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ABSTRACT. Utilizing polymers in cardiac tissue engineering holds promise for restoring 

function to the heart following myocardial infarction (MI), which is associated with grave 

morbidity and mortality. To properly mimic native cardiac tissue, materials must not only support 

cardiac cell growth but also have inherent conductive properties. Here, we present an injectable 

reverse thermal gel (RTG)-based cardiac cell scaffold system that is both biocompatible and 

conductive. Following synthesis of a highly-functionalizable, biomimetic RTG backbone, gold 

nanoparticles (AuNPs) were chemically conjugated to the backbone to enhance the system’s 

conductivity. The resulting RTG-AuNPs hydrogel supported targeted survival of neonatal rat 

ventricular myocytes (NRVMs) for up to 21 days when co-cultured with cardiac fibroblasts, 

leading to an increase in Cx43 relative to control cultures (NRVMs cultured on traditional gelatin-

coated dishes and RTG hydrogel without AuNPs). This biomimetic and conductive RTG-AuNPs 

hydrogel holds promise for future cardiac tissue engineering applications. 

Introduction. Post-myocardial infarction (MI) cardiomyocyte loss triggers matrix degradation 

and fibrosis that drives the progression to heart failure (HF)1–3. HF leads to a poor quality of life 

and an increased risk of mortality4. Heart transplantation remains the gold standard treatment for 

those with end-stage HF, but availability of donor hearts is a major limitation5–7. Due to the limited 

supply of donor hearts and the limited regenerative ability of the myocardium, there is an urgent 

need for novel treatment approaches following MI. Investigators have focused on the development 

of biomaterials aimed at supporting the infarct site and overall restoring cardiac function8–12.

Injectable hydrogels provide a particularly attractive approach for MI treatment due to their 

potential to be delivered in a minimally invasive manner, thus minimizing mechanical stress on 
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the cells during injection and at the infarcted area, while providing structural support for the 

infarct13–15. In addition, due to the 3D nature of these platforms, they better mimic the in vivo 

microenvironment than 2D platforms16. Compared to other injectable hydrogels, reverse thermal 

gel (RTG) systems in particular are advantageous in that they undergo a reversible solution-to-

gelation (sol-to-gel) transition solely through temperature stimuli17, a less harmful process for 

encapsulated cells and tissue than systems that require UV radiation for crosslinking, which can 

generate oxidative damage to DNA18.

Because native cardiac tissue has unique electrophysiological behavior that is critical for the 

transfer of electrical signals and function of cardiomyocytes (CMs)19, an ideal hydrogel system 

would be conductive, supporting electrical signaling between cells. While injectable hydrogels 

hold great potential for use in cardiac tissue engineering, the majority of them are electrically 

insulated20. To improve the electrical properties of injectable hydrogels, investigators have 

modified these hydrogels through chemical conjugation or mixing with conductive nanoparticles, 

such as gold nanoparticles (AuNPs)21–27. AuNPs are highly conductive biocompatible 

biostructures25 that confer conductive properties to otherwise inert cells.

Previously, we developed an injectable and highly biocompatible RTG designed to promote long-

term CM survival28. This RTG consists of poly(serinol hexamethylene urea)-co-poly(N-

isopropylacrylamide) functionalized with lysine, termed “RTG-lysine”. The RTG-lysine hydrogel 

contains several free amine groups for functionalization which are useful for a wide variety of bio-

conjugations29–33. Here, we used the free amine groups of the RTG-lysine system to chemically 

conjugate AuNPs functionalized with carboxylic acid (COOH) groups, creating a novel RTG-

AuNPs hydrogel. We found that CMs co-cultured with cardiac fibroblasts (CFs) had improved 

long-term viability, cardiac marker expression and increased Cx43 area when cultured in the 3D 
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5

RTG-AuNPs hydrogel compared to standard 2D culture systems and the unmodified RTG 

(hydrogel without AuNPs).

Material and Methods.

Materials. Materials were purchased and prepared as previously described34, except for the 

following materials. Auric chloride (HAuCl4), trisodium citrate, sodium nitrate, sodium chloride, 

and 4-mercaptobutryic acid were purchased from Sigma-Aldrich and used as received.  Water was 

purified using a Barnstead MicroPure system (Thermo Fisher).   

Equipment. AuNP size was estimated via both UV/Vis spectroscopy and transmission electron 

microscopy (TEM). UV/Vis readings were collected using a Nanodrop 2000 spectrophotometer 

(ThermoFisher). TEM analyses were performed by dispersing AuNPs onto formvar-coated copper 

grids followed by interrogation using a JEOL JSM-1400plus TEM operated at 120 

kV. Thermogravimetric analyses (TGA) were carried out as previously described34, except that the 

decreased nitrogen flow used here was (25 mL/min). Resistance, viscosity, and mechanical 

(storage and loss moduli) analyses were conducted as previously described34, with the following 

exceptions. For resistance and viscosity measurements, a 3% (w/w) polymer solution was used. 

Mechanical properties were determined using a constant angular frequency of 0.5 rad/s at 1.0% 

stain.  Frequency sweep analysis was performed using an 8 mm parallel plate geometry with 

frequency sweeps ranging from 0.1 to 10 rad/sec (20 points per decade collected). The dynamic 

decay of C, N, O and Au was performed using a SPECS SAGE HR 100 system spectrometer 

(Sage). A Mg Kα (1253.6 eV) X-ray source at 12.5 kV and 10 mA was used for the analysis with 

a take-off angle of 90° and operating pressure of 8 x 10-8 mbar. Quantitative spectral analysis was 
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6

performed with the Casa X-ray photoelectron spectroscopy (XPS) 2.3 software. Morphological 

characterization of a 3% (w/w) RTG-AuNP solution was performed using a JSM-6010LA 

scanning electron microscope (SEM) (JEOL, Tokyo, Japan), as previously described34, using 

cryogenic horizontal and vertical cuts with an approximate width of 2 mm. 3D and 2D cell cultures 

were imaged using a Zeiss-LSM780 confocal microscope.

Preparation of Citrate Stabilized Gold Nanoparticles (AuNPs). Glassware used for the 

synthesis of AuNPs was cleaned using aqua regia (3:1 HCl: HNO3), rinsed with Barnstead water, 

and allowed to air dry. AuNPs were prepared by mixing 5 mL of 0.01 M HAuCl4, 20 mL of 0.01 

M sodium citrate, and 25 mL of Barnstead water. The solution was refluxed until a deep red color 

developed and then was allowed to cool to room temperature. The resulting AuNPs were 

concentrated to approximately 10 nM in pH 11 water. AuNP functionalization was carried out by 

adding 1 mL of 10 nM 4-mercaptobutyric acid per 10 mL aliquot of AuNPs. Excess acid was 

removed by aging the solution in salt up to a concentration of 3.6 mM NaCl. AuNPs were 

resuspended to a final concentration of 10 nM in pH 11 water.

Polymer Synthesis. AuNPs were conjugated to RTG-lysine, which was synthesized as previously 

described28,34, by dissolving 10nM of AuNPs-COOH in 15 mL of PBS. Five molar excess of EDC-

HCl/NHS was added to activate the COOH groups (15 min at room temperature). Then 5 mL of 

RTG-lysine in solution (0.1 g/mL) prepared in PBS was added drop-wise and the reaction carried 

out for 48 h at RT. The RTG-AuNPs polymer was then dialyzed, lyophilized, and underwent L-

Lysine addition as previously described34. The final polymer was dialyzed, sterile-filtered through 

a 2 μm filter, and lyophilized, previously described34.
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7

Neonatal rat ventricular myocyte (NRVM) culture. Primary NRVMs were prepared from 1-3 

day old, Sprague Dawley rat pups (Charles River), as previously described34–36 according to the 

University of Colorado Denver Animal Care and Use Committee guidelines. The resultant 

NRMVs were cultured in 2D gelatin-coated plates (2D gelatin controls) or in the 3D hydrogels. 

3D in vitro cell culture. 3D in vitro culture experiments were performed as previously reported34. 

Briefly, NRVMs (9x104) were pelleted, media aspirated, and the cell pellet mixed with room 

temperature polymeric solution (150 μL of 3% [w/w]) dissolved in complete media. The cell-

polymer solution was deposited into a glass bottom dish and incubated at 37 °C for 15 min at 5% 

CO2, which allows gel formation. Following incubation, warm media (200 μL) was deposited on 

top of the solidified gel with encapsulated cells. Scheme 1 shows the schematic representation of 

the 3D cell culture. 

 

Scheme 1. Representation of the 3D cell culture method using the RTG hydrogels.  

Immunocytochemistry. Immunocytochemistry was performed as previously described34, using  

cells cultured for 21 days34 and primary antibodies against alpha actinin (Abcam ab9465, at 1:100), 

Cx43 (SIGMA c6219, at 1:100), and vimentin (Abcam ab24525, at 1;100). Goat anti-mouse 

conjugated to Alexa Fluor 488 (Invitrogen, at 1:200), goat anti-rabbit conjugated to TRITC 
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(Sigma, at 1:200), and goat anti-chicken Cy5 (Abcam, at 1:200) were used as secondary antibodies. 

Cell nuclei were stained with DAPI (1:2000). 

Statistical analysis. Data were collected in triplicate from ≥3 independent experiments. Statistical 

significance was calculated and determined using ANOVA. P-values <0.05 were considered 

statistically significant.

Results 

RTG-AuNP synthesis. Using our previously established RTG-lysine as a platform28, here we 

developed a novel 3D RTG-AuNP hydrogel. The objective of this system was to provide (1) a 

conductive, low viscous injectable hydrogel that (2) supports long-term survival of co-cultured 

CMs and CFs. First, we synthetized AuNPs with COOH functional groups (Figure 1A), which are 

easily dispersed in water (Figure S1A). Next, the size and morphological characterization of the 

AuNPs-COOH was analyzed by both UV/Vis spectroscopy and TEM (Figure 1B and Figure 1C). 

UV/Vis readings showed a surface plasmon absorbance peak at 528 nm, indicating an AuNPs-

COOH size of approximately 35 nm diameter (Figure 1B).  Using TEM analysis, the AuNPs-

COOH were shown to have a rounded morphology with an approximate average diameter of 32 

+/- 8 nm (Figure 1C).  
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9

Figure 1. AuNP characterization. A) AuNPs-COOH chemical structure. B) UV/Vis reading 

showed an absorbance peak around 528 nm. C) The AuNPs-COOH present a rounded morphology 

with a diameter of ~32 nm, as shown via TEM analysis.

The RTG-lysine then had its free primary amine groups covalently conjugated to the AuNPs-

COOH to obtain RTG-AuNPs, as shown in Scheme 2.

Scheme 2. Representation of the RTG-AuNPs synthesis. 

To confirm the chemical linkage of the AuNPs within the RTG-lysine, TGA analysis was 

performed (Figure 2A). No component separation was observed during the material 

decomposition in both the RTG-lysine and RTG-AuNPs hydrogels, meaning no residuals of 

unreacted compounds12. The single weight loss in the RTG-AuNPs confirms the chemical 

conjugation of the AuNPs to the RTG-lysine backbone. Both polymer systems presented similar 

decomposition kinetics; initial decomposition of the RTG-lysine was observed at 435°C with a 

mass of 97%, while the RTG-AuNPs began to decompose at 425°C with a mass loss of 95%. Both 
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10

polymers were completely decomposed by 700°C. As expected, resistance of the RTG-AuNPs 

polymer was found to be significantly lower than that of the RTG-lysine (hydrogel without 

conjugated AuNPs), as measured at 37°C (140.1 KΩ + 34.9 and 333.653 KΩ + 50.46, 

respectively), validating the conductive properties of the RTG-AuNPs (Figure 2B). 

The mechanical properties of both hydrogels were determined using oscillatory shear rheology 

(Figure 2C). Both hydrogels were found to have a sol-to-gel phase transition of approximately 

35°C, making them ideal for biomedical applications as this is close to body temperature. 

Viscoelastic properties of both hydrogels were present at 37°C, however the RTG-AuNPs 

presented a significantly higher G’ moduli (G’ = 255.3 ± 45.2 Pa; n=6) than the RTG-lysine (G’ = 

181.7 ± 53.06 Pa; n=6) (Figure S1B). A frequency sweep analysis was also performed. Figure 

S1C shows that below 1 rad/sec the hydrogels present viscoelastic properties that increase with 

the angular frequency. At high frequencies, above 1 rad/sec, G” values dominate in both hydrogels. 

The viscosities of both hydrogels were also analyzed. NRVM culture media was used for 

comparison. Both RTG-lysine and RTG-AuNPs solutions (at 3% [w/w]) possess viscosities similar 

to that of cell culture media (Figure 2D) (media: 21.9 + 0.7 mPa.s; RTG-lysine: 22.58 +1.3 mPa.s; 

RTG-AuNPs: 23.56 + 2.5 mPa.s). 
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11

Figure 2. Characterization of the RTG-lysine and RTG-AuNPs hydrogels. A) a single weight loss 

monitored by TGA analysis demonstrates AuNPs chemical conjugation to the RTG-lysine. B) 

Resistance measurements demonstrating that the RTG-AuNPs system is more conductive than the 

RTG-lysine system. p value: ****<0.0001. Data are presented as mean ± S.D. C). The RTG-

AuNPs system presents significantly higher mechanical properties to those of the RTG-lysine 

system. Data are presented as mean ± S.D. D) The viscosity of both the RTG-AuNPs and RTG-

lysine systems at 3% (w/w) concentration are similar to that of the NRVM cell culture media. 

(N/S: non-significant). Data presented as mean ± S.D
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12

XPS analysis was performed to further confirm the presence of the AuNPs in the RTG-AuNPs. 

Figure 3A shows XPS survey spectra of the RTG-AuNPs and the RTG-lysine hydrogels. As 

expected, the results demonstrate the presence of Au4f in the RTG-AuNPs hydrogel. Elemental 

analysis revealed that Au comprises around 0.3% of the hydrogel composition (Figure 3B).

Figure 3. High-resolution XPS spectra relevant to Au4f regions of RTG-AuNP and RTG-lysine 

hydrogels, respectively. A) Characteristic peaks of Au4f were observed at 87 and 84.5 eV which 

confirm the presence of AuNPs in the RTG-AuNPs. B) Elemental analysis of both hydrogels 

further indicates the AuNPs within the RTG-AuNPs.

3D morphological characterization of the RTG-AuNPs system was also performed. Side and cross 

sections (generated via vertical and horizontal cuts, respectively, as shown in Figure 4A) revealed 

the 3D structure of the RTG-AuNPs system. Specifically, side sections demonstrated that the RTG-

AuNPs assemble into a laminar sheet-like conformation upon gelling, providing a structure ideal 

for supporting cell orientation (Figure 4B). Cross sections revealed a highly interconnected and 

porous network (Figure 4C). 
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Figure 4. A) The morphological characterization of the RTG-AuNPs was analyzed in vertical and 

horizontal cuts. B) Vertical cuts of the hydrogel demonstrate a laminar sheet-like configuration. 

C) Horizontal cuts of the hydrogel showed a highly interconnected porosity.

In vitro long-term survival of NRVM and CF co-culture. To determine whether the RTG-

AuNPs hydrogel would be supportive of long-term 3D culture of cells similar to those found in 

vivo, we co-cultured NRVMs and CFs within this hydrogel system over a period of 21 days. CFs 

normally comprise approximately 10% of the total cell population derived from our standard 

NRVM preparation protocol36,37. We had previously analyzed the cell population of the non-

cardiomyocyte cells within our cell culture isolation protocol and we were not able to detect non-

cardiomyocyte cells but CFs only28,34. The RTG-lysine hydrogel and traditional 2D, gelatin-

coated-dishes were both used as controls; such gelatin-coated dishes are typically recommended 

and used to successfully culture NRVM35. Both 2D and 3D culture systems received the same 

growth media, using a similar media change schedule protocol. Following 21 days of culture in 

the 3D or 2D systems, immunocytochemistry was performed using antibodies against α-actinin, a 

CM-specific marker, and vimentin, a CF-specific marker (Figure 5A), to determine how the 

percentages of subpopulations varied in these culture systems. Confocal microscopy revealed that 
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a significantly greater percentage of cells expressed α-actinin (i.e., were NRVMs) in the RTG-

AuNPs system compared to the 2D gelatin control system (56% + 10 vs. 43.3% + 7.7, 

respectively). The percentage of α-actinin-positive cells was significantly higher in the RTG-lysine 

system (73.5% + 0.97) compared to both the 2D gelatin control and RTG-AuNPs system (Figure 

5B).

 

Figure 5. Immunocytochemistry labeling of NRVMs and CFs cultured in 2D and 3D systems for 

21 days. A)  Antibody staining against α-actinin (green) and vimentin (pink) label NRVMs and 

CFs, respectively, with nuclei labeled using DAPI (blue). B) Quantification of 

immunocytochemistry staining against α-actinin indicates percentage of cells likely to be NRVMs, 

showing both 3D systems to contain a greater percentage of NRVMs than the 2D gelatin control. 

Scale bar 40 m. p values: *<0.023, **<0.0017 and ****<0.0001. Data are presented as mean ± 

S.D.

Following 21 days of culture in the 3D or 2D systems, immunocytochemistry was performed using 

an antibody against connexin 43 (Cx43), a gap junction protein, to determine the degree and 

localization of expression of this protein in the culture systems (Figure 6A). Confocal microscopy 
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revealed cells cultured in the RTG-AuNPs hydrogel have stet greater Cx43 staining area (3.2 + 

1.96 m2) compared to cells in the 2D gelatin control system (0.26 + 0.1 m2) and the RTG-lysine 

system (0.89 + 0.13 m2) (Figure 6B). 

Figure 6. Immunocytochemistry labeling of gap junctions in NRVMs cultured in 2D and 3D 

systems for 21 days. (A) Antibody staining against connexin 43 (Cx43) (red) and α-actinin (green), 

with nuclei labeled using DAPI (blue). (B) Quantification of immunocytochemistry staining 

against Cx43 to indicate surface area of NRVMs positive for this gap junction protein, showing 

the RTG-AuNPs system to contain the largest Cx43-positive area. Scale bar: 40 m. p values: 

**<0.0021 and *** <0.0002. Data are presented as mean ± S.D.

Discussion. Previously we demonstrated that our RTG-lysine hydrogel system supports long-term 

cardiomyocyte survival for up to 21 days. For the current work, our aim was to develop a 

conductive, injectable RTG functionalized with AuNPs and to assess its ability to function as a 3D 
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scaffold supportive of a co-culture of CMs and CFs but emphasizing long-term CMs survival. 

AuNPs were selected as an ideal conductive material to incorporate due to their high 

biocompatibility and inert properties27,38. In addition, several recent studies have shown that 

polymeric materials functionalized with AuNPs can improve electrical communication between 

conductive cells such as CMs and neurons39. For example, Nair et al. found that a decellularized 

porcine matrix conjugated with AuNPs promoted growth and proliferation of rat myoblasts (H9C2 

cells) 40. Similarly, Shevach et al. found that fibrous decellularized omental matrices with 

deposited AuNPs improved elongation, alignment, and cardiac function of NRVMs (compared to 

matrices devoid of AuNPs) 22. Baranes et al. similarly demonstrated that AuNPs embedded within 

the surface of electrospun nanofibers encouraged longer neurite outgrowth of primary neurons23. 

In this work, we were able to chemically incorporate AuNPs-COOH within our highly 

biocompatible RTG-lysine hydrogel. AuNPs-COOH were characterized with TEM and UV/Vis 

spectroscopy. It has been reported that spherical AuNPs diameter can be calculated using multipole 

scattering theory from UV/Vis spectroscopy data41,42. Using this method, we determined the 

diameter of the AuNPs-COOH, which was in the range of 35 nm. Similar values were obtained 

using TEM (32 +/- 8 nm), demonstrating the precision of this approach. AuNPs-COOH were well 

dispersed in water as shown in Figure S1A. This property simplified their conjugation within the 

RTG-lysine hydrogel and avoided the use of further polymer purification methods. The chemical 

incorporation of AuNPs-COOH was demonstrated by both TGA and XPS. TGA results show a 

single weight loss event in the RTG-AuNPs hydrogel, meaning no residuals of unreacted 

compounds34. These results confirm the conjugation of the AuNPs to the RTG-lysine backbone. 

The presence of gold and its % composition within the polymer was evaluated by XPS. Figure 3 

shows a high resolution XPS spectra of the RTG-lysine and the RTG-AuNPs in which two doublets 

Page 16 of 34

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17

of Au 4f, Au 4f 5/7 and Au 4f 7/2, located at 87.1 and 84. 5 eV are present in the RTG-AuNPs 

hydrogel. The positions of these doublets are similar to those reported by other authors43–45, thus 

demonstrating that the AuNPs were well conjugated into the RTG-lysine hydrogel.

The injectable RTG-AuNPs hydrogel system presented here holds several advantages over 

bioengineered patch systems. The first advantage of the RTG-AuNPs system is that it possesses a 

highly porous structure that is able to host embedded cells within its 3D matrix. Thanks to its 

highly interconnected porosity, encapsulated cells can easily elongate and interconnect with each 

other, without forced rearrangement of their surrounding microenvironment. It has previously been 

reported that the porosity and pore size of 3D scaffolds unsurprisingly has an important effect on 

encapsulated cells, as open and interconnected porous networks are essential for proper cell 

nutrition, proliferation, and migration46,47. As previously mentioned, side sections of the RTG-

AuNPs observed via SEM show a laminar sheet-like configuration, which likely aids in proper 

NRVM orientation and elongation. Cell alignment is particularly important for immature CMs as 

it promotes mechanical integrity, electrical conduction, contractile efficiency and ultimately leads 

to cell maturation48–51. A laminar sheet-like configuration has been also observed in our other RTG 

systems as well30 and it has favored other cell types. We have previously reported that this laminar 

assembly depends on the concentration of the polymer solution30. Hydrogels with polymer 

concentrations belong 2.5 %, (W/W %) assemble into heterogeneous structures30. 

 A second advantage of the RTG-AuNPs system is that it possesses decreased resistance, and 

thus increased conductivity, compared to the RTG-lysine system. Although the resistance of  

metallic bulk gold is in approximately 2.4 x 10-11 K52,53, a reflection of it being it a highly 

conductive material, the number of free amine groups in the RTG-lysine system limits the number 

of AuNPs-COOH conjugation sites and thus, the amount of Au within the RTG-AuNPs was only 
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0.3% as estimated by XPS elemental analysis. However, despite the small amount of AuNPs 

conjugated with the RTG-lysine hydrogel, the RTG-AuNPs hydrogel still has a higher resistance 

than the plain RTG-lysine and that can be appreciated in the increased amount of Cx43 observed 

within the CMs cultured in the RTG-AuNPs hydrogel.

Another advantage of the RTG-AuNPs hydrogel is its low viscosity, which is similar to that of cell 

culture media. This property allows the RTG-lysine and the RTG-AuNPs hydrogels to be easily 

injected through a small gauge needle, as demonstrated in the supportive information videos S1 

and S2. It has been previously reported that hydrogels with low viscosity are easier to inject than 

hydrogels with a high viscosity 54. From an application point of view, minimally invasive therapies 

are very appealing for tissue engineering approaches12,55 and therefore the injectable property of 

RTG-AuNPs is a major advantage for both in vivo studies and future translational therapeutic 

applications. 

In the current work, we aimed to first develop and characterize the injectable biocompatible 

conductive hydrogel. We were able to show that both the mechanical properties, storage and loss 

modulus of the RTG-AuNPs hydrogel are low, which is characteristic of physical gels at low 

polymer concentration28,34. Moreover, we found that at high angular frequency (above 1 rad/sec) 

both hydrogels behave like viscoelastic liquids. These results further confirm that both RTG 

hydrogels are weak gels due to their weak physical gelation properties56. Although we have 

reported previously that increasing the concentration of the polymer in solution leads to an increase 

in the mechanical properties of the type of RTG hydrogels tested for this investigation30, several 

investigations have reported the successful use of hydrogels with low mechanical properties in 

both in vitro28,34,57–60 and in in vivo61,62 cardiac tissue engineering studies. We have previously 

demonstrated that NRVMs cultured in our soft 3D RTG-lysine hydrogel present long-term 
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viability for up to 21 days with increased Cx43 area when compared with traditional 2D gelatin 

controls28. We also demonstrate the functional improvement of NRVMs cultured in 3D RTG-CNT 

soft gels and their increased Cx43 area and more homogeneous calcium transients for up to 21 

days when cultured in these soft hydrogels systems34. Geuss et al. demonstrated that HL-1 

cardiomyocytes cultured in PEGylated Fibrin hydrogels, with storage moduli of 123.5 + 29.6 Pa, 

spread better than PEGylated Fibrin hydrogels, with storage moduli of 966.8 + 85.5 Pa59. Hao et 

al. tested fulleren/alginate hydrogels, with storage moduli in the range of 600 Pa, as a delivery 

system of brown adipose-derived stem cells in a rat MI model. They demonstrated that the 

hydrogels improve the retention and survival of the implanted cells and induced angiogenesis, 

which promoted cardiac function recovery61. Singelyn et al. proved that hydrogels derived from 

decellularized pig ventricular extracellular matrix, with low mechanical properties, were able to 

maintain cardiac function in a rat MI model without inducing arrhythmias63. Wassennaar et al. 

have shown that porcine myocardial hydrogel with low mechanical properties alters several 

remodeling pathways after MI promoting pro-regenerative environment in the injured tissue64. 

Moreover, Rane et al. has demonstrated that structural reinforcement of injured cardiac tissue, due 

to the mechanical properties of hydrogels, is insufficient to prevent cardiac remodeling: they found 

that bioactivity and cell infiltration within injectable materials have a key role in improving cardiac 

function in the injured tissue65. 

Material degradation is another important property for tissue engineering applications. While 

degradable hydrogels may be desirable, inert, non-degradable materials can also be used for 

cardiac regeneration11. We have previously reported that modifying the chemistry composition of 

the PNIPAAm co-polymer used in the synthesis of our RTG systems can lead to fast or slow 

degradations rates of our hydrogels66. 
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Finally, we evaluated the ability of our RTG-AuNPs system to support NRVMs and CF in a co-

culture. This analysis was crucial to determine the feasibility of this material for use as a scaffold 

in cardiac tissue applications. As discussed above, we encapsulated a co-culture of NRVMs and 

CFs within the RTG-AuNPs system. Because the RTG-AuNPs is in a solution at room 

temperature, encapsulation of cardiac cells was easily achieved through simple mixing of the RTG-

AuNPs with the cell suspension at room temperature. While the electroactive RTG-AuNPs 

maintained the growth of NRVMs in co-culture with CFs for at least 21 days, the percentage of 

NRVMs was surprisingly lower in the 3D RTG-AuNPs system compared with the RTG-lysine 

system. However, this may be beneficial for the NRVMs as CFs provide mechanotransductive 

cues that can improve CM function67. Finally, we demonstrated that when cultured in the 3D RTG-

AuNPs, the NRVMs had a significantly greater area of Cx43-positive cells when compared to 2D 

gelatin controls and the RTG-lysine hydrogel. This may be due to the electrical cues of the RTG-

AuNPs promoting a more organized, and hence better defined, area of Cx43 expression. It has 

been reported by several authors that correct organization of Cx43 plays an important role for 

normal cardiac function. Unorganized Cx43 can lead to cardiac arrhythmias68–70. Here we have 

demonstrated that RTG-AuNPs hydrogel induces a more organized and increased Cx43 

localization, which is beneficial for CM function36. Overall, our results suggest that the RTG-

AuNPs system supports long-term cardiac cell survival (for at least 21 days) in co-culture with 

CFs with increased and more organized Cx43 expression, making the RTG-AuNPs polymer 

promising for use in in vivo applications (on-going study). Although this study was performed with 

cardiac cells, this system should not be limited for cardiac tissue engineering applications as it can 

be beneficial for other conductive cells such as neurons. 
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Conclusion. Here we demonstrate that our injectable, conductive, and low viscosity RTG-AuNP 

hydrogel, which conveniently transitions to a 3D matrix by temperature stimuli, can provide both 

topographical and electrophysiological cues supportive of culturing both NRVMs and CFs. This 

system specifically promotes long-term CM survival with an increased surface area positive for 

Cx43. Finally, we believe that our RTG-AuNPs system holds tremendous potential for both 

minimally invasive approaches to repairing damaged heart tissues as well as use for 3D in vitro 

cardiac modeling investigations.
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