. Experimental Section
Synthesis and Characterization of bPEI-AuNPs: Gold nanoparticles

were synthesized as explained previously with slight modifications.[44]

Briefly, HAuCl4·3H2O was dissolved in double distilled water at 100 mg
mL−1 and mixed with bPEI (average Mw ≈25 000 by LS, average Mn
≈10 000 by GPC, branched, Sigma-Aldrich 408727) 5% v/v (in double dis-
tilled water) at different ratios as indicated in Table 5. The prepared solu-
tions were incubated at 65 °C for 60 min to generate gold nanoparticles.

Solutions at the end of 60 min were diluted 1:20 in double distilled wa-
ter for the analysis of UV–vis spectrum. Each solution was sonicated for

Table 5. Composition of reaction solutions.

Solution Amount of gold (III)
Chloride trihydrate [μL]

Amount of bPEI [μL]

bPEI-AuNP-50 200 200

bPEI-AuNP-37.5 150 200

bPEI-AuNP-25 100 200

bPEI-AuNP-12.5 50 200
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1 min in a water bath sonication setup, a volume of 100 μL of each solu-
tion was transferred into a cuvette and UV–vis absorption was recorded at
200–700 nm using a Bio-Spectrometer (Eppendorf basic, Germany). Parti-
cle size was determined for nanoparticles by the DLS technique. Nanopar-
ticles in double distilled water were sonicated and subsequently, their size
was assessed using Zeta Sizer Nano ZS (Malvern Industries Ltd, Malvern,
UK). Aliquots of nanoparticles were used to measure particle sizes in a
volume of 500 μL. Particle surface charge was determined by the Zeta po-
tential measurements of nanoparticles using a Zetaview PMX 100 (Par-
ticleMetrix, Meerbusch, Germany). Aliquots of freshly prepared diluted
bPEI-AuNPs (200 μL, 1:20 dilution in double distilled water) were used to
measure the zeta potential. Each measurement was repeated three times.

Hydrogel Preparation: All solutions were kept on ice in order to mini-
mize thermally-induced gelation. Using appropriate pipet sizes, per 100
μL of hydrogel, bPEI-AuNPs (1 μL) were added to 1 μL of Dulbecco’s
phosphate-buffered saline (DPBS, Thermofisher Scientific14190). Then,
neutralization solution (9.8 μL) and eventually collagen I (88.2 μL, 3.9 mg
mL−1, Advanced Biomatrix 5153) was added to this solution resulting in
a final concentration of bPEI-AuNPs at 1% v/v and collagen I at 0.38%
w/v. The final mixture was pipetted up and down five times before being
dispensed in experimental container. For collagen hydrogels, instead of
bPEI-AuNPs, equivalent volume of DPBS was added. Samples were incu-
bated at 37 °C for a minimum of 30 min to allow induction of the gelation
process thermally. Collagen I was generated as a control hydrogel at 0.38%
w/v.

Scanning Electron Microscopy: Gels were fixed in a 1:1 mixture of glu-
taraldehyde and paraformaldehyde (3.7%) for 1 h. They were gradually de-
hydrated in ethanol series and were immersed in ethanol (100%), critically
point dried using an EM CPD300 (Leica, 12 cycles, exchange speed of 5 and
120 s delay), sputter coated with gold (Q150T, Quorum Technologies Ltd.,
Germany). SEM (FE-SEM, Auriga, Carl-Zeiss, Germany) was performed on
a cross-sectional area.

Optical Microscopy: Pre-gel solutions of collagen and bPEI-AuNP-
collagen hydrogels were prepared as explained in 4.2. For visualization
purposes, we chose bPEI-AuNP-37.5. In order to perform optical imaging,
1 μL of the pre-gel solution was drop-cast onto silicone (Si) substrates with
atomically flat 300 nm thin thermal oxide layer on top. Optical microscopy
was carried out with Zeiss AXIO Imager.A2m using 50× magnification in
dark field mode.

Electrical Conductivity Measurements: Freshly mixed hydrogels were
transferred into a self-built sealed polytetrafluoroethylene vessel with a ca-
pacity of 150 μL and cured for 30 min at 37 °C. The measurement vessel
was equipped with four metal probes allowing four-point electrical mea-
surements in a collinear four-point probe arrangement.[45] Two- and four-
point current–voltage (I–V) characteristics were taken while sweeping the
bias voltage across the outer leads in the range of ±1.75 V. 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.[45]

During electrical characterization, the samples were kept in a humid
environment and at a constant temperature of 37 °C. The measurements
for each hydrogel were repeated several times for consistency.

Rheology: Rheological measurements were performed using an DHR-
3 rotational rheometer (TA Instruments, New Castle, DE) with a cone plate
probe diameter of 20 mm, as described previously.[13] The temperature of
the rheometer’s lower geometry was set at 37 °C. After mixing the com-
ponents according to hydrogel preparation utilizing either bPEI-AuNP-25
alone or loaded with phenylephrine at the final concentration of 1% v/v,
150 μL of the pre-gel solution was transferred onto the lower measure-
ment geometry using a 1 mL pipet. The gap distance was set to 55.989
μm and a solvent trap filled with deionized water was equipped to prevent
edge drying of the samples. For the characterization of gelation kinetics,
temperature was set at 37 °C and a time sweep at a deformation of 0.1%
and a constant angular frequency of 1 rad s−1 was used. To determine the
frequency-dependent characteristics of the hydrogels, a frequency sweep
was performed directly following the prior time sweep. Temperature was
kept at 37 °C and the typical frequency range of 0.1–100 rad s−1 at an am-
plitude of 0.5% was covered for a sufficient analysis of material properties

and comparability to existing data sets from the literature. After that, an
amplitude sweep test was performed at 0.01 to 100% oscillation strain at
37 °C to study the yield and flow point of the hydrogels. Subsequently, hy-
drogels were tested at a time sweep at 10 rad s−1 at 37 °C for 5 min to
evaluate their recovery after the amplitude sweep test. Self-healing strain
tests were performed to observe the dynamic self-healing ability of hydro-
gels when a variable strain was applied cyclically by alternating for three
times low (0.1 Hz, recovery phase, 200 s) and high (100 Hz, rupture phase,
200 s) deformations. For time sweep measurements with temperature set
to 4 °C, a cone plate probe (20 mm and measurement volume of 200 μL)
or cone plate probe (40 mm and measurement volume of 500 μL, gap dis-
tance of 65 μm) was used at 5 or 1 °C min−1, respectively, and the final
temperature was set to reach 37 °C.

Drug Release from bPEI-AuNPs in Collagen I Hydrogels: Drugs were
loaded on bPEI-AuNPs by mixing the nanoparticle solution with a stock
solutions of phenylephrine (10 mm), isoproterenol (10 mm), or doxoru-
bicin (5 mm) and incubating them for 120 min at room temperature to al-
low loading of the drug through electrostatic interactions of amine groups
from bPEI with negatively charged drugs. After a brief wash in DPBS, bPEI-
AuNPs loaded with either drug were studied for their drug release profile
in vitro. bPEI-AuNPs loaded with the drug were embedded in the collagen
matrix as explained in hydrogel preparation yielding a working concentra-
tion of phenylephrine (50 μm), isoproterenol (50 μm), or doxorubicin (25
μm) in the hydrogels. Hydrogels containing nanoparticles were incubated
in 1 mL DPBS. At specific time points, 200 μL of the supernatant solution
was taken out for UV–vis absorption measurements using a BioSpectrom-
eter (Eppendorf, Germany) and replaced with fresh DPBS to maintain the
sink volume. At the end of experiment, the hydrogel was digested using
collagenase B (2.5 mg mL−1) for 60 min, followed by mechanical agita-
tion, and the remaining amount of the drug was measured.

Primary Cardiomyocyte Isolation: The investigation conformed to the
guidelines from Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes. The local Animal Ethics
Committee approved the extraction of organs and preparation of primary
cell cultures per governmental and international animal experimentation
guidelines (protocol TS-9/2016 Nephropatho). Cardiomyocytes were iso-
lated from 3 days old Sprague Dawley rat’s ventricular wall utilizing the
gentleMACS dissociation kit (Milteny Biotec) as described.[46]

hiPSC Culture and Differentiation: F1 hiPSCs[47] at passage 19
were cultured and differentiated into cardiomyocytes as described
previously.[10] Briefly, mesoderm formation through activating Wnt signal-
ing was induced in hiPSCs more than 85% confluent by introducing CHIR-
99021 (6 μm) for 2 days. After 1 day of incubation in culture medium,
Wnt signaling was inhibited by IWR-1-endo (5 μm) for 2 days. After an-
other 2 days of incubation in culture medium, cells started to beat. Sub-
sequently, cells were cultured for 2 days in RPMI1640 supplemented with
B27 (Thermo Fisher Scientific, 17504044), and on day 9 of differentiation,
cells were purified for cardiomyocytes by substituting glucose with lactate
for 2 days. The resulting cells were cultured in RPMI1640 supplemented
with B-27.

Formation of 3D Engineered Tissues: The pre-gel solution of either colla-
gen I (0.38% w/v) or bPEI-AuNP-collagen hydrogels (final concentration of
bPEI-AuNPs at 1% v/v and collagen I at 0.38% w/v) were prepared on ice.
Subsequently, 2.5 × 107 cells mL−1 were resuspended in the pre-gel solu-
tion. The cell-laden hydrogels were dispensed in each well of a 24-well plate
and placed in a cell culture incubator at 37 °C and 5% CO2 for 30 min to
induce thermal gelation of collagen I. Tissue constructs based on neona-
tal rat ventricular cardiomyocytes were incubated in Dulbecco’s modified
Eagle’s medium/F12 + Glutamax containing penicillin–streptomycin (100
U mg−1 mL −1), Na pyruvate (3 mm), bovine serum albumin (0.2% w/v),
ascorbic acid (0.1 mm), insulin–transferrin–selenium (100×) (0.5% v/v),
and 10% fetal bovine serum. Tissue constructs based on hiPSC-derived
cardiomyocytes were incubated in RPMI1640 supplemented with B-27. For
studies related to the effect of phenylephrine on cardiomyocytes in 3D hy-
drogels, bPEI-AuNPs loaded with phenylephrine were used at the same
protocol explained here.

Live and Dead Assay: The viability of cells in tissue constructs was
determined using the Live and dead assay kit (L3224, Invitrogen).[10] To
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quantify the viability of hiPSC-derived cardiomyocytes exposed to AuNPs,
cells stained in green or red were manually counted on confocal mi-
croscopy images utilizing NIH ImageJ.

Immunostaining: Tissue constructs were immunostained for cardiac-
specific markers as previously described[9] with the following modifica-
tions. Samples were fixed in paraformaldehyde (3.7%) for 30 min and per-
meabilized in Triton X-100 (0.25%) for 20 min. The following primary anti-
bodies were used for overnight incubation at 4 °C: mouse anti-sarcomeric
𝛼-actinin (1:250, Abcam, ab9465), goat anti-cardiac troponin I (1:250, Ab-
cam, ab56357), and rabbit anti-connexin 43 (1:250, Abcam, ab11370).
The following secondary antibodies were used for 2 h incubation at room
temperature in 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 visu-
alized with DAPI (0.5 g mL−1 in 0.1 w/v% NP40, 15 min).

Calcium Handling Properties: Calcium handling properties were ana-
lyzed using Fluo-4 Direct Calcium Assay Kit (ThermoFisher Scientific), as
described previously.[9] Following the manufacturer’s instructions, tissue
constructs were incubated for 45 min with the labeling solution diluted
in culture media (1:3 dilution) and subsequently the fluorescent movies
were acquired using a live cell imaging setup (Keyence Microscopy) at 4×
objective with a GFP filter at 488 nm.

RNA Sequencing: RNA was isolated from different tissues at day 22
post-fabrication using TRIzol (Life Technologies). Then, DNA was digested
utilizing RNase-Free DNase set following the manufacturer’s instructions
(QIAGEN, 79254). Reverse-stranded mRNA libraries were prepared rely-
ing on the Illumina Stranded mRNA Prep kit according to manufacturer’s
instructions. For each sample, ≈67 and ≈240 ng of total RNA, respectively
from collagen and bPEI-AuNP-collagen, was used for library preparation.
Sequencing of the libraries was performed on the Illumina NovaSeq plat-
form (paired end; 2× 109 bp). De-multiplexed raw data (FASTQ files) were
pre-processed with the nf-core RNA-seq pipeline v.3.9[48] using default
parameters. Reads were adapter- and quality-trimmed using Trim Galore
v.0.6.7 (Babraham, Bioinformatics) and mapped to the Ensembl human
genome assembly GRCh38 (release 108)[49] using STAR v.2.7.10a.[50] Read
counting was performed using Salmon v.1.5.2[51] relying on the Ensembl
gene annotation file release 108.

Further analyses were performed within the R environment v.4.0.3.[52]

Differential expression analysis between the bPEI-AuNP-collagen and the
collagen group was performed relying on the package DESeq2 v.1.28.1,[53]

starting from the length-scaled gene-level counts provided by the nf-core
pipeline. A gene was considered significantly dysregulated between bPEI-
AuNP-collagen and collagen conditions if its (Benjamini and Hochberg)
adjusted p-value was lower than 0.01. The expression heatmap of the top
500 dysregulated genes (i.e., the 500 genes with the lowest adjusted p-
value) and the heatmap of selected genes were generated using mean-
centered variance-stabilized transformed counts (DESeq2 function vst,
‘blind’ = FALSE) using the pheatmap package v.1.0.12.

Pathway analysis was performed relying on the Gene Set Enrich-
ment Analysis (GSEA) approach,[54] as implemented in the universal
gene set enrichment analysis function GSEA of the clusterProfiler
package v. 3.16.1.[55] As input list HUGO gene symbols ranked ac-
cording to decreasing Wald statistic value were given. To this aim,
Ensembl Gene Ids were mapped to HUGO gene symbols relying on
the biomaRt package v.2.44.4.[56] Ensembl genes not mapping to any
symbols were excluded from the analysis whereas if a gene symbol
was associated to more than one Ensembl Gene Id, its Wald statistic
was taken equal to the one of the Ensembl Gene Id with the high-
est absolute value statistic. As query gene sets the Gene Ontology
(GO) biological process (BP) collection (release date: 2022-07-01)
was retrieved from the Molecular Signature Database (MSigDB,
https://www.gsea-msigdb.org/gsea/msigdb/human/collections.jsp –
last accessed on 08.12.2022)[54,57] by downloading the associated GMT
file with gene symbols (v2022.1.Hs). Pathway analysis results were
visualized as gene set enrichment networks relying on the Enrichment
Map plug-in v.3.3.4[58] of the Cytoscape software v.3.9.1,[59] as previously
described.[39] Nodes in the enrichment network represent significantly

enriched pathways (FDR < 0.01) and edges the similarity between
nodes, calculated by means of the overlap coefficient (OC),[39,58] with
OC = 0.5 as threshold. Pathway clusters were identified relying on the
AutoAnnotate plug-in v.1.3.5.[60] The clusters characterized by at least ten
pathways were explored in further detail. First, cluster’s labels automati-
cally generated by AutoAnnotate were manually revised. Next, the genes
belonging to the clusters were further characterized relying on the “RNA
consensus tissue gene data” from the Human Protein Atlas[61] version
22.0 (https://www.proteinatlas.org/ – last accessed on 15.12.2022). This
dataset contains consensus transcript expression levels in 54 different tis-
sues, including heart muscle, on the basis of both the human protein atlas
(HPA) and the genotype-tissue expression (GTEx) RNA-seq data. For our
analysis, a gene in a given cluster was considered expressed in heart mus-
cle if the provided normalized transcript expression value (nTPM) was ≥1.

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. Analysis
of contractility was performed using MUSCLEMOTION plugin for NIH
ImageJ.[32] Calcium movies were analyzed, as explained previously over
four different regions of interest per movie.[9]

Microscopy: Fluorescence images were acquired on an LSM 800 con-
focal laser scanning microscope (Carl Zeiss). Within individual assays, the
same laser power and settings were used for all presented images. The fol-
lowing 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 (ex-
citation 353 nm, emission 465 nm, detection wavelength 410–546 nm).
The pinhole was set to 1 airy unit (AU).

Statistical Analyses: Data of 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 post hoc test (GraphPad Prism). p <

0.05 was considered statistically significant. For particle size and charge
one-way ANOVA was used. Quantitative analysis of viability of hiPSC-
derived cardiomyocytes exposed to nanoparticles was performed based
on a one-way ANOVA. Two-tailed Student’s t-test was used to compare
storage or loss modulus of collagen to bPEI-AuNP-collagen hydrogels for
frequency sweep and amplitude sweep experiments. To quantitatively an-
alyze contractility of engineered tissues, two-way analysis of ANOVA was
performed. Quantitative comparison of endpoint drug release from hy-
drogels was performed based on a two-tailed student t-test. Significant
differences were indicated by * Symbol where *P ≤ 0.05, **P ≤ 0.01, ***P
≤ 0.001, and ****P ≤ 0.0001.
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