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FSTL-1 loaded 3D bioprinted vascular
patch regenerates the ischemic heart tissue

Boeun Hwang,1 Lauren Korsnick,1 Ming Shen,2 Linqi Jin,1 Yamini Singh,1 Mostafa Abdalla,1

Holly Bauser-Heaton,1,2,3,4 and Vahid Serpooshan1,2,3,5,*
SUMMARY

Cardiac patch strategies are developed as a promising approach to regenerate the injured heart after
myocardial infarction (MI). This study integrated 3D bioprinting and cardioprotective paracrine signaling
to fabricate vascular patch devices containing endothelial cells (ECs) and the regenerative follistatin-like 1
(FSTL1) peptide. Engineered patch supported the 3D culture of ECs in both static and dynamic culture,
forming a uniform endothelium on the printed channels. Implantation of vascular patch onto a rat model
of acute MI resulted in significant reduction of scar formation, left ventricle dilation, and wall thinning, as
well as enhanced ejection fraction. Furthermore, increased vascularization and proliferation of cardiomyo-
cytes were observed in hearts treated with patches. These findings highlight the remarkable capacity of
3D bioprinted vascular patch to augment the endogenous regenerative capacity of mammalian heart,
together with the exogenous cardioprotective function, to serve as a robust therapeutic device to treat
acute MI.

INTRODUCTION

Myocardial infarction (MI) is an ischemic heart injury caused by the blocking of coronary arteries. The insufficient blood supply to the myocar-

dium results in irreversible damage to the heartmuscle and impairs heart function. Despite the recent advances in cardiovascular research, the

recovery of cardiac function and structure after MI has remained a challenge. The major difficulties with treating injured heart muscle stem

from the extremely low proliferative capacity of cardiomyocytes (CMs). Since adult mammalian CMs do not effectively replicate, the damaged

myocardium cannot be replaced with new healthy muscle tissue to restore cardiac function. Over the past decades, many studies have inves-

tigated novel therapies to regeneratemyocardial tissue after injury.1–3 Cardiac patches are developed as a tissue engineered device and have

shown promising outcomes in restoring the cardiac structure and function after infarction.4–7 Previous studies have demonstrated that the

placement of a cardiac patch can provide mechanical support to the left ventricle (LV) and mitigate adverse remodeling.8–10 However,

the conventional patch devices have faced various challenges such as the poor capacity to regenerate myocardium and integrate with the

host tissue, highlighting the need for more functionalized cardiac patches.11 Recent research endeavors, therefore, have explored a variety

of novel approaches to further enhance the regenerative capacity and function of patch devices.4,12–14

Vascularization of engineered tissue analogues is essential to develop patch devices at anatomically relevant scales. Incorporating vascu-

lature can enhance the diffusion of oxygen and nutrient throughout the cellularized scaffold, resulting in increased viability and functionality of

embedded cells.15–17 Moreover, the vascular network, pre-formed within the engineered construct, can facilitate integration with the host

tissue.18–22 Efforts have been made to create vascularized tissues by embedding endothelial cells (ECs) or microvessel fragments within

the constructs.23–27 When encapsulated inside, ECs can form self-assembled connections and create microvascular networks.28,29 Another

approach of vascularizing engineered tissues is based on creating interconnected patent channels within the 3D scaffolds during the bio-

fabrication process.24,30While these strategies have resulted in significant improvement in vascularization of 3D tissues, the efficacy of forming

functional vascular systemswould be limitedwithout directing proper flow through these constructs. Therefore, further research and technical

advancements are focused on fabricating pre-formed 3D vascular tissue constructs that allow for long-term vascular perfusion to ensure

adequate functionality and biomimicry.31–33

Follistatin-like 1 (FSTL1) is a glycoprotein involved in various biological processes, including cell proliferation, survival, and angiogen-

esis.34–36 Its cardioprotective and angiogenic role has been highlighted in preventing adverse effects of ischemic heart injuries.37,38 Previous

studies have found that delivery or over-expression of FSTL1 in heart can significantly improve cardiac function after MI and promote

regeneration of the adult myocardium.5,39,40 While FSTL1-laden patches have been developed to leverage the cardioprotective and
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Figure 1. Schematic illustration of the research workflow

(A) A hybrid bioink formulation was developed, containing gelatin methacrylate (GelMA), fibrinogen, and sacrificial gelatin, as the three ECM components, as well

as therapeutic factors, including GFP-labeled human umbilical vein endothelial cells (HUVECs) and follistatin-like 1 (FSTL1) protein.

(B) A multistep biofabrication process was developed and employed to create the 3D vascular cardiac patch. The steps included casting the bottom layer into a

disc-shapedmold (i), 3D bioprinting the vascular channels via sacrificial Pluronic (ii), and casting the top layer (iii) to complete the fabrication process. The inset in

the bottom shows the printing step for creating a 3D vascular network onto the bottom hydrogel layer.

(C) Fabricated patch constructs were next seeded with GFP-HUVECs, in the luminal space, to ensure full endothelialization of vascular channels. Scale bar: 2mm.
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Figure 1. Continued

(D) Patch constructs were characterized via structural fidelity analysis (i), microindentation (ii), and scanning electron microscopy (SEM) (iii).

(E) Cellular patch constructs were tested in vitro, under static (i) and dynamic (ii) culture conditions using a perfusion bioreactor system.

(F) The optimal patch constructs were tested in vivo, in a rat model of myocardial infarction (MI), where the engineered patch was immediately grafted onto the

epicardium. The arrows point to the MI/patch regions.

(G) The timelines used for the in vitro (i) and in vivo (ii) studies.
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pro-proliferative effects of FSTL1, they were cast using extracellular matrix (ECM) proteins (e.g., collagen type I), lacking a functional vascu-

lature.5,6,41 In another report, a bi-layer proteinaceous hydrogel patch loaded with FSTL1 was 3D bioprinted and their ability to form archi-

tecturally intricate designs was demonstrated.39 However, prior therapies were only comprised of FSTL1 and biomaterials without cellular

components, which could limit the engraftment and integration of the implant with the host myocardium.39,42 Therefore, there is evident

need for studies focusing on the orchestration of bioactive materials, regenerative molecules, and cellularization of cardiac patch devices.

In this study, a 3D bioprinted perfusable vascular cardiac patch was developed and loaded with human umbilical vein ECs (HUVECs) and

FSTL1 to enhance the regenerative function of the patch. The printed channel network in the patch was endothelialized to create a vessel-like

structure. Engineered patches showed patent vasculature with EC lining following perfusion. In the in vivo assays, FSTL1-loaded endothelial-

ized patches significantly improved the cardiac function after MI, demonstrating the promising therapeutic potential of the cellular FSTL1

patch in regenerating the adult mammalian myocardium after injury.
RESULTS
3D bioprinting of cardiac patches and their characterization

To create cardiac patch devices, a hybrid bioink was formulated at 6%GelMA, 5% gelatin, and 1% fibrinogen and loadedwith GFP-HUVECs at

10M cells/mL and FSTL1 at 5 mg/mL (Figure 1A). This cellular bioink was cast into a negative mold of the patch design. A bifurcated vascular

channel was extrusion-printed with a sacrificial bioink (Pluronic) and another cellular bioink layer was cast to complete the cardiac patch fabri-

cation (Figure 1B). The patch constructs were crosslinked with UV and transferred to EC media with thrombin to polymerize fibrinogen to

fibrin. Vascular channels within scaffolds were further seeded with HUVECs (in addition to bulk EC in the ink) to ensure full endothelization

of lumens (Figure 1C). A series of physiomechanical characterizations were conducted to achieve optimal patch fabrication parameters (Fig-

ure 1D), followed by in vitro (Figure 1E) and in vivo (Figure 1F) assessment of cellular patch function over 2 and 4 weeks (Figure 1G).

Cardiac patches were first characterized for manufacturing fidelity and structural stability (Figure 2A). To assess the effect of encapsulating

cells in the bioink in manufacturing fidelity and alterations in patch dimensions over time, both cellular and acellular patches were investi-

gated. Fidelity ratio was calculated by comparing the measured geometric parameters to the corresponding values in the CAD (STL) model

(Figure 2A, i). Therefore, a ratio value of 1 would indicate an ideal manufacturing fidelity. At the day 0 of fabrication, both cellular and acellular

constructs showed fidelity ratios approaching 1.00 for the patch diameter (0.87–0.97) and channel sizes (1.10–1.16) (Figure 2A, ii-iv). However,

the changes in patch dimensions after 14 days of culture at 37�C varied across the groups. The diameters of both cellular and acellular scaf-

folds remained consistent, with marginal increase in acellular patch diameter and decrease in cellular patch diameter (Figure 2A, ii-iv). On the

other hand, the inner channel diameters of acellular patches decreased significantly for both channels 1 and 2 (Figure 2A, iv). There was a

decrease in channel 1 for cellular patches that were cultured in static, but not in perfusion culture. Unlike acellular constructs, the cellular

patches remained more stable during culture in both diameter and channel size.

The microindentation tests also demonstrated distinct mechanical properties of cellular versus acellular constructs on day 0. While the

same composition of bioink (6% GelMA, 5% gelatin, 1% fibrinogen) was used, the addition of cells led to a decrease in patch stiffness

(8.1 G 1.2 kPa) when compared with acellular scaffolds (17.5 G 1.7 kPa) (Figure 2B). Of note, the stiffness of cellular and acellular structures

followed opposite directions after 14 days of culture. The acellular patches decreased in elastic modulus while the cellular patches showed

increased moduli (Figure 2B).

Following fidelity and micro-mechanical analyses, the ultrastructure of (acellular) cardiac patches was examined using SEM (Figure 2C).

Patch constructs showed a highly porous structure throughout the scaffold, with the average pore diameter of 58.2G 33.5 mm (Figure 2C, iv).

The pore diameters ranged widely from 12.7 to 157.0 mm, and the majority of the pores had a diameter at the 25–90 mm interval.
Endothelialization and in vitro culture of FSTL1-loaded cardiac patches

Following fabrication of patch constructs using the composite cellular bioink with or without FSTL1, the cardiac patches were crosslinked un-

der UV and then polymerized with thrombin (to crosslink the fibrinogen component in the ink into fibrin). The channels within the patch were

hollowed out by dissolving the sacrificial Pluronic network. Subsequently, the pre-formed vasculature was seeded with HUVECs (8M cells/mL)

through manual injecting of the cell suspension into the luminal space. EC seeding was performed twice, on days 1 and 2 (Figure 1G), with a

180-degree rotation of patches, to ensure uniform endothelialization of the channels. AlamarBlue reduction assay was used asmeasure of cell

viability and growth at days 3, 7, and 14 of culture. The AlamarBlue reduction for both (�) FSTL1 and (+) FSTL1 groups significantly increased

from day 3 (11.6G 0.8% and 12.6G 0.6%, respectively) to day 7 (17.8G 0.5% and 18.7G 0.7%, respectively) and reached a plateau by day 14

(16.7 G 0.2% and 16.6 G 1.0%, respectively) (Figure 3A).

Following the endothelialization of patches in static culture, we assessed perfusion capability of constructs (Figures 3B and 3C). Cardiac

patches were endothelialized and cultured in static condition for 7 days and subsequently perfused for 7 days. IHC images of patches on day
iScience 27, 110770, October 18, 2024 3



Figure 2. Characterization of biofabricated vascular patches

(A) Structural fidelity and stability were assessed bymeasuring various geometric parameters of the patch design (i). Bright field images of acellular (ii) and cellular

(iii) patches were captured at days 0 (baseline) and 14 of culture (static and dynamic) and used to quantify the patch diameter and channels 1–2 diameter values as

fidelity ratio (divided by the design values) (iv). Scale bars in all patch photos represent 2 mm. A sample size of n = 5 per group was used for fidelity calculations.

Statistical significance was determined by one-way ANOVA.

(B) Micromechanical testing was performed via microindentation and elastic moduli of cardiac patches at day 0 and day 14 of culture (static) were measured.

A sample size of n = 4 per group was used for mechanical tests. Data were analyzed using two-way ANOVA.

(C) Scanning electron microscopy (SEM) images (i-iii) were used to quantify pore size distribution (iv) within the 3D scaffolds. A sample size of n = 7 was used for

pore size analysis. Scale bars in i, ii, and iii are 2 mm, 300 mm, and 100 mm, respectively. *: p < 0.05, **: p < 0.01, ***: p < 0.005, and ****: p < 0.001. Data represent

mean G SEM.
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14 of static and dynamic culture exhibited strong expression of GFP, WGA, and DAPI of embedded and seeded HUVECs (Figure 3B). The

lumen of vascular channels was uniformly coveredwith ECs in patcheswith andwithout FSTL1, in static and dynamic flow,mimicking the native

vasculature. Moreover, IHC analysis demonstrated that HUVECs remained attached to the lumen in perfused channels and formed a thinner,

single-cell layer of endothelium, compared to the multilayer EC structure in the static group (Figure 3B, top vs. bottom). Whole-mount im-

aging of stained constructs showed the longitudinal view of the entire vascular patches cultured in static and perfusion conditions, further

confirming the full endothelialization (Figures 3D and 3E). In these images, the GFP signal was stronger within the channels of the static-

cultured patch, likely due to the multilayer structure of ECs in that group.

To assess the angiogenic effect of FSTL1-loaded patch, the media supernatants were collected and tested for the levels of angiogenic

factors using a multiplex ELISA panel. Culturing of endothelialized cardiac patches led to increase in the majority of angiogenic factors

compared to the baseline control with unconditioned culture media (Figure 3F). FSTL1-loaded patches induced higher levels of angiogenic

activities compared to the patches without FSTL1. Significantly higher levels of EGF, FGF-4, and I-309 were detected in the FSTL1-loaded

patches, cultured under perfusion (Figure 3G, i-iii). Of note, the static culture groups did not show significant differences in the angiogenic

factor levels in the (�) and (+) FSTL1 conditions.

In vivo implantation and therapeutic effect of FSTL1-loaded cardiac patch

Therapeutic capability of the 3D biofabricated vascular patches was evaluated in a rat model of MI (Figure 4A, i-iv). Masson’s trichrome stain-

ing of the harvested hearts showed that after 4 weeks of implantation, patches remained adherent to the host myocardium andmaintained an

effective interface with the recipient tissue (Figures 4B and 4C). The MI group exhibited the most severe level of adverse ventricular remod-

eling, including the LV dilation, wall thinning, and fibrosis, as opposed to the patch treated groups (Figures 4B–4D). The epicardial application

of patch + FSTL1 significantly decreased the fibrotic area within the LV from 30.8 G 4.5% to 16.9 G 3.5% (p < 0.05; Figure 4D). Longitudinal

echocardiography was performed over the 4-week study period. The long-axis and short-axis images showed that implantation of cardiac
4 iScience 27, 110770, October 18, 2024



Figure 3. In vitro culture of vascular endothelialized patches with and without FSTL1

(A) AlamarBlue reduction as a measure of metabolic activity of human umbilical vein endothelial cells (HUVECs) within the 3D patches in static culture, with and

without FSTL1 (n = 4 per group) in the constructs, at days 3, 7, and 14. Data were assessed using one-way ANOVA.
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Figure 3. Continued

(B) Immunohistochemical (IHC) imaging of endothelialized vascular channels in the patches after 14 days of static (top) and dynamic (bottom) culture, in the

presence or absence of FSTL1 in the constructs. Green, red, and blue colors represent GFP (HUVECs), WGA (plasma membrane), and DAPI (nuclei) staining. For

each condition, images at two magnifications are presented. Scale bars in all images show 50 mm.

(C) i-ii: experimental set-up used for perfusion (dynamic culture) of cellular cardiac patches.

(D and E) Whole-mount IHC imaging of fully endothelialized patches after 14 days of static (D) and dynamic (E, i-iii) culture. Red and yellow boxes in (E, ii-iii) show

magnified views of the regions highlighted in (i). Scale bars in D and E (i) are 2 mm, and ones in E (ii) and E (iii) are 300 mm.

(F) A heatmap of angiogenesis markers for different study groups at days 7–14 of culture. A kit containing amicroarray of various conjugated antibodies was used

to test supernatant samples. Fresh culture media samples were used as control for normalization (n = 3 per group).

(G) i-iii: quantitative analysis of selected angiogenic factors (from the heatmap in F), showing some of the most significant differences across study groups

(n = 3 per group). Data analyzed with two-way ANOVA. *: p < 0.05, **: p < 0.01, ***: p < 0.005, and ****: p < 0.001. Data represent mean G SEM.
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patches can improve cardiac function and reduce LV remodeling after MI (Figure 4E). At week 4 after the MI, the group treated with patch +

FSTL1 exhibited significantly higher EF (55.9 G 3.4%) compared to the MI-only group (41.6 G 3.9%, p < 0.05; Figure 4F, i). Both patch and

patch + FSTL1 groups showed higher levels of EF compared to the MI-only group in both weeks 2 and 4, indicating the epicardial patch de-

livery could (partly) protect/restore the heart function post injury. In addition, the patch treated groups demonstrated reduced LV wall thin-

ning compared to the MI-only group where the LV wall thickness continued to decrease over 4 weeks (Figure 4F, ii). Based on the histology

measurements, there was also diminished LV dilation at week 4 in the patch treated groups (patch only at 5.6G 0.3 mm and patch + FSTL1 at

5.4 G 0.2 mm) compared to the MI-only group (6.3 G 0.3 mm) (Figures 4F and iii).

In addition to the functional assessment, IHC analysis of the harvested heart tissues confirmed the cardioprotective effect of FSTL1-loaded

cardiac patches (Figure 5). Confocal images revealed that by week 4, implanted patches effectively integrated with the host myocardium (Fig-

ure 5A). Further, the MI + patch + FSTL1 group showed more expression of vWF positive areas within the injury sites among all groups

(Figures 5B and 5C). To understand the regional differences in neovascularization in response to the patch treatment, the border and infarct

zones (BZ and IZ, respectively) were stained with cardiac troponin (cTnT) and vWF (Figure 5B). There was insignificant difference (p > 0.05) in

the vessel area % in the border zone of MI-only and MI + patch treated groups (Figure 5C). In contrast, MI + patch + FSTL1 treated group

showed substantial (p < 0.05) increase in the vessel area in the infarct zone, compared to both the MI-only and MI + patch groups (Figure 5C,

bottom).

To further understand the regenerative potential of FSTL1-loaded cardiac patch on the ischemic myocardium, the proportion of CMs that

express proliferative marker Ki67 was examined at week 4 (Figures 5D and 5E). IHC images and quantification of the signal indicated that the

patch + FSTL1 treated hearts showed the highest percentage of CM proliferation (Ki67+ cells as evidence of DNA synthesis43). While the % of

Ki67+ CMs showed an increasing trend both in the border and infarct zones, the only significant difference (p < 0.05) was observed between

the MI-only andMI + patch + FSTL1 group in the infarct zone (Figure 5E). Within the infarct zone of patch + FSTL1 treated hearts, the number

of proliferating CMs was 2.2 and 3.9-fold higher than that in the MI-only and MI + patch groups (Figure 5E, bottom).

The effect of FSTL1 on vascularization within the patch was shown by endothelial staining with isolectin B4 (IB4) and vWF within the patch

area (Figure S1). The staining of endothelial cells within the implanted patches demonstrates more EC presence and circular lumen formation

in the FSTL1-loaded patch (Figures S1C, S1D, and S1F) compared to the patch only (Figures S1A, S1B, and S1E).

To determine immune response to the implantation of cardiac patches, rat heart tissueswere stained for CD68macrophagemarkers within

the infarct site (Figure S2A). The number of CD68+macrophages within the infract zone of each injury group showed no significant difference,

suggesting that implantation of bioprinted patches does not increase macrophage infiltration (Figure S2B).
DISCUSSION

Aiming at developing an effective therapeutic device to combat adverse remodeling after MI and regenerate ischemic myocardium, this

study utilized amulti-step biofabrication process, consisting ofmold-casting and 3D bioprinting, to create functional vascular cardiac patches

(Figures 1A–1C). We employed a hybrid bioink, consisting of GelMA, gelatin, and fibrinogen, to create the vascular cardiac patch. As a chem-

ically modified gelatin-based material, GelMA is a versatile bioink due to its stability, tunability, and biocompatibility.44,45 The methacrylate

groups in the GelMA molecular structure can be crosslinked when activated by a photoinitiator and create covalent bonds, providing pro-

longed mechanical durability of the hydrogel. The structural stability of GelMA allows bioprinting of fine features, such as small vasculature

without sacrificing the fidelity. While mechanically stable, GelMA also offers adequate microenvironmental cues for cells to attach, remodel,

and proliferate.46,47 Gelatin solution was added to enhance biological activity of embedded cells and to increase printability of the bioink.48

The addition of gelatin to GelMA enables maintenance of structural fidelity by keeping the hydrogel stable during the printing process.49,50

After crosslinking of the printed structure, the sacrificial gelatin component is dissolved out during incubation due to its lowmelting point and

creates micro-scale gaps within the hydrogel.51 These micro-openings result in reduced elastic modulus of the printed structure and notable

increase in surface area for cells to attach and perform biological activities. Furthermore, fibrinogen was mixed into the composite bioink

to increase functionality of the hydrogel. As a native ECM protein, fibrin has been widely used in cardiovascular tissue engineering applica-

tions due to its biocompatibility and bioactivity.52 The multi-step biofabrication method implemented in this study, using the hybrid GelMA/

gelatin/fibrinogen bioink, loaded with ECs and FSTL1, enabled creating vascular patch devices with physiologically relevant ECM composi-

tion and vascular structure (Figure 1).
6 iScience 27, 110770, October 18, 2024
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Figure 4. In vivo assessment of the engineered cardiac patch function in a rat model of myocardial infarction (MI)

(A) The workflow used for the in vivo studies, including the ligation of left anterior descending artery (LAD) artery to induce MI (i), immediate patch grafting to

cover theMI and peri-MI regions (ii), and various structural/functional analyses such as echocardiography, and histology (iii). The timeline of the study is presented

in (iv).

(B and C) Masson’s trichrome staining of harvested heart tissues for four study groups: sham, MI-only, MI + patch, and MI + patch + FSTL1. Consecutive heart

sections (frombase to apex, B) at week 4 show the viablemyocardium (red) and infarct area (blue). Scale bars represent 5mm (B) and 500 mm (C). Yellow and green

arrows point to the ischemic tissue and the patch, respectively.

(D) Quantification of fibrotic tissue percentage of total left ventricular (LV) myocardium at week 4 post treatment, based on the Trichrome staining (n = 5 per

group). Data analyzed via one-way ANOVA.

(E) Echocardiogram images of study groups at week 4, showing long axis and short axis views.

(F) Ejection fraction (EF, i) and LV end-systolic anterior wall thickness (LVAWs, ii) measurements at baseline (week 0) and at week 2 and 4 post operation. A sample

size of n = 4 was used for the sham group, n = 5 for the MI-only, n = 7 for MI + patch, and n = 8 for MI + patch + FSTL1. Also, LV chamber diameter at week 4 was

quantified for different groups using the Trichrome staining images (iii). Data were analyzed using two-way ANOVA for F (i and ii), and using one-way ANOVA for F

(iii). A sample size of n = 4 was used for sham, n = 6 for MI-only, n = 8 for MI + patch, and n = 9 for MI + patch + FSTL1. *: p < 0.05, **: p < 0.01, ***: p < 0.005, and

****: p < 0.001. Data represent mean G SEM.
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Considering the hybrid nature of patch fabrication workflow, including both 3D bioprinting and casting techniques, assessment of struc-

tural fidelity of manufactured devices was of paramount importance. Consistent with our previous studies,53–56 fabricated constructs demon-

strated adequate levels of fidelity, approaching the ratio values of 1.0 for all parameters (Figure 2A). There was, however, a distinct behavior in

cellular constructs, in comparison to acellular samples, demonstratingmore stable structural features over time. This may be attributed to the

different swelling behavior of the two groups.57 As the hydrogel swells, the empty space within the channels is occupied by the swollenmatrix

and the channel sizes decrease over time. However, when there are cells encapsulated within the hydrogel, cells can actively remodel the

hydrogel, degrade the tissue and deposit their own ECM components, mitigating the swelling effects of the patches.58

A common challenge in biofabrication of cardiac tissue analogues is to achieve native-like stiffness (elastic modulus) within the 3D engi-

neered matrix, while maintaining adequate levels of printing fidelity, structural complexity (e.g., vasculature), and cellular function-

ality.4,25,59–61 Fine-tuning of crosslinking parameters enabled obtaining a biomimetic range of stiffness in engineered patch constructs

(8–18 kPa for cellular and acellular patches, respectively) (Figure 2B). These measurements corresponded with the optimal range of stiffness

reported previously to support maximal cardiac cell viability, function, and maturation (1–20 kPa).62–66 The reduced stiffness in cellular

patches, compared to acellular constructs, can be attributed to the role of embedded cells, occupying the spaces in between polymer chains,

and preventing a complete crosslinking of GelMA-based bioink.67 This results in partial polymerization of GelMA and hence, softer cellular

patches.We also observed a decreasing trend of stiffness in acellular patches over time, in contrast to increased stiffness of cellular devices at

later time points (Figure 2B). This could be explained by the possible swelling of hydrogels and cellular activities/remodeling of the 3D ma-

trix.68 As the hydrogel swells in culture, the distance between the bioink polymers would increase, leading to weaker connections amongpoly-

mers and hence, lowered stiffness in the acellular group. The more stable structure and even slight shrinkage in cellular constructs can pre-

serve/strengthen the tightly packed network of bioink polymers. Further, the ECM deposited by the encapsulated cells would serve as fillers

for gaps within hydrogel and create ECM network among neighboring cells, resulting in enhanced mechanical properties of cellular

patches.58

Facilitated mass transport within large (centimeter scale) 3D tissue constructs is another critical requirement for engineered scaffolds to

ensure adequate levels of nutrient/waste exchange and cell function.69 While the bioprinted vascular network within the patch design in this

study enhanced the overall blood perfusion within the construct, the micro-pore structure should still allow for interstitial transport of mass

within the 3D scaffold. SEManalysis indicated that pore size profile (average pore diameter of 58 mm)was suitable for cell adhesion,migration,

and proliferation, as well as the exchange of nutrients and oxygenwithin the fabricated patch (Figure 2C).70,71 It should be noted that the SEM

sample preparation, specifically the freeze-drying process, resulted in partial deformation and shrinkage of the channels in the SEM images,

particularly around the inlet/outlet areas. However, these deformations were not observed in the in vitro and in vivo assays conducted in this

study. It is also likely though that the freeze-drying process affected the pore size in the 3D constructs, due to the freezing step, as well as the

negative pressure applied in the chamber, which may result in smaller pore size.72

While ECs were encapsulated the bioink to create the bulk patch structure, we also performed a secondary cellularization of these con-

structs, by manually seeding HUVECs onto the luminal space of bioprinted channels (Figure 3). Patch devices enabled perfusion of media

through the printed vasculature, via a bioreactor, simulating blood flow through the vessels in physiological conditions (Figure 3C). The

AlamarBlue and IHC analyses of endothelialized patch constructs suggested that the HUVECs remained viable andmetabolically active (pro-

liferative) within both patch groups under both static and dynamic culture. The patches exhibited single-layer homogeneous endothelializa-

tion of lumen after perfusion. Moreover, the addition of FSTL1 within the patch did not interfere with cellular activities (Figures 3A–3E). FSTL1

peptide is a factor known to promote angiogenesis.35,73 We therefore examined the angiogenic activity of FSTL1-loaded patches in vitro.

While the FSTL1 peptide did not yield significant differences in the angiogenic factor levels in the static culture, it upregulated angiogenic

activity in the dynamic group (Figures 3F and 3G). This suggests a potential synergistic effect when ECswithin 3D patches are exposed to both

intravascular flow and the FSTL1. Together, these results indicated that the vascular cardiac patches can be perfused and provide a viable and

supportive microenvironment for EC growth and function.

Several previous works, by our group5 and others,36,38,42 have demonstrated therapeutic capability of the FSTL1 cardiokine in treating

various ischemic heart injuries.74 This study examined the feasibility and efficacy of FSTL1 incorporation into a vascular bioprinted patch
8 iScience 27, 110770, October 18, 2024



Figure 5. Evaluation of patch-mediated angiogenesis and regeneration of myocardium in the rat model of myocardial infarction (MI)

(A) Representative immunohistochemical (IHC) images of the infarct region in theMI-only, MI + patch, andMI + patch + FSTL1 groups. Staining was performed at

week 4 post treatment for a-actinin (red), vWF (green), and DAPI (blue). Scale bars: 1 mm.
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Figure 5. Continued

(B) IHC analysis of heart/patch sections at week 4, staining for cTnT (red), vWF (green), andDAPI (blue) in the border zone (BZ, top row) and infarct zone (IZ, bottom

row). Scale bars: 50 mm.

(C) Quantitative analysis of blood vessel area in BZ (top) and IZ (bottom), based on the IHC images in (B). Groups included MI-only (n = 3), MI + patch (n = 4), and

MI + patch + FSTL1 (n = 4).

(D) Expression of a-actinin (red), Ki67 (green), and DAPI (blue) in the border and infarct zones (BZ and IZ in top and bottom rows, respectively). Scale bars: 50 mm.

(E) Quantification of cardiomyocyte (CM) proliferation in the BZ (top) and IZ (bottom) regions. Groups includedMI-only (n = 5), MI + patch (n = 5), andMI + patch +

FSTL1 (n = 4). *: p < 0.05, n.s.: not significant. Data represent mean G SEM and were assessed using one-way ANOVA.
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device (Figure 4). The integration of advanced biomanufacturing techniques, perfusable vascular network, and cardioprotective FSTL1 pep-

tide could establish more clinically relevant platforms to create patient and damage specific therapies for MI patients for whom, there are

typically no alternative therapies. The longitudinal echocardiography, together with histological and IHC analyses of rat hearts treated

with the FSTL1-loaded vascular patch demonstrated the significant impact of the treatment in preventing adverse LV remodeling processes

and improving cardiac function (Figures 4 and 5). The cardioprotective function of FSTL1-patch could be driven by multiple mechanisms,

including the anti-fibrotic effect (Figures 4B–4D), enhanced angiogenesis and neovascularization (Figures 5A–5C, and S1), and enhanced

CM proliferation (Figures 5D and 5E).

There was a�1.5-fold increase in the vessel area in the patch + FSTL1 treated hearts, compared to the empty patch group, suggesting that

the FSTL1 peptide laden in the patch was the primary contributor to the neovascularization of the infarct tissue (Figure 5C). We also examined

neovascularization inside the patch structure (Figure S1) which demonstrated noticeably higher levels of EC staining and evidence of lumen

formation in the patch + FSTL1 compared with the patch� FSTL1 group (red arrows, Figures S1C and S1D). These results are consistent with

previous reports on the angiogenic activity of FSTL1 chemokine,34,35,73,75 and signify the important role of FSTL1-loaded cardiac patch treat-

ment in promoting neovascularization within the injury site.

IHC analysis of harvested hearts also demonstrated the significant effect of FSTL1-patch treatment in promoting native CMs proliferation

(increase in Ki67+CMs), particularly in the infarct zone (Figure 5E). Although, the increasedKi67 signalmay indicateDNA synthesis without cell

division,76 and therefore, warrants further research. The enhanced CM proliferation, along with the boosted neovascularization, demon-

strated that the endothelialized vascular patch, laden with FSTL1, offered the highest cardioprotective and regenerative outcome for the

ischemic heart tissue. These regenerative responses at cellular level could explain the reduced remodeling of the LV (fibrotic scar formation,

LV dilation, and wall thinning) and preserved cardiac function after the patch + FSTL1 treatment.

Considering the significant role that the FSTL1 glycoprotein plays in the regulation of the immune and inflammatory responses,34,77,78 we

also examined the effect of FSTL1-patch therapy on the macrophage population in the heart sections (Figure S2). IHC imaging of macro-

phages (CD68, red) andCMs (cTnT, green) demonstrated no significant differences (p> 0.05) of CD68+ cells showed no significant differences

between MI-only and patch treated groups (with and without FSTL1). These results suggested that the FSTL1-patch treatment did not elicit

significant inflammatory response, which was in agreement with prior reports.5

In summary, the results observed from this study highlight the promising impact of 3D bioprinted cardiac patch devices, loaded with

vascular cells and pro-proliferative molecules, to support regeneration of the myocardium after MI. Considering the biocompatibility of

the hydrogel and tunability of the manufacturing process, these 3D vascular cardiac patches can be further utilized to deliver other types

of cells and molecules to the injury site and direct remuscularization of the heart.79–82 Furthermore, the cellularized vascular constructs can

be used as a 3D in vitro model to investigate various cellular responses to different stimuli and therapeutics in the context of physiological

or pathophysiological processes in the human cardiovascular system.
Limitations of the study

In the present study, the printed vasculature within the patch was not connected to the native vasculature in the myocardium due to the tech-

nical difficulty of the surgical anastomosis in the ratmodel. Conducting futurepatch studies in larger animalmodels could allow thedirect anas-

tomosis of the channels win the patch with the host tissue vasculature, hence, enablingmore effective engraftment and bloodperfusionwithin

thepatch. Future studies could alsomore closely examine the stability andpatencyof printedchannelswithin thepatch, following implantation

in vivo. It shouldbe noted that the increasedKi67 signalmay reflect increasedDNAsynthesis andpolyploidy in theCMs, independent from the

cell division (Ki67 is expressed in all cell cycle phases including the mitotic events).76 Therefore, future in-depth analysis of CM proliferation

using late cytokinesismarkers (e.g., aurora B) would be needed to further confirm the pro-proliferative effect of patch therapy.5 Further studies

could also examine the cascade of inflammatory events inmore detail and at serial time points postMI/treatment. Finally, evaluating the func-

tion of FSTL1-laden patch in larger animal models of acute and chronic MI (e.g., ischemia reperfusion injury83), and in immune compatible

models, wouldbeof great importance to assess thepotential of thedeveloped therapy for clinical translation.Delayedapplicationof thepatch

(e.g., one week post injury) in the chronic model would offer more clinical relevance for the translation of the biofabricated vascular patch.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

alpha-actinin Sigma-Aldrich Cat# A7811

Ki-67 Invitrogen Cat# PIPA519462

Cardiac troponin T (cTnT) Abcam Cat# ab8295

von Willebrand Factor (vWF) Proteintech Cat# 27186-1-AP

Alexa Fluor 488 Invitrogen Cat# A-21206

Alexa Fluor 555 Invitrogen Cat# A-21422

Alexa Fluor 594 Invitrogen Cat# A-21203

Alexa Fluor 488 Abcam Cat# ab150169

Green Fluorescent Protein (GFP) Aves Labs Cat# GFP-1020

DAPI Invitrogen Cat# D1306

Isolectin GS-IB4, Alexa 488 conjugate Invitrogen Cat# I21411

Wheat germ agglutinin (WGA) conjugate Biotium Cat# 29024-1

Chemicals, peptides, and recombinant proteins

2-Hydroxy-40-(2-hydroxyethoxy)-2-

methylpropiophenone

Sigma-Aldrich Cat# 410896

Porcine gelatin Sigma-Aldrich Cat# G2500-1KG

Fibrinogen Sigma-Aldrich Cat# F8630

Follistatin-like protein 1 Aviscera Cat# 00347-02-100

Pluronic F-127 Sigma-Aldrich Cat# P2443-250G

Thrombin Sigma-Aldrich Cat# T4648

Citrate buffer Sigma-Aldrich Cat# C9999

Critical commercial assays

alamarBlue Assay BIO-RAD Cat# BUF012B

Human Angiogenesis Array Q3 RayBiotech Cat# QAH-ANG-3-2

Trichrome Stain Kit Abcam Cat# ab150686

Experimental models: Cell lines

GFP-HUVEC ATCC PCS-100-013

Experimental models: Organisms/strains

Rat: Hsd:RH-Foxn1-rnu Envigo Cat# 005

Software and algorithms

Fusion 360 Autodesk

ImageJ National Institutes of Health

GraphPad Prism 10.2.3 GraphPad
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

HUVEC culture

All GFP-HUVEC (ATCC) was cultured in endothelial medium (LL-0003; LIFELINE) on tissue culture flasks and passaged every four to five days

with 0.05% Trypsin-EDTA (25-300-054; Gibco). All cells and cell-embedded constructs were maintained at 37�C and 5% CO2.

Bioink preparation

The GelMA bioink was synthesized as described previously.54,55,84 A stock solution of 20% (w/v) GelMA with 1% (w/v) Irgacure photoinitiator

(410896; Sigma-Aldrich) was used to create a composite bioink. The final GelMA/gelatin/fibrinogen bioink solution was prepared by mixing
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each component to the final concentrations of 6% (w/v) GelMA, 5% (w/v) gelatin, and 1% (w/v) fibrinogen (F8630; Sigma-Aldrich). FSTL1

(00347-02-100; Aviscera) was added to the composite bioink at 5 mg/mL to create FSTL1-loaded cardiac patches. GFP-HUVECs were encap-

sulated in the composite bioink at 10M cells/mL before printing to create a cellular bioink. A sacrificial Pluronic bioink was prepared bymixing

Pluronic F-127 (P2443-250G; Sigma-Aldrich) in PBS at 38% (w/v).84

Design and biofabrication of cardiac patch constructs

A vascular cardiac patch was designed with computer-aided design (CAD) software (Fusion 360, Autodesk). A disc-shaped patch design

(10 mm 3 2 mm) with a bifurcating vasculature (1-2-1 vessel tree consisting of 1.4 mm and 1 mm diameter channels) was created. A PDMS

mold with the geometry of the patch was used as a fabrication platform in which the patches were manufactured by alternating casting of

cellular composite bioink and bioprinting of a sacrificial vascular layer. First, a layer of cellular bioink was cast by pipetting the solution directly

into the PDMSmold. Subsequently, a bifurcating vascular pattern was imprinted onto the layer of cellular bioink to pre-form the vasculature.

Next, a sacrificial Pluronic ink was used to bioprint the vascular tree layer using an extrusion bioprinter (BioX; CELLINK). Finally, another layer

of cellular composite bioink was cast on top of the vascular layer to create a vascular cardiac patch. The fabricated cardiac patch was cross-

linked at 2.5 mW/cm2 for 90s on each side. After crosslinking, the construct was transferred to HUVEC media with 5 U thrombin/mL (T4648;

Sigma-Aldrich) overnight to ensure the conversion of fibrinogen to fibrin as well as dissolving of the sacrificial Pluronic to ensure formation of a

patent vascular network.

Endothelialization and in vitro culture of patch constructs

Channels of the fabricated patch constructs weremanually seeded with GFP-HUVECs to endothelialize the lumen of the prefabricated vascu-

lature. On day 1 after patch fabrication, GFP-HUVECs were collected at 8M cells/mL and injected into the empty channels. The seeded con-

structs were rotated every 15min for 1 h to ensure uniformattachment of cells. This seedingprocess was repeated on day 2with a 180o flipping

of constructs. Upon completion of GFP-HUVEC seeding, scaffolds weremaintained in static culture for 7 days. Next, the cellular scaffolds were

either transferred to perfusion culture or kept in static culture for another 7 days. Dynamic culture of patch constructs was performed by con-

necting the inlet and outlet of the patch vasculature to the peristaltic pump flow. For this purpose, the patch constructs were inserted into a

custom-printed housing, and the inlet of the vasculature was connected to the pump tubing through a needle connector (20G). The outlet of

the vasculature was aligned with the exit flow tubing (no needle connector), which was connected to a media reservoir. The flow rate of perfu-

sion culture was set at 200 mL/min. On day 14 of in vitro culture, patches were harvested from static or perfusion culture for further analysis.

Creating the rat model of MI – Application of cardiac patch

All studies were performed in accordance with the Guide for the Care and Use of Laboratory Animals and were approved by the Emory Insti-

tutional Animal Care and UseCommittee. Cardiac patches were studied in athymic nude rats. Male 6-7-week-old Hsd:RH-Foxn1-rnu rats were

purchased from Envigo. All animals were randomly allocated to experimental groups. Following our established protocols,5,7 a left thoracot-

omy was conducted, and permanent left anterior descending artery (LAD) ligation was performed by placing a 5-0 silk suture �2 mm below

the left atrium. Ligation was optically confirmed when the LV muscle tissue turned into a pale color. Immediately after MI, the engineered

patch was grafted onto the injured myocardium by suturing with one 7-0 silk suture on the periphery of the patch. Study group included

the sham control (underwent the left thoracotomy, without MI), MI-only (no treatment), and MI treated with patch or patch + FSTL1. A min-

imum number of n = 4 was used in each study group.

METHOD DETAILS

Structural fidelity and stability assessment of patch constructs

The structural fidelity of patch constructs was assessed by comparing the geometric dimensions of the CAD model to those of fabricated

scaffolds. Cellular constructs were manufactured as described above, and acellular patches were prepared without mixing GFP-HUVECs

with the bioink. The diameter and channel sizes were measured using a stereo microscope (SZX7; Olympus). Patch dimensions at day

0 and day 14 were analyzed to assess the structural stability of constructs.

Micromechanical characterization of patch constructs

Microindentation was performed as previously described33,56,85,86 to characterize mechanical properties of the cardiac patches. Briefly, a mi-

croindentation tester (Mach-1; Biomomentum) with a 300 mm spherical probe was used to generate a load-displacement curve. The reduced

elastic modulus (Er ) was derived from the unloading curves using the following formula87:

Er =

ffiffiffi
p

p
2b

S
ffiffiffiffiffiffiffiffiffiffiffiffi
AðhcÞ

p (Equation 1)

where b is a constant and equals 1, AðhcÞ is projected contact area at the contact depth of hc . It can be obtained from the following equation:

AðhcÞ = 2pRhc � phc
2 (Equation 2)
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where

hc = hmax � ε

Pmax

S
(Equation 3)

where hmax and Pmax are the peak unloading displacement and unloading force, respectively, and ε is a constant with a value of 0.75 for a

spherical indenter.88

The elastic modulus, E, can be calculated using the following equation87:

1

Er
=

ð1 � v2Þ
E

+
1 � v2

i

Ei
(Equation 4)

where v is the Poisson’s ratio of testedmaterial with a value of 0.5, and vi is 0.5 for the indenter tipmaterial.Ei represents the elasticmodulus of

the probe, with a value of 2 GPa.

Ultrastructural analysis – Pore size measurement

Pore diameter of fabricated 3D scaffolds were quantified using scanning electron microscopy (SEM). Patch constructs were fixed in 10%

neutral buffered formalin to preserve their morphology. After fixing, samples were washed in deionizied (DI) water, frozen at �80�C, and
lyophilized. The freeze-dried samples were examined using an SEM microscope (Axia ChemiSEM; Thermo Scientific). Pore sizes were quan-

tified by measuring the diameters of the imaged pores and plotting histograms as described before.89–91

AlamarBlue metabolic activity assay

Metabolic activity of HUVECs in patches was assessed using the AlamarBlue�metabolic activity assay (BUF012B; BIO-RAD) according to the

manufacturer’s manual.66,89 Briefly, cellular constructs were exposed to 10%AlamarBlue reagent (v/v) in ECmedia for 4 h at 37�C and 5%CO2.

Optical density of each supernatant was measured at 550 nm and 600 nm to quantify the metabolic activity as a measure of cell viability and

growth.

Immunofluorescent staining of in vitro patch constructs

In vitro cultured cellular patches were fixed at 10% natural buffered formalin before immunofluorescent staining. The patches were sectioned

at 200 mm thickness perpendicular to the channels, permeabilized, and blocked with 0.25% (v/v) Triton X-100 and 5% donkey serum for 45 min

at room temperature. Primary staining was conducted in 5% donkey serummixed with GFP primary antibody (GFP-1020; Aves Labs) at 1:500

by incubating at 4�C overnight. Secondary staining was performed by incubating sections in secondary antibody (Alexa 488, ab150169; Ab-

cam, 1:500 dilution) at room temperature for 2 h, covered from the light. WGA conjugate antibody (29024-1; Biotium) staining was performed

along with secondary antibody staining. Nuclei were stained with DAPI at 1:1000 for 15 min at room temperature. Leica Stellaris 8 confocal

microscope was used to image the sections.

Angiogenesis microarray analysis

To analyze the cytokine release profile associated with angiogenesis in culture, a human angiogenesis microarray (QAH-ANG-3-2;

RayBiotech) was used according to the manufacturer’s protocol.56 The supernatants of static and perfusion culture media were snap-frozen

and stored at�80�C until the assay was performed. The primary incubation with the supernatants was carried overnight at 4�C to ensure suf-

ficient binding of the target cytokines and the antibody array. The secondary incubation with fluorophore-conjugated antibodies was also

conducted overnight at 4�C to maximize the signal to noise ratio. The antibody signal was visualized with a microarray scanner (Innoscan

1100AL; Innopsys) and quantified using the data analysis template provided by the manufacturer.

Echocardiography

Cardiac function of rats was monitored at baseline (day 0), and 2 and 4 weeks after patch implantation. Echocardiography was performed on

rats using Vevo 3100 (FIJIFILM VisualSonics, Toronto, Canada). The rats were sedated with 2% isoflurane and placed on a heated platform in

supine position. Short-axis M-mode images were recorded at mid-LV where papillary muscles were detected. Functional and structural pa-

rameters of the heart, including ejection fraction (EF%), fractional shortening (FS%), LV diameters, and LV wall thicknesses were calculated

from the short-axis view echocardiogram.

Histology and immunohistochemical analysis of patch-treated hearts

Histological analysis was used to evaluate the hearts at the tissue and cellular level. Masson’s trichrome staining was performed according to

the manufacturer’s protocol for paraffin embedded samples. Hearts were harvested and fixed in formalin, processed, and embedded in

paraffin. The embedded hearts were sectioned at 10 mm thickness, unless noted otherwise. The fibrosis level was measured from histological

analyses, by quantifying the surface area of infarcted myocardial tissue (blue staining) within the LV. Immunohistochemical staining was per-

formed to assess cellular response to the cardiac patch treatment. Paraffin embedded heart sections were first deparaffinized in xylenes and

rehydrated with serial dilutions of ethanol. The sections were then permeabilized with 0.25% Triton X-100 for 15 min and antigen retrieved in
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pH 6 citrate antigen retriever buffer (C9999; Sigma-Aldrich). The tissue sections were blocked in 5% donkey serum for 1 h at room temper-

ature. Primary staining was performed by incubating the tissue sections in primary antibody solutions (a-actinin (A7811; Sigma-Aldrich) at

1:250, Ki-67 (PIPA519462; Invitrogen) at 1:200, cTnT (ab8295, Abcam) at 1:250, vWF (27186-1-AP; Proteintech) at 1:200 dilutions in 5% donkey

serum at 4�C overnight. Secondary antibodies (Alexa Fluor 488, Alexa Fluor 555, and Alexa Fluor 594 from Invitrogen) and conjugated anti-

bodies (IB4, 488 conjugate (I21411; Invitrogen)) were used at 1:500 dilution in 5% donkey serum for 2 h at room temperature in dark. CM

growth and angiogenesis were evaluated by counting the number of proliferatingCM as well as the cross-sectional area of vessels normalized

by the surface area.
QUANTIFICATION AND STATISTICAL ANALYSIS

All experimental data were processed and presented using meansG standard error of means (SEM). Statistical significance was determined

by one-way or two-way analysis of variance (ANOVA) with Tukey’s test via GraphPad Prism 10.2.3. The statistical tests used for each

experiment are indicated in the figure legends. The p-value <0.05 was considered statistically significant in the entire study (*: p < 0.05,

**: p < 0.01, ***: p < 0.005, and ****: p < 0.001). All data are represented as mean G SEM.
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