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of gold nanoribbon-embedded
isogenic stem cell-derived cardiac organoids†
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and Mehdi Nikkhah *ad

Cardiac tissue engineering is an emerging field providing tools to treat and study cardiovascular diseases

(CVDs). In the past years, the integration of stem cell technologies with micro- and nanoengineering

techniques has enabled the creation of novel engineered cardiac tissues (ECTs) with potential

applications in disease modeling, drug screening, and regenerative medicine. However, a major

unaddressed limitation of stem cell-derived ECTs is their immature state, resembling a neonatal

phenotype and genotype. The modulation of the cellular microenvironment within the ECTs has been

proposed as an efficient mechanism to promote cellular maturation and improve features such as

cellular coupling and synchronization. The integration of biological and nanoscale cues in the ECTs

could serve as a tool for the modification and control of the engineered tissue microenvironment. Here

we present a proof-of-concept study for the integration of biofunctionalized gold nanoribbons (AuNRs)

with hiPSC-derived isogenic cardiac organoids to enhance tissue function and maturation. We first

present extensive characterization of the synthesized AuNRs, their PEGylation and cytotoxicity

evaluation. We then evaluated the functional contractility and transcriptomic profile of cardiac organoids

fabricated with hiPSC-derived cardiomyocytes (mono-culture) as well as with hiPSC-derived

cardiomyocytes and cardiac fibroblasts (co-culture). We demonstrated that PEGylated AuNRs are

biocompatible and do not induce cell death in hiPSC-derived cardiac cells and organoids. We also found

an improved transcriptomic profile of the co-cultured organoids indicating maturation of the hiPSC-

derived cardiomyocytes in the presence of cardiac fibroblasts. Overall, we present for the first time the

integration of AuNRs into cardiac organoids, showing promising results for improved tissue function.
1. Introduction

Cardiovascular diseases (CVDs) are the primary cause of death
around the world.1 Moreover, the risk factors associated with
CVDs are expected to increase in the near future.2 Studying the
mechanisms underlying CVDs is limited by the reduced avail-
ability of primary human cardiac cells. Therefore preclinical
cardiac research hasmainly relied on animal models.3 However,
with the increased utilization of stem cell technologies (i.e.,
human induced pluripotent stem cells (hiPSCs)), it is now easy
to source human cardiac cells for advanced in vitro studies.4

Protocols for the directed differentiation of human car-
diomyocytes (CMs), cardiac broblasts (CFs), and other cell
types have been developed and rened to produce these cells
Engineering, Arizona State University,

su.edu
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
within a short period of time in the order of a few weeks.5,6

While these advancements have provided access to an unlim-
ited number of cardiac cells, one remaining main disadvantage
is that these stem cell-derived cardiac cells are usually in an
immature state and phenotype.7

The renement of micro and nanoengineering technologies
has allowed for the manufacturing of highly reproducible
engineered tissues. This, in combination with stem cell tech-
nologies, has resulted in powerful protocols for the fabrication
of complex and biomimetic human cardiac tissues in vitro.3,8,9

Different cardiac tissues have been engineered for specic
applications such as disease modeling,10,11 drug screening,12 or
myocardial regeneration.13 Regardless of a specic application,
the following general principles still apply: (a) it is desirable that
the hiPSC-derived cardiac cells reach an adult-like phenotype
and genotype in order to better represent the adult human
myocardium;7,14 (b) the design and control of microenviron-
mental cues is one of the key factors promoting cellular matu-
ration and enhancing physiologic performance of the
engineered tissues;15,16 and (c) the manipulation of the micro-
environment within the engineered tissues can be achieved
RSC Adv., 2023, 13, 16985–17000 | 16985
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through physical, chemical, and biological cues, or more oen,
by a combination of two or more of these methods.15–17

The introduction of advanced biomaterials with unique
properties has been proposed as a practical approach for the
fabrication of engineered cardiac tissues (ECTs) within
a controlled microenvironment.8,18,19 Specically, nano-
engineered biomaterials are of particular interest due to their
unique physical and chemical properties.20 Their size allows for
intimate interaction with cellular structures and the intercel-
lular microenvironment. Recently, high aspect ratio nano-
particles, also known as one-dimensional (1D) nanoparticles,
have been of special interest for tissue engineering applications
due to their morphological features. On one hand, they may
present attractive nanoscale features, such as electrical
conductivity and surface plasmon resonance.21 Additionally,
their larger size, compared to nanoparticles with smaller aspect
ratios, allow them to remain and be integrated within the
intercellular space while continuing to modify the cellular
microenvironment.22 For example, it has been demonstrated
that high aspect ratio silicon nanowires can improve the
maturation of stem cell-derived cardiac spheroids.23–25 More-
over, lamentous gold nanoparticles (i.e. gold nanowires) have
been recently integrated with scaffold-based cardiac patches to
improve cell survival and engrament.26,27 Thus, 1D nano-
particles present attractive features for the construction of
ECTs. Specically, the investigation of the effects of 1D gold
nanoparticles, such as gold nanoribbons (AuNRs), in scaffold-
free cardiac tissues is of special interest for the eld as it has
not been reported in the past, to the best of our knowledge.

One of the most relevant functions of the cardiac tissue
relates to its electrical activity and the ability of cardiac cells to
conduct electrical signals.28 This signal propagation is possible
due to the formation of a syncytium that transmits electrical
andmechanical pulses.29 Oen, ECTs do not closely mimic, if at
all, the electrophysiological features of the native myocar-
dium.30 In this regard, electrically conductive nanoparticles
could be of the interest for cardiac tissue engineering as it is
believed that they can enhance the maturation and function-
ality of hiPSC-derived ECTs by creating a more electrically
conductive extracellular microenvironment.8 Since ECTs fabri-
cated with hiPSC-derived cardiac cells present an immature
phenotype with poor cell–cell coupling and inefficient electrical
activity, the incorporation of electrically conductive nano-
particles could also represent a promising approach to modu-
late the microenvironment of ECT and improve the physiologic
performance of cardiac tissues.9 For example, it has been re-
ported that the integration of Si nanowires into cardiac spher-
oids improved their gene expression prole and cell-to-cell
connection.24,25 The integration of graphene and graphene
oxide has also been found to upregulate the expression of
cardiac-relevant genes.31,32 A more detailed description of those
studies can be found elsewhere.8,9

The incorporation of different cardiac cell types has also
been widely proposed as another key factor affecting the ECTs
microenvironment.33–35 It was been demonstrated that CFs play
an important role in the secretion of growth factors and cyto-
kines that regulate the activity of CMs.36,37 Moreover, CFs are the
16986 | RSC Adv., 2023, 13, 16985–17000
main producers of extracellular matrix (ECM) proteins in the
cardiac tissue.38 To that end, isogenic cardiac organoids are of
special interest for tissue engineering due to the lack of exo-
genic biomaterials, recapitulation of cardiac tissue composi-
tion, and feasible application in disease modeling and
regeneration through minimally invasive route.9 The benets of
co-culture of CMs and CFs for the formation of cardiac orga-
noids have been widely studied and reported, and in our recent
work, the CMs : CFs ratio was optimized for the creation of
isogenic cardiac organoids.33 Thus, the integration of hiPSC-CFs
in ECTs serves as another relevant tool for the regulation of the
microenvironment and the fabrication of cardiac organoids.

In this manuscript we present a proof-of-concept study for
the integration of gold nanoribbons (AuNRs) with scaffold-free
isogenic hiPSC-derived cardiac organoids. We hypothesize that
the inclusion of 1D gold nanoparticles, namely AuNRs, in
combination with the co-culture of isogenic hiPSC-derived
cardiac cells (CMs and CFs), can lead to the improved matura-
tion of the cells and an overall enhanced physiologic perfor-
mance of the cardiac organoids. First, we adapted a seed-
mediated growth synthesis method for the fabrication and
characterization of the AuNRs with desired length and geom-
etry. We further functionalized the surface of the AuNRs with
polyethylene glycol (PEG) to render them biocompatible and
suitable for cardiac tissue engineering applications. We differ-
entiated CMs and CFs from a hiPSC line to generate isogenic
lines of cells for tissue formation. By seeding these cells (7 : 3
CM : CF ratio) along with AuNRs (10 mg mL−1) in agarose
microwells, we induced cellular aggregation and the formation
of scaffold-free cardiac organoids. We analyzed the effect of the
AuNRs in the formation of the cardiac organoids by examining
the integrity and viability of the cardiac organoids and evalu-
ating electrophysiological features as well as the resulting
transcriptomic prole.
2. Experimental methods
2.1 Materials

All the materials, as wells as their working concentrations,
brands and identier numbers are provided in the supple-
mentary “Table S1† of resources” of this chapter.
2.2 Synthesis of gold nanoribbons (AuNRs)

The protocol for the synthesis of AuNRs was adapted from Xu
et al.39 This method is based in the seed-mediated aggregation
of gold atoms, guided by a bisurfactant system. First, the gold
seed solution was prepared as follows. In a 15 mL conical tube,
7.5 mL of 0.1 M of cetrimonium bromide (CTAB, pH: 5.0)
solution were mixed with 250 mL of HAuCl4 (0.01 M, pH: 1.0).
Then, 600 mL of ice-cold NaBH4 (0.01 M, pH: 8.0) was added to
the seed solution and vigorously vortexed for two minutes. This
solution was then incubated at 35 °C for 1 hour, resulting in
a reddish-maroon solution. Aer the incubation period, the
solution was diluted to a 1 : 10 ratio.

The growth solution was prepared in a 50 mL conical tube.
First 230 mg of CTAB and 48.5 mg of sodium oleate (NaOL) were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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dissolved in 38.4 mL of deionized water (DIW). Then, 250 mL of
HAuCl4 (0.01 M) was added to this solution which immediately
turned the growth solution color to bright yellow (pH: 6.0). This
solution was incubated at 35 °C for 15 minutes or until it turned
colorless. Finally, 3.8 mL of an ascorbic acid solution (0.1 M,
pH: 1.0) were added to the growth solution to reduce all ionic
gold to metallic gold (pH: 4.0). 20 mL of the diluted seed solution
were added to the nal growth solution and vortexed for 30 s.
The solution was incubated undisturbed at 35 °C for 8 h. The
synthesized AuNRs solution had a characteristic pink to
maroon color aer the incubation period.

2.3 Purication and characterization of the AuNRs

In order to purify and obtain a highly concentrated AuNRs
solution, the synthesized AuNRs solution was washed three
times. For this, the samples were centrifuged at 3000×g for 17
minutes to precipitate the AuNRs. The centrifugation settings
were optimized through a series of speed and time swipes, and
selected according to the combination that led to the highest
optical density (O.D.), measured at 450 nm (data not shown).
The supernatant was removed and discarded, and the AuNRs
were subsequently resuspended in DIW. Gold nanoparticles
present optical properties, namely surface plasmon resonance
(SPR) phenomenon, that allows for their characterization using
UV-visible spectrophotometry (UV-vis). A sample of the
concentrated AuNRs solution was measured through UV-vis to
corroborate that the synthesis was successful.

To evaluate the morphology of the AuNRs the samples were
mounted in a copper mesh grid (Ted Pella). The samples were
visualized through transmission electronic microscope (TEM)
(Phillips JEOL 2010). To determine the average size of the
ribbon-like nanoparticles a total of 100 particles above 0.6 mM
length were measured using FIJI ImageJ. The average size was
calculated as the arithmetic mean of these particles.

A standard concentration curve was generated to measure
the concentration of the AuNRs. For this, serial dilutions of the
AuNRs were prepared and the concentration of each of the
dilutions was measured using inductively coupled plasma mass
spectrometry (ICP-MS). Each of the measured concentrations
was correlated to the O.D. at 450 nm of the corresponding
AuNRs dilution. Finally, the linear regression of the obtained
curve was calculated. Subsequently, the concentration of AuNRs
was obtained by inserting the O.D. in the equation generated
from the linear regression.

2.4 PEGylation of AuNRs

A surface molecule exchange was performed to substitute the
residual CTAB and NaOL on the surface of the AuNRs with
polyethylene glycol (PEG) (Fig. 1A). This PEGylation reaction
was adapted from Zhang et al.40 For this purpose, the concen-
trated AuNRs solution was centrifuged at 3000×g for 17
minutes. The supernatant was removed and replaced with 400
mL of Tris buffer (pH: 3.0). Then, 30 mL of a solution of 2 mM
PEG in Tris buffer was added to the AuNRs solution and vor-
texed vigorously for 2 minutes. The resultant solution was
incubated undisturbed at room temperature for 24 hours. Aer
© 2023 The Author(s). Published by the Royal Society of Chemistry
this incubation period, the AuNRs solution was centrifuged
again, and the supernatant was replaced with 400 mL of 20%
ethanol (VWR). Then 30 mL of PEG (2 mM) in 20% ethanol was
added to the solution and vortexed vigorously. The solution was
incubated undisturbed at room temperature for 24 hours. Then,
the samples were washed twice with sterilize 1× DPBS (Dul-
becco's phosphate buffered solution). Finally, the AuNRs were
resuspended in sterile 1×DPBS for concentrationmeasurement
analysis and stored at room temperature until their use.

2.5 Human induced pluripotent stem cells maintenance

The hiPSCs (IMR90-4, WiCell) were maintained in mTeSR-1
media (StemCell Technologies) with daily changes. The cells
were seeded on hESC-matrigel (corning)-coated plates to help
to maintain the pluripotency state of the cells. The hiPSC
colonies were allowed to reach ∼85% conuency before
replating. When the cells reached conuency, they were
incubated in a 0.5 mM EDTA (corning) in 1× DPBS solution for
6–7 minutes and mechanical dissociation by gently pipetting
with 1 mL of mTeSR-1 media was performed to remove the
cells from the plates. The cells were replated at a seeding
density of 150–250 K cells per well, according to manual cell
counting using hemocytometer. To ensure the maintenance of
the hiPSCs, they were stained for the stemness factors Nanog
and Sox2 (Fig. 1B).

2.6 Directed differentiation of hiPSC-derived
cardiomyocytes

The hiPSC-CMs differentiation protocol was adapted from the
GiWi protocol,5 which is based on the regulation of the Wnt
canonical pathway. Briey, when the hiPSCs reached 80–95%
conuency, the maintenance media was substituted with of
RPMI 1640 supplemented with 2% B27 minus insulin (gibco),
1% pen/strep (gibco) (RPMI−) and 7–9 mM of CHIR99021
(BioVision) in order to induce the activation of the Wnt
pathway in the cells (designated as day 0). Aer 24 hours, the
media was substituted for RPMI− media only. Then, 72 hours
aer day 0, the media was substituted by a 1 : 1 mix of condi-
tioned media and fresh RPMI− supplemented with 5 mM IWP2
(sigma) in order to inhibit the Wnt signaling within the cells.
Culture media was refreshed 48 hours aer this. Finally, the
hiPSC-CM were maintained in RPMI 1640 supplemented with
2% B27 plus insulin (gibco) and 1% pen/strep (gibco) (RPMI+)
until day 13 aer day 0, the media was refreshed every 48
hours. The cells typically presented spontaneous beating
around day 10.

In order to increase the purity of the obtained hiPSC-CMs,
the differentiated cells were submitted to a metabolic selec-
tion through glucose starvation period.41 As previously re-
ported by our group, this metabolic selection consistently
leads to highly purify populations of CMs (>90%hiPSC-CMs).42

On day 13 of differentiation, the cell culture media was
exchanged to RPMI 1640 minus glucose supplemented with
2% B27 plus insulin (gibco), 1% pen/strep (gibco), and 4 mM
sodium lactate (sigma). Media was refreshed every 72 hours up
to day 19. On day 19, the media was substitute with RPMI+ to
RSC Adv., 2023, 13, 16985–17000 | 16987
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Fig. 1 Schematics for the formation of scaffold-free cardiac organoids integrated with gold nanoribbons. (A) Seed-mediated growthmethod for
the fabrication of AuNRs. (B) Isogenic differentiation of hiPSC-CMs and hiPSC-CFs through the regulation of the Wnt signaling pathway and
fibroblast growth factor stimulation. Spontaneous beating was observed in the hiPSC-CMs. Vimentin and TE-7 staining was used for the
confirmation of the differentiation of hiPSC-CFs. (C) Formation of cardiac organoids by seeding hiPSC-derived cardiac cells and AuNRs in
agarosemicrowells. The cardiac organoids were formed by the integration of hiPSC-CMs, hiPSC-CFs (7 : 3 respectively), and AuNRs (10 mgmL−1).
Diameter reduction and spontaneous beating were observed on day seven after seeding.
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allow for the recovery of the cells. To eliminate the debris
generated from the purication of the hiPSC-CMs, the cells
were dissociated on day 21 using TrypLE Express (LifeTech) for
10–12 minutes, followed by mechanical dissociation. The
hiPSC-CMs were replated on matrigel with a cell seeding
density of 1–1.5 million cells per well (Fig. 1B). Cells were
maintained with RPMI+ until their utilization for the experi-
ments, and the media was refreshed every 48 hours.
16988 | RSC Adv., 2023, 13, 16985–17000
2.7 Directed differentiation of hiPSC-derived cardiac
broblasts

The differentiation of isogenic human cardiac broblast (CF)
was adapted from Fan et al.43 It is based on the modulation of
Wnt canonical pathway to produce cardiac progenitor cells,
followed by the introduction of broblast growth factor (FGF).
Briey, the CFs differentiation was initiated when the hiPSCs
reached around 80% conuency. On day 0, the hiPSCs basal
© 2023 The Author(s). Published by the Royal Society of Chemistry
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media was changed to RPMI 1640 which was supplemented
with 7 mM CHIR99021 (BioVision). Aer 24 hours (day 1), the
media was replaced by RPMI−. Upon day 1, the hiPSC-CFs
differentiation was carried out with a basal media, with
changes every 48 hours. The basal media consisted of high-
glucose (4.5 g L−1) DMEM with L-glutamine (4 mM) (gibco),
supplemented with HLL supplement (human serum albumin
(500 mg mL−1)), linoleic acid (0.6 mM), lecithin (0.6 mg mL−1),
and b-broblast growth factor (b-FGF) (70 ng mL−1)); this stage
was carried for 20 days. Then, the hiPSC-CFs were dissociated
with 1× trypsin and replated in uncoated plates to remove
cellular debris. Aer this, the cells were maintained with
broblast growthmedia 3 (FGM-3), withmedia changes every 48
hours. The CFs were replated when reached ∼85% conuency.
The hiPSC-CFs used for all of the experiments were between
passage number P6 and P12 to avoid further differentiation into
myobroblasts.

2.8 Fabrication of isogenic scaffold-free cardiac organoids
embedded with AuNRs

Commercially available silicone molds (Microtissues, #35-24)
were used to cast agarose microwells (800 mM diameter, 800 mM
depth). Briey, ∼350 mL of a 2% agarose in saline solution were
deposited in the siliconemolds. Aer the agarose was solidied,
it was removed from the molds. The agarose microwells were
conditioned with RPMI+ media prior their utilization for orga-
noid fabrication.

The hiPSC-CMs were incubated at 37 °C for 10–12 minutes
with Tryple Express (LifeTech), followed by mechanical disso-
ciation. The Tryple was neutralized with RPMI+. Additionally,
the hiPSC-CFs were incubated with 1× trypsin (gibco) for 3–4
minutes at 37 °C followed by neutralization with FGM3. The
cells were manually counted to determine the concentration
and were centrifuged (300×g for 3 minutes) to remove the
supernatant. The cells were resuspended in RPMI+ to a nal
concentration of 175 K cells per 75 mL (Fig. 1C). For the cardiac
organoids integrated with the AuNRs, the cell suspension was
mixed with PEG-AuNRs to a nal concentration of 10 mg mL−1,
prior their seeding in the agarose microwells.

The cells were seeded in the agarose microwells and were
incubated undisturbed for 1 hour at 37 °C to allow the cells to
settle in the microwells. The used cell seeding density led to
cardiac organoids with ∼5000 cells per organoid. This density
has been thoroughly optimized by our group,33 and is also based
on other works found in the literature.34 Then, the culture wells
were lled with RPMI+ and the media was changed every 48
hours until the end of the experiment.

2.9 Imaging and video signal acquisition and analysis

Phase-contrast images and videos were acquired with a Zeiss
Axio Observer Z1 microscope. The Apotome2 complement was
used for all uorescent images. ZenPro and ImageJ (FIJI) so-
ware were used for image and video processing. A custom-made
MATLAB code was used for extracting the spontaneous beating
signals from the cardiac organoids. The beating rate of the
cardiac organoids was calculated by detecting the peaks
© 2023 The Author(s). Published by the Royal Society of Chemistry
presented in the acquired signals. The inter-beat interval vari-
ability (IIV) was calculated as the standard deviation of the
variation in time between the presented peaks.

2.10 Viability assay

The viability assay was performed with the viability/cytotoxicity
assay kit for animal live & dead cells (biotium), according to the
instructions of the kit. Briey, CFs were seeded on 6-well plates
and were allowed to reach ∼80% conuency. Then, the cell
culture media was replaced by media supplemented with
AuNBs (PEGylated and non-PEGylated) at a concentration of 20
mg mL−1. The CFs were incubated for 96 hours without media
changes. At the end of the 96 hours a solution of 2 mM calcein
AM and 4 mM EthD-III in DPBS was prepared. The cells were
washed twice with 1× DPBS followed by a 30 minutes incuba-
tion with the viability assay solution at 37 °C. Finally, the
solution was replaced by 1× DPBS before imaging. For the
quantication of the hiPSC-CFs viability, three elds of view per
experimental condition (i.e. NoPEG-AuNRs and PEG-AuNRs)
were evaluated, and two biological replicates of the experi-
ment were performed.

Additionally, on day 7 aer seeding the cardiac cells in the
agarose microwells, the viability assay solution was prepared,
and the organoids were incubated for 30 minutes at 37 °C. The
cardiac organoids were harvested from the agarose microwells
and the solution was replaced by 1× DPBS before imaging.

2.11 TUNEL assay

In order to complete TUNEL assay within the cardiac organoids,
cryosectioning of the tissues was performed prior the staining.
The cryosectioning was performed on cardiac organoids seven
days aer seeding on the agarose microwells. First, the tissues
were harvested and washed twice with 1× DPBS. Then a solu-
tion of 4% paraformaldehyde (PFA) was used to x the orga-
noids, which were incubated in the solution for 45 minutes at
37 °C. To prevent image artifacts from freezing the tissues,
a cryoprotection stage was performed. This consisted of a 15%
sucrose (VWR) incubation at room temperature for 1 hour,
followed by a 30% sucrose incubation at 4 °C overnight. Aer
this, the cardiac organoids were ash-frozen using OCT (Tissue-
Tek). The tissues were sectioned at 10 mM thickness with the
CryoStar NX70 cryostat (ThermoScientic) and preserved at
−20 °C until their utilization.

The clik-iT Plus TUNEL assay (invitrogen) was used for
evaluating early apoptosis inside the cardiac organoids. The
staining was performed according to the instructions of the kit
without any modications.

2.12 qRT-PCR

The qRT-PCR reaction was performed similar to our previous
publication.33 Briey, the organoids were collected from the
agarose microwells seven days aer seeding and washed with
1× DPBS twice to remove cellular debris. Then the tissues were
digested and RNA was extracted utilizing the RNAmicroprep kit
(Zymo). NanoDrop UV-vis spectrophotometer was utilized to
evaluate the RNA quality and calculate RNA concentration.
RSC Adv., 2023, 13, 16985–17000 | 16989
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iScript reverse transcription supermix (BioRad) was used to
performed the cDNA conversion with a normalized amount of
RNA from each sample.

Validated primers were used for the qRT-PCR reaction and
18 s was used as housekeeping gene for data normalization
(Table S2†). The PCR master mix reaction consisted of 5 mL of
iTaq Universal SYBR Green Supermix (BioRad), 1 mL of 8 mM
forward and reverse primers in NF water, 3.9 mL of NF water, 0.1
mL of the cDNA sample. The reaction was carried on using the q-
Tower real time thermocycler (Analitik Jena). dCT values were
normalized to their corresponding day 0 values.
2.13 Statistical analysis

All the statistical analyses were performed using the GraphPad
Prism soware. T-test or one-way ANOVA test, with post hoc
pairwise analysis using Tukey test, with alpha = 0.05 were
utilized to determine statistical differences between the study
groups. For all the assays presented in this manuscript, at least
3 biological replicates (N = 3) were performed.
3. Results and discussion
3.1 Synthesis and characterization of gold nanoribbons
(AuNRs)

High aspect ratio one dimensional (1D) gold nanoparticles,
such as AuNRs are oen fabricated through complex processes,
for example, electrospinning, lithography, and chemical
reductions.21,44 However, some of these technologies are not
widely accessible and require dedicated equipment. Thus, we
have adapted a synthesis protocol based on the directed
aggregation of gold, guided by a bi-surfactant template system39

to produce AuNRs with suitable features for integration into the
scaffold-free organoids. The bisurfactant system is formed by
NaOL and CTAB, and as reported by the authors,39 CTAB
micelles are formed in the presence NaOL. These micelles have
higher affinity for specic facets of the gold crystals, serving as
template for the guided aggregation of gold in one direction,
thus leading to the obtention nanoparticles with ribbon-like
morphology. This protocol presents several advantages over
other synthesis methods. First, all the reactions can be per-
formed with benchtop equipment and reagents that are
commercially available and easy to handle. Second, all the
reactions are carried at either room temperature or tempera-
tures that are easily achievable with conventional lab equip-
ment. Finally, and most important, the length of the AuNRs can
be tuned by controlling the reaction time and purication
method.

The length of the AuNRs is dictated by several factors
throughout the synthesis process. For example, different
template molecules can potentially limit the aggregation of gold
atoms at determined lengths. Also, the availability of gold in the
growth solution can act as a limiting factor. The growth of the
AuNRs is a time-dependent reaction;39 therefore, by controlling
the synthesis time, i.e., the incubation time of the growth
solution aer the gold seeds have been introduced, it is possible
to tune the length of the AuNRs. Finally, the purication of the
16990 | RSC Adv., 2023, 13, 16985–17000
AuNRs is performed by precipitation through centrifugation,
thus, it is possible to select particles of certain size based on the
centrifugation settings. The original reported protocol for the
synthesis of AuNRs yielded particles of about 40 mM in length.
However, nanoparticles of this length can negatively impact the
cellular aggregation and the formation of a cardiac syncytium as
they can hinder cell–cell interactions and the formation of gap
junctions in ECTs.24

The morphology of the synthesized nanoparticles herein was
veried through TEM imaging. Ribbon-like particles where
observed (Fig. 2A), and the morphology was consistent through
different batches of AuNRs. In order to increase the yield of the
reaction we performed a centrifugation swipe by varying the
speed and time of the precipitation (not shown). We observed
that the highest nanoparticle concentration, based on UV-vis
spectrophotometry, was achieved when the nanoparticle solu-
tion was centrifuged at 3000×g for 17 minutes. Measurement of
the length of ∼100 nanoparticles showed a range from 0.6 mM
up to 6.0 mM and larger, with an average length of 2.4± 0.99 mM
(Fig. 2B). While previous studies have demonstrated some
advantages in the integration of nanoparticles for the fabrica-
tion of scaffold-free cardiac microtissues, there is a wide range
of utilized nanoparticle materials, geometries, sizes, and
concentrations.9 Despite these variations, there are two
common factors for all of these studies. First, the nanomaterials
are selected for their electroconductivity characteristics; and
second, the size and geometry of the nanoparticles are tuned in
order to prevent uptake by the cells. Additionally, it has been
demonstrated that even small concentrations of gold nano-
particles have a positive effect in the electrophysiological
behavior and formation of cardiac engineered tissues.45

1D gold nanoparticles typically present the surface plasmon
resonance phenomenon (SPR). SPR is a complex phenomenon
that occurs in some metals due to the availability of free elec-
trons in the material lattice. This phenomenon is more easily
observed in nanoparticles due to their high surface-to-volume
ratio.46 Specically, the resonance frequencies of gold nano-
particles are presented within the visible range of the electro-
magnetic spectrum.47 Therefore, when gold nanoparticles are
found in suspension, optical methods can be used for detecting
their SPR frequency. For example, UV-visible spectrophotometry
can be used as an accessible method for evaluating SPR of
AuNRs.

The SPR spectral signature of gold nanoparticles is depen-
dent of their size, geometry, and concentration;46,48 and there-
fore, can be used for the characterization of the AuNRs. For
instance, in suspensions of high aspect ratio nanoparticles
usually only one peak is observed for the SPR phenomenon in
the UV-visible spectrophotometric analysis. This peak corre-
sponds to the cross-section of the AuNRs, that is within the
nanometer scale. For our synthesized AuNRs, this peak was
consistently presented at around 520 nm (Fig. 2C). While SPR
have many applications,46 in our particular application, this
phenomenon served as a tool for conrming the effective
synthesis of AuNRs through UV-vis spectrophotometry. More-
over, the correlation of the absorbance of the AuNRs suspension
with the nanoparticle concentration allowed us to create
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of gold nanoribbons (AuNRs). (A) Representative TEM image of AuNRs (scale bar: 0.5 mM). (B) Particle size distribution of
100 AuNRs with length >0.6 mM. (C) Representative UV-visible spectrum of the synthesized AuNRs. The characteristic SPR peak is presented at
∼520 nm. (D) UV-visible spectrumof serial dilutions of a suspension of AuNRs. The yellow rectangle represents the regionwithin the spectra (450
nm) that was utilized for creating the standard curve for measuring AuNRs concentration. (E) Standard concentration curve obtained by
measuring the concentration of the AuNRs generated from ICP-MS, and its correlation with the UV-vis optical density at 450 nm.
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a standard concentration curve that permitted to calculate the
concentration of any AuNRs solution based on its absorbance
(Fig. 2D and E).

In order to obtain a concentration standard curve, we rst
performed serial dilutions of a colloidal suspension within the
working range of AuNRs. These diluted suspensions where then
analyzed by UV-vis spectrophotometry (Fig. 2D) and ICP-MS.
While our AuNRs synthesis method proved to be a robust and
consistent technique, based on the TEM images and UV-vis
spectra, there were minor batch-to-batch variations in the
readings of the SPR peak wavelength. Therefore, in order to
standardize the concentration measurements based on the UV-
vis spectrum, we selected the region localized at 450 nm as it
has been reported to be a suitable wavelength for measuring the
concentration of gold nanoparticles.49 Based on this approach,
we were able to calculate the linear correlation between the
© 2023 The Author(s). Published by the Royal Society of Chemistry
reported absorbance at 450 nm and the nanoparticle concen-
tration found by mass spectrometry (ICP-MS) (Fig. 2E). With
this, we achieved a non-destructive and straightforward method
for faithful measuring the concentration of the resultant AuNRs
suspensions. Therefore, we were able to prepare working solu-
tions with specic and desired concentrations for the integra-
tion of the AuNRs into the scaffold-free cardiac organoids.

3.2 PEGylation and cytotoxicity evaluation of AuNRs

Cytotoxicity and bioaccumulation of gold nanoparticles has
been studied previously due to their promising applications for
various tissue engineering and therapeutics applications in vitro
and in vivo.22 It has been found that gold nanoparticles are
bioinert and biostable by themselves.50,51 However, the template
molecules (CTAB and sodium oleate) used for the synthesis of
the AuNRs may exhibit some cytotoxic effects.52,53 Thus, in order
RSC Adv., 2023, 13, 16985–17000 | 16991
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to render the AuNRs useable for our cardiac tissue engineering
applications it was necessary to modify the surface of the
nanoparticles and replace the original template molecules by
biocompatible ones (Fig. 3A).

Polyethylene glycol (PEG) has been widely accepted as
a biocompatible biomaterial.54,55 Moreover, several protocols
have been developed and adapted for its use as a replacing
surface molecule specically for gold nanoparticles.40 Besides
being biocompatible, PEG has several other attractive features
for its use in fabrication of nanoparticles. For example, it has
been proven that the PEGylation of nanoparticles can affect
their interaction with surrounding cells, by improving their
biocompatibility54 and modifying their internalization rate.55 In
this specic case, we were interested in performing the
exchange of the surface molecules of the AuNRs.

Due to a similar surface chemistry of the AuNRs, developed
in our work, to the nanoparticles used in another work by Zhang
and Lin,40 we were able to adapt the methodology by modifying
the concentrations of the reagents in order to ensure the
availability of PEG molecules to perform a total surface
exchange. In order to conrm the successful PEGylation of the
AuNRs, we performed FTIR analysis. The FTIR spectra of CTAB
and PEG were well characterized and presented distinctive
peaks for both substances. One hand, the FTIR spectrum for
Fig. 3 PEGylation of AuNRs. (A) Representative schematic for the excha
FTIR spectroscopy of the AuNRs before (blue) and after (orange) the PEGy
are observed for each of the spectrum. (C) Normalized UV-vis spectra for
each of the conditions suggests that there are no significant changes
PEGylation.

16992 | RSC Adv., 2023, 13, 16985–17000
CTAB was characterized by presence of two peaks around
2849.77 cm−1 and 2918.24 cm−1 corresponding to the stretch-
ing of C–H bonds. Additionally, several peaks were present
around 1470 cm−1.56 The analyzed CTAB-capped AuNRs pre-
sented the same FTIR spectrum as those reported in the liter-
ature (Fig. 3B). Similarly, the PEGylated samples presented
a FTIR pattern that correlated to reported studies,57 consisting
of absorption bands between 840 cm−1 and 1466 cm−1 that
correspond to C–C stretching and CH2 rocking57 (Fig. 3A). Thus,
this analysis provided a clear ngerprint to determine the
successful exchange of the molecules on the surface of the
synthesized AuNRs.

Spectrophotometric analysis of gold nanoparticles has been
deem extremely sensitive to changes in their morphology,
surface chemistry, and physical aggregation.58 Notably, UV-vis
spectrophotometry of AuNRs before and aer PEGylation
demonstrated that the SPR peak and overall UV-vis spectrum of
the PEGylated nanoparticles remained almost unchanged,
suggesting that signicant changes to the morphology of the
nanoparticles or particle aggregation did not occur during the
process of surface modication through PEG exchange
(Fig. 3C).

To investigate the effect of PEGylated and non-PEGylated
AuNRs on the viability of cells, we performed an acute
nge of CTAB with PEG on the surface of the AuNRs. (B) Representative
lation. Characteristic peaks corresponding to CTAB and PEGmolecules
AuNRs before (blue) and after (orange) PEGylation. Similar spectrum for
in the morphology or particle aggregation of the AuNRs due to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cytotoxicity assay on two dimensional (2D) monolayers of
hiPSC-CFs. We carried the assay with a concentration that was
double the concentration of the working solution for the
fabrication of the cardiac organoids to ensure the feasibility of
using PEG-AuNRs in the formation of cardiac organoids. To the
best of our knowledge, this is the rst study to present the
integration of AuNRs with scaffold-free cardiac tissues. Thus,
the selected working concentration of the PEG-AuNRs (10 mg
mL−1) was based on similar studies that utilized nanoparticles
embedded in cardiac organoids.31

We evaluated the viability of the cells through co-staining
with calcein AM and ethidium homodimer III (EthD-III). Cal-
cein AM is a cell-permeable molecule, that is retained in the
cytoplasm of the cells and is cleaved by the action of esterases.
When is cleaved, this causes the calcein dye to be released and
in consequence the live healthy cells appear uorescent green.
On the other hand, EthD-III is membrane permeable and is
uorescent when binds to DNA molecules. Thus, EthD-III will
only stain the nuclei of cells with defective cellular membranes,
appearing as uorescent red.

The acute cytotoxicity test for PEGylated and non-PEGylated
AuNRs at 48 and 96 hours of exposure showed differences in
the viability of the cells. Similar cellular density was observed for
PEG-AuNRs and the control cellular populations for both time-
points (Fig. 4A and B). Moreover, the quantication of viable cells
Fig. 4 Cytotoxicity evaluation of PEGylated AuNRs. (A) Representative i
mL−1 of non-PEGylated and PEGylated AuNRs (top row: phase-contrast;
bars: 100 mM). (B) Quantification of viable hiPSC-CFs after 48 hours cultur
assay at 96 hours of hiPSC-CFs cultured with 20 mg mL−1 of AuNRs (top
red: death cells) (scale bars: 100 mM). (D) Quantification of viable hiPSC-

© 2023 The Author(s). Published by the Royal Society of Chemistry
reected statistical differences between non-PEG and PEG-AuNRs
(Fig. 4C and D). It has been reported that the cytotoxicity of CTAB-
capped gold nanoparticles is mainly due to traces of free CTAB
found in the suspension of the nanoparticles.52 The desorption of
CTAB molecules from the surface of the nanoparticles has also
been proposed as a probable theory behind the toxic effect of gold
nanoparticles,58 causing microtubule damage of the cells.59

However, IF images demonstrated that there is a signicant
difference between the PEGylated and non-PEGylated AuNRs, and
that the cellular densities are similar between the groups with
PEGylated AuNRs and without AuNRs (Fig. 4B).

Overall, primarily, we demonstrated the feasibility for the
surface modication of AuNRs synthesized by seed-mediated
growth method, which to the best of our knowledge, has not
been reported before. Additionally, we showed that the PEGy-
lation of AuNRs signicantly reduced their acute cytotoxicity in
human cardiac cells, rendering them safe for integration into
cardiac engineered tissues aer the surface molecule exchange
is completed and the AuNRs have been biofunctionalized.
3.3 Viability evaluation of 3D scaffold-free cardiac organoids
integrated with AuNRs

While the low cytotoxicity of the PEG-AuNRs was demonstrated
on 2D monolayers of hiPSC-CFs (Fig. 4), it was still crucial to
mages of viability assay at 48 hours of hiPSC-CFs cultured with 20 mg
bottom row: fluorescence) (green: healthy cells; red: death cells) (scale
ed with AuNRs. (*: p-value# 0.05) (C) Representative images of viability
row: phase-contrast; bottom row: fluorescence) (green: healthy cells;
CFs after 96 hours cultured with AuNRs. (*: p-value # 0.05).

RSC Adv., 2023, 13, 16985–17000 | 16993
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validate that the fabricated 3D cardiac organoids remained
viable upon integration and exposure to PEG-AuNRs. Addi-
tionally, harvesting the cardiac organoids from the agarose
microwells is a key factor for downstream analyses and appli-
cations. Therefore, it was important to evaluate that the integ-
rity of the tissues was not inuenced by their removal from the
agarose microwells.

To investigate the cellular viability and 3D tissue integrity,
a viability assay was performed on the cardiac organoids. Aer
staining, the microtissues were removed from the microwells by
gently pipetting with culture media and washed with 1× DPBS.
Aer rinsing, the vast majority of the cardiac cells appeared
viable, denoted by the green staining aer viability assay, with
no apparent differences between the experimental conditions
(Fig. 5A). Additionally, it is well known that one of the mecha-
nisms that induce apoptosis in adherent cells is the anoikis
phenomenon, driven by the lack of anchorage sites to the
cells.60 Therefore, it is possible that some cell death is also
generated during the formation of the cardiac organoids in the
microwells. These dead cells are deposited at the bottom of the
microwells and due to their depth (800 mM), it is not possible for
Fig. 5 Viability evaluation of isogenic cardiac organoids integrated with P
7 after harvesting from agarose microwells (scale bars: 100 mM). The top
healthy cells; red: dead cells). (B) TUNEL assay of cryosectioned slices o
(scale bars: 100 mM). Top row: fluorescent images corresponding to TUN
contrast images, the yellow arrows point to opaque areas that are susp
Quantification of cell viability based on TUNEL assay (n.s.: p-value > 0.0

16994 | RSC Adv., 2023, 13, 16985–17000
these debris to be washed during routinely media changes,
being present until the cardiac organoids are harvested. This
cellular debris was washed when the organoids were removed
from the microwells and does not seem to negatively affect in
any of the parameters analyzed in this study.

Aer harvesting, the morphology of the organoids was
preserved and the cardiac microtissues presented spontaneous
beating aer harvesting (Videos S1–S4†), corroborating that the
contractile activity of the tissues was also preserved. Many
features of these organoids are dependent on their morphology.
For example, it has been reported that oxygen and nutrient
gradients generated within the organoids depends on their
diameter.25,61 The oxygen and nutrient gradients within the
microtissues have been leveraged to model pathologic condi-
tions, such as hypoxia.61 Studies have proposed utilizing cardiac
organoids for the manufacture of cardiac engineered tissues at
bigger scales.62,63 These techniques rely on maintaining
uniformity of the cardiac organoids. Therefore, creating and
preserving cardiac organoids with specic diameters is impor-
tant for their utilization in diseasemodeling and drug screening
applications. We have demonstrated in this study that our
EGylated AuNRs. (A) Viability assay of isogenic cardiac organoids on day
row: phase-contrast images; bottom row: fluorescent images (green:
f cardiac organoids after being harvested from the agarose microwells
EL assay (blue: healthy cells; red: apoptotic cells). Bottom row: phase
ected to correspond to regions where AuNRs have concentrated. (C)
5).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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proposed method leads to the formation of cardiac organoids
with uniform size and morphology (Fig. S1 and S2†). Moreover,
we have conrmed, for the rst time, that it is feasible to inte-
grate AuNRs in the fabrication of cardiac organoids. These
organoids remained viable and maintained their morphology
and electrophysiological activity aer being removed from the
agarose microwells.

Diffusion of oxygen and nutrients has been a critical concern
in the tissue engineering eld to facilitate the transport of these
molecules. It has been reported that cellular density, cellular
origin and organoid size can affect the oxygen consumption rate
and can lead to the creation of hypoxic or necrotic cores.25,61 To
that end, we further evaluated dearly apoptosis of the cells
within the cryosectioned slices of the cardiac organoids using
TUNEL (Fig. 5B). This is to demonstrate that the diameter and
cellular density of the cardiac organoids were appropriate and
that the AuNRs did not cause any cytotoxic effect in the hiPSC-
CMs due to the 3D microenvironment. Based on our obtained
images, we did not nd signicant cell death due to early
apoptosis in any of the analyzed tissues (Fig. 5C). This indicates
that the nutrient diffusion within the organoids was appro-
priate and hypoxic cores were not generated. These secondary
analyses were indeed consistent with our primary viability
assay, conrming that the synthesized and PEGylated AuNRs
(PEG-AuNRs) did not induce any toxicity effects on cardiac
organoids.

Opaque spots (Fig. 5B, yellow arrows) were found in the
phase-contrast images of the organoids integrated with the
AuNRs but were not seen in organoids without gold nano-
particles. These opaque areas are presumably regions were the
AuNRs were concentrated. This suggests that the gold nano-
particles were integrated through the entire body of the orga-
noids. However, it remains to be elucidated in our future work
whether the AuNRs underwent aggregation due their integra-
tion in the cellular microenvironment.
3.4 Functional contractility analysis of isogenic cardiac
organoids embedded with AuNRs

The integration of nanoparticles in cardiac organoids has been
of keen interest in the cardiac tissue engineering eld.9,24,25 One
of the proposed hypotheses across these studies is that
enriching the intercellular microenvironment with electrically
conductive nanomaterials and nanoscale topographical cues
can enhance the performance of the engineered micro-
tissues.8,45,64,65 Additionally, it is well accepted that co-culture of
cardiac cells in engineered tissues can improve the maturation
of hiPSC-derived cardiac cells.33,66 The creation of isogenic
engineered tissues for the purpose of drug screening and
disease modeling has been extensively discussed.67 Specically,
scaffold-free engineered tissues present a particular complexity
due to the lack of extracellular matrix (ECM) or ECM-like
materials that can provide support to the cells. Therefore,
cellular aggregation and tissue compaction would be relevant in
the fabrication of cardiac organoids.33 First, the cellular ratio for
co-culture groups was thoroughly optimized, as it was shown
that it leads to improved tissue compaction.33 Additionally, it
© 2023 The Author(s). Published by the Royal Society of Chemistry
was necessary to corroborate the presence of the PEG-AuNRs in
the engineered tissues aer their fabrication. The phase-
contrast images of the cardiac organoids taken seven days
aer seeding in the agarose microwells showed rounded and
dense tissues that presented spontaneous beating (Fig. 6A, top
row). For the organoids fabricated with PEG-AuNRs, opaque
regions were observed in magnied images (Fig. 6A, bottom
row) as also shown in Fig. 5B, that the gold nanoparticles were
effectively integrated within the cardiac tissues.

Contractile activity of the cardiac engineered tissues is one of
the main features that needs to be evaluated, as most of their
tissue engineering applications rely on an effective electrome-
chanical function.68 Aer signal extraction from time-lapse
images, it was found that all the experimental groups showed
a similar spontaneous beating behavior (Fig. 6B). The organoids
presented comparable beating rates (beat per minute; BPM)
(Fig. 6C) ranging from 12.19 to 18.23 BPM (Fig. 6D). The inter-
beat interval variability (IIV) has been described as an indirect
measure of tissue synchronicity.42,69 Tissue synchronicity is
a relevant biomarker of functionality of hiPSC-derived tissues,42

as it requires the formation of gap junctions and the capability
of cardiac cells to be paced by endogenous or exogenous elec-
trical stimulation.70 Thus, decreased IIV is a desirable feature of
engineered cardiac tissues. Our analysis did not show a signi-
cant difference in the IIV of the four experimental groups
(Fig. 6D and E). Overall, this suggests that the PEG-AuNRs had
negligible effect in the contractility of the cardiac organoids.

Previous studies focused on the integration of nanoparticles
in scaffold-free cardiac tissues demonstrated a wide range of
concentrations. Moreover, the methods for measuring the
concentrations of those nanoparticles and integrating them
with cardiac organoids were not consistent across different
studies. Therefore, moving forward with future studies, we aim
to optimize the PEG-AuNRs concentration in order to maximize
their interaction with cardiac cells.
3.5 Analysis of transcriptomic prole of cardiac organoids

The evaluation of the transcriptomic prole has become one of
the gold standard molecular-level methods for evaluating the
overall performance of engineered tissues. The assessment of
gene expression levels is of particular interest for cells and
cardiac tissues derived from human stem cells to evaluate their
maturity. Genes relevant for the cardiac function, such as those
involved in the formation of the contractile machinery of the
CMs (i.e., ACTN2, TNN2, TNNI3, MYH6, and MYH7) and
calcium handling (i.e., RYR2) are of utmost interest as surrogate
biomarkers for maturation and performance of engineered
tissues.14 Herein, the transcriptomic prole of the scaffold-free
cardiac organoids was evaluated through a panel of seven
cardiac-relevant genes with the purpose of assessing the effect
of the co-culture versus mono-culture conditions. In addition,
we were interested in comparing the gene expression prole of
the cardiac organoids in presence or absence of PEG-AuNRs.

It has been reported that one of the main factors contrib-
uting to the maturation of hiPSC-CMs is the presence of non-
cardiomyocyte cells (i.e., hiPSC-CFs).33,34 When CFs are
RSC Adv., 2023, 13, 16985–17000 | 16995
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Fig. 6 Contractility evaluation of isogenic cardiac organoids embedded with PEGylated AuNRs. (A) Phase-contrast images of cardiac organoids
in the agarose microwells. Top row: low magnification images (scale bars: 100 mM); bottom row: high magnification images where opaque
regions are found. It is believed that these regions correspond to areas where PEG-AuNRs were concentrated (scale bars: 50 mM). (B) Repre-
sentative spontaneous beating signals extracted from time-lapse videos (y-axis represents arbitrary units). (C) Quantification of spontaneous
beating rates extracted from phase-contrast videos. (D) Summary of beating rate (BPM) and inter-beat interval variability (IIV) values calculated
from the extracted spontaneous beating signals. (E) Quantification of inter-beat interval variability (IIV) extracted from phase-contrast videos. (n.s.
= p-value > 0.05).
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integrated into ECTs, these cells secrete growth factors and
cytokines that lead to cellular crosstalk with CMs, and ulti-
mately lead to improved maturation of hiPSC-CMs in engi-
neered tissues.71 Moreover, it has been demonstrated that
hiPSC-CFs can potentially modulate electromechanical proper-
ties of 3D ECTs.72 Similar to those reports, in our study, we
found that sarcomere-related genes, namely ACTN2, TNNT2,
and TNNI3, were upregulated in the co-culture (0 mg mL−1)
cardiac organoids (Fig. 7A). For four of the other evaluated
genes (GJA1, RYR2, MYH6, and MYH7) we did not nd any
signicant difference between any of the experimental condi-
tions. However, there was a trend for higher expression of the
analyzed gene panel for both co-culture conditions (0 mg mL−1

and 10 mg mL−1) (Fig. 7B). Thus, our results are consistent with
previous ndings in the literature, indicating the benecial
effect of the integration of hiPSC-CFs in ECTs.
16996 | RSC Adv., 2023, 13, 16985–17000
Alternatively, the integration of the PEG-AuNRs overall
appeared to be negligible for the effects of modifying the tran-
scriptomic prole of the cardiac organoids. Specically, we did
not nd any signicant difference in the expression of any of the
analyzed genes for the mono-culture conditions (0 mg mL−1 vs.
10 mg mL−1) (Fig. 7A). However, for the co-culture conditions (0
mg mL−1 vs. 10 mg mL−1) we found signicant differences for the
expression of ACTN2, TNNT2, and TNNI3, with higher expres-
sion in the group without PEG-AuNRs (co-culture, 0 g mL−1).
These observations show the dominant effect of co-culture
groups in maturation of the organoids. We suspect that the
negligible effect of the PEG-AuNRs in the gene expression of the
cardiac organoids is related to the possible particle aggregation
observed previously (Fig. 6A). Overall, we have demonstrated the
feasibility of the integration of PEG-AuNRs within cardiac
organoids; however, variables such as nanoparticle
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Transcriptomic profile of isogenic cardiac organoids integrated with PEGylated AuNRs. (A) Gene expression values obtained from qRT-
PCR analysis. All the values were normalized to D0 of the experiment (day when cells were seeded in agarose microwells) (*: p-value# 0.05, **:
p-value # 0.01, ***: p-value # 0.001). (B) Row Z-score heatmap for gene expression levels, based on qRT-PCR fold change values.
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concentration, aggregation, and other external factors (i.e.,
electrical stimulation) need to be further studied in future
works.
4. Conclusion

The integration of nanomaterials has been widely proposed for
various applications in tissue engineering. It is speculated that
the electroconductive properties of some of the utilized nano-
particles, along with the biophysical cues that they provide
when introduced in engineered tissues can enhance their
structure and function. To the best of our knowledge, this is the
rst study to evaluate the integration of 1D gold nanoparticles
with scaffold-free isogenic cardiac organoids.

We rst presented a modied method for the generation of
1D gold nanoparticles, namely gold nanoribbons (AuNRs).
These nanoribbons have been extensively characterized and
have been biofunctionalized by performing a surface molecule
exchange through a PEGylation reaction. The feasibility for
© 2023 The Author(s). Published by the Royal Society of Chemistry
utilizing these nanoribbons was primarily demonstrated
through cytotoxicity assays in 2D monolayers of hiPSC-CFs and
3D isogenic cardiac organoids derived from mono-culture and
co-culture of and hiPSC-CMs and hiPSC-CFs. We veried the
presence of the AuNRs within the engineered organoids by
phase-contrast imaging of the surface and cryosectioned slices
of the cardiac organoids. We then performed contractility
evaluation, as well as analysis of the transcriptomic prole of
the isogenic cardiac organoids embedded with the AuNRs.
Although we did not nd any signicant difference in the
spontaneous beating behavior of the engineered tissues, we
found signicant upregulation of some cardiac-relevant genes,
specically ACTN2, TNNT2, and TNNI3 for the co-culture (0 mg
mL−1) cardiac organoids. These observations demonstrated the
critical inuence of hiPSC-CFs on maturation and function of
isogenic cardiac organoids regardless of the presence of AuNRs.

We speculate that the lack of an observable effect from the
PEG-AuNRs can be due to two main factors: (a) the selected
concentration for this proof-of-concept needs to be optimized,
RSC Adv., 2023, 13, 16985–17000 | 16997
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and (b) there is possible aggregation of the AuNRs when they
interact with the cardiac cells in the 3D microenvironment.
Thus, our future studies will be focused on evaluating the
overall distribution of the AuNRs within the cardiac organoids
and elucidating the aggregation mechanisms of the AuNRs, in
order to promote a more homogeneous distribution of the
nanoparticles within organoids. Additionally, optimization of
the concentration of the AuNRsmay result in the enhanced cell–
particle interactions and the overall function of hiPSC-derived
isogenic cardiac organoids. Overall, the ndings of this study
have potential for applications in cardiac tissue engineering for
the creation of physiologically relevant scaffold-free tissues for
disease modeling and regenerative medicine applications.
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M. A. Iat̀ı, J. Phys. Condens. Matter, 2017, 29, 203002.

47 V. V. Apyari, S. G. Dmitrienko and Y. A. Zolotov, Sens.
Actuators, B, 2013, 188, 1109–1115.

48 K. A. Willets and R. P. Van Duyne, Annu. Rev. Phys. Chem.,
2007, 58, 267–297.

49 A. G. Shard, L. Wright and C. Minelli, Biointerphases, 2018,
13, 061002.

50 C. Rambanapasi, J. R. Zeevaart, H. Buntting, C. Bester,
D. Kotze, R. Hayeshi and A. Grobler, Molecules, 2016, 21.

51 E. E. Connor, J. Mwamuka, A. Gole, C. J. Murphy and
M. D. Wyatt, Small, 2005, 1, 325–327.

52 A. M. Alkilany, P. K. Nagaria, C. R. Hexel, T. J. Shaw,
C. J. Murphy and M. D. Wyatt, Small, 2009, 5, 701–708.

53 L. Wang, X. Jiang, Y. Ji, R. Bai, Y. Zhao, X. Wu and C. Chen,
Nanoscale, 2013, 5, 8384–8391.

54 M. J. Santos-Martinez, K. Rahme, J. J. Corbalan, C. Faulkner,
J. D. Holmes, L. Tajber, C. Medina and M. W. Radomski, J.
Biomed. Nanotechnol., 2014, 10, 1004–1015.

55 L. Shi, J. Zhang, M. Zhao, S. Tang, X. Cheng, W. Zhang, W. Li,
X. Liu, H. Peng andQ.Wang,Nanoscale, 2021, 13, 10748–10764.

56 R. R. Shettigar, N. M. Misra and K. Patel, J. Pet. Explor. Prod.
Technol., 2018, 8, 597–606.
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