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Abstract

Tissue engineered scaffolds have emerged as a promising solution for heart valve replacement 

because of their potential for regeneration. However, traditional heart valve tissue engineering has 

relied on resource-intensive, cell-based manufacturing, which increases cost and hinders clinical 

translation. To overcome these limitations, in situ tissue engineering approaches aim to develop 

scaffold materials and manufacturing processes that elicit endogenous tissue remodeling and 

repair. Yet despite recent advances in synthetic materials manufacturing, there remains a lack of 

cell-free, automated approaches for rapidly producing biomimetic heart valve scaffolds. Here, we 

designed a jet spinning process for the rapid and automated fabrication of fibrous heart valve 

scaffolds. The composition, multiscale architecture, and mechanical properties of the scaffolds 

were tailored to mimic that of the native leaflet fibrosa and assembled into three dimensional, 

semilunar valve structures. We demonstrated controlled modulation of these scaffold parameters 

and show initial biocompatibility and functionality in vitro. Valves were minimally-invasively 

deployed via transapical access to the pulmonary valve position in an ovine model and shown to 

be functional for 15 hours.
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1. Introduction

Historically, heart valve tissue engineering has relied on cell-based manufacturing to build 

living tissues in vitro [1]. In this approach, cells are seeded onto scaffolds and conditioned in 

bioreactors that mimic the physiological conditions of the native valve [2, 3]. The 

conditioned cells remodel the scaffold in order to produce a microenvironment that mimics 

the complex spatial organization, mechanical properties, and biochemical composition of the 

native leaflet extracellular matrix (ECM) [4]. These scaffold/tissue constructs are complex 

biomaterials designed to elicit immunological mechanisms that drive tissue regeneration [5]. 

In recent attempts to improve translation of tissue engineered valves, storage has been made 

possible by decellularizing [6–8] conditioned scaffolds, which can be recellularized prior to 

[9] or after implantation [10]. Although this strategy has been shown to be both functional 

and regenerative, these “off-the-shelf” tissue engineered valves can take months and cost 

tens of thousands of dollars to produce using manual manufacturing techniques that are 

difficult to standardize. Fabrication steps including cell sourcing/isolation [11] and cell/

scaffold conditioning [12, 13] in heavily regulated GMP environments are complex and may 

require the patient to take immunosuppressive therapies if foreign biologics [14] or non-

degradable materials are used. As a result of the manufacturing time, cost, and inherent 

potential for product variability [15], the translation of tissue engineered heart valves to the 

clinic remains limited [16, 17].

In situ heart valve tissue engineering is an alternative method for permanent, regenerative 

valve replacement [18]. In this approach, the scaffold itself is designed to promote 

endogenous mechanisms that drive tissue formation and remodeling [10, 17]. The 

manufacturing process must therefore be capable of producing scaffolds that both function 

immediately upon implantation and recapitulate the microenvironment of the native valve to 

promote endogenous remodeling [19]. To achieve this, numerous material fabrication 

techniques such as electrospinning [20] and force spinning [21], hydrogel molding [22], and 

3D/bioprinting [23] have been developed to fabricate biomimetic valvular scaffolds, each 

with unique building advantages. The nanoscale resolution of fiber production systems, 

simple mechanical and chemical manipulation of hydrogels, and the customizable global 

structures achievable with 3D printing each can be used to recapitulate aspects of valvular 

architecture. However, high resolution biomaterials manufacturing techniques are still 

needed to mimic 1) the fibrous, anisotropic architecture of the valvular ECM, 2) the stiffness 

of the leaflet to withstand systolic and diastolic loading, and 3) incorporate native ECM 

proteins to allow for cellular attachment and infiltration [13, 24].

In this study, we introduce a cell-free manufacturing technique for the rapid production of 

biomimetic semilunar heart valve scaffolds (JetValves). JetValves were manufactured in a 

two-step mandrel collection process which enabled facile shape and size customization. By 

varying the biohybrid composition and manufacturing collection parameters, we engineered 
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JetValves with structural, mechanical, and biochemical properties similar to those of the 

native ECM in the leaflet fibrosa. The controlled and automated fabrication of JetValves 

enabled seamless and rapid production (minutes from raw material to product) allowing for 

the implementation of quality control standards to ensure scaffold consistency prior to use. 

JetValves demonstrated acute durability and basic functionality in vitro as well as 

biocompatibility/competency in vivo. The JetValve fabrication process reported here may 

provide a versatile platform for the rapid production of tissue engineered heart valve 

scaffolds.

2. Materials and Methods

2.1 JetValve Mandrel-Based Manufacturing Process

Semilunar valvular scaffolds (JetValves) were manufactured by the cumulative collection of 

force-extruded fibers onto custom sized mandrels. A two-step collection process was used 

via automation of the Rotary Jet Spinning system (aRJS, Fig. 1a) [21, 25] controlled by a 

customized LabVIEW interface for the first time (National Instruments, v12.0.1f4). First, the 

leaflet cusps were spun by the collection of fibers onto a rotating semilunar valve leaflet 

shaped mandrel cyclically translating through the fiber extrusion plane. Leaflets were 

subsequently separated by the removal of excess fibers that accumulated on the top of the 

leaflet shaped mandrel with a scalpel. By the addition of a shielding mandrel over the leaflet 

mandrel and further fiber deposition, the leaflets were seamlessly spun into a fibrous conduit 

to produce the semilunar valve within a vessel structure (Fig. 1b, Supplemental video 1). 

Once dried, removal of collection mandrels from either end of the fibrous conduit was 

possible without disrupting its structure. Mandrels were milled from Teflon stock or 3D 

printed and coated in Teflon (DuPont, Teflon Non-Stick Dry-Film Lubricant) to ensure non-

destructive removal from scaffolds.

2.2 JetValve Fabrication for Structural and Functional Testing

JetValves were composed of synthetic-polymer/protein “biohybrid” composites of different 

ratios to control the global scaffold stiffness. Poly-4-hydroxybutyrate (P4HB, Tepha Inc., 

TephaFLEX) and gelatin (from porcine skin, strength 300; Sigma, G2500) solutions of 

varied composition (P4HB/Gelatin; 100/0, 80/20, 60/40, 40/60, and 20/80) were stirred for 

12 hr at 4% w/v in hexfluoroispropanol (HFIP, Oakwood Chemical, 003409). A small 

amount, 0.2% w/v, of polyglycolide (PGA, Sigma, 457620) was added to each solution for 

comparison to previously published valvular scaffolds [6, 7, 9]; the effect of PGA on 

scaffold mechanics and structure were assumed to be negligible, therefore compositions are 

henceforth referred to as P4HB/Gelatin. After mixing, solutions were individually pumped 

into the rotating reservoir of the aRJS at 5.0 ml/min through polyfluoroalkoxy alkane tubing 

(Saint-Gobain, TSPF35-0125-031-50) using an automated syringe pump (Harvard 

Apparatus, 703007). The reservoir was rotated at 30k RPM (motor: Nakanishi, EM-3080J) 

to extrude solution jets from two 360 μm diameter orifices within the reservoir, forming a 

horizontal “fiber extrusion plane.” Fibers ranging in diameter, porosity and stiffness were 

produced by varying the biohybrid solution (Fig. 1c and Fig, 1d; N=6 production runs per 

condition and N=5 native leaflets, *p<0.5), similar to previous RJS biohybrid materials [25], 

and collected onto semilunar valve shaped rotating mandrels as described above (30mm 
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mandrels). Mandrels were rotated at 3k RPM at 0º, 22.5º, or 45º relative to the horizontal as 

they vertically translated through the fiber extrusion plane at 10 cm/s (linear motor: Misumi, 

LX20). JetValve scaffolds manufactured for ovine implantation were 30 mm in diameter and 

composed of 60/40 P4HB/Gelatin; 30 ml of solution were spun to form the leaflets and 40 

ml were spun to form the remainder of the conduit. Sample strips (8 mm wide) were cut 

from either end of each JetValve scaffold for measuring batch process capability of JetValves 

prepared for implantation.

2.3 Mandrel Scaling and Customization

JetValve mandrels were custom-drawn and scaled using computer aided design software 

(Solidworks, 2015) and milled from Teflon for implantation (Proto Labs) or 3D printed in 

Rigid Opaque photopolymer for rapid scaling (Blue, Stratasys, Object30 Printer). Leaflet 

and shielding mandrels were readily scaled from 30 mm (ovine, implantation model used in 

this study) to 3 mm to produce JetValves of various sizes. To demonstrate the extent to 

which the JetValve manufacturing process could be scaled, mandrels were 3D printed at 750 

μm in diameter (~mouse sized) and used to produce miniature JetValves (Fig. 2a). Sinuses 

were also added to the shielding mandrel to produce aortic valve-relevant geometries using 

the same, two-step mandrel spinning method described above. A “Sinus Core” for housing 

“Sinus Inserts” comprised the shielding mandrel and allowed for seamless sinus bulge 

incorporation into JetValves. Mandrel removal via breakdown of the core-insert assembly 

was possible once dried (Fig. 2b).

2.4 Fiber Diameter and Scaffold Porosity

Scanning electron microscopy (SEM) and ImageJ software (NIH, v1.48s) were used to 

measure the fiber diameter and percentage porosity of JetValve scaffolds of varied biohybrid 

composition (P4HB/Gelatin; 100/0, 80/20, 60/40, 40/60, and 20/80). Samples were sputter 

coated in 5 nm of platinum/palladium (Quorum Technologies, EMS 300TD) to avoid 

excessive charge accumulation. A field emitting electron microscope was used to image 

samples (Zeiss, FESEM Ultra Plus) at 15 kV with a high efficiency secondary electron 

detector, 1.75k magnification for fiber diameter and 1k magnification for porosity images. 

Using ImageJ, 10 regions of interest (ROIs) were imaged per sample to measure fiber 

diameter using the linear measuring tool (N=6 production runs per condition). One ROI was 

taken per sample to measure porosity using the thresholding percentage tool (percent 

porosity: fiber vs. non-fiber; N=6 production runs per condition).

2.5 Scaffold and Tissue Biaxial Mechanical Properties

JetValve scaffolds of varied biohybrid composition (P4HB/Gelatin; 100/0, 80/20, 60/40, 

40/60, and 20/80) were equibiaxially loaded to determine low (0–10%) and high (10–20%) 

strain stiffness measurements in comparison to freshly harvested ovine pulmonary leaflets. 

Scaffold samples measuring 8x8 mm (N=6 production runs per condition) and 8x8 mm 

native leaflet samples (N=5 leaflets, cut from cusp centers) were mounted onto 5x5 mm 

grips. Mounted grips were magnetically attached to the biaxial tensile tester equipped with 

2.5 N load cells (CellScale, BioTester) [26]. Mounted samples were submerged in a 

phosphate buffer saline (PBS, Thermo Fisher, 10010023) bath at 37ºC to simulate hydration 

and temperature conditions in vivo. Each sample was first preconditioned equibiaxially at a 
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strain rate of 5% per second to 2% strain (four repetitions) to ensure complete hydration of 

the scaffold or tissue. Next, each sample was loaded equibiaxially at a strain rate of 5% per 

second to 20% strain (four repetitions). Force/displacement measurements and images were 

recorded throughout the test at 15 Hz; stress vs. strain plots were then generated from these 

measurements and the original dimensions of the samples. Stiffness moduli were calculated 

as the slope to the stress vs. strain curves in the respective low and high strain regimes. To 

test the effect of collection angle on both conduit and leaflet stiffnesses, 60/40 blends were 

collected at 0°, 22.5°, and 45° (N=6 production runs per condition) and biaxially tested as 

described above.

2.6 Scaffold Fiber and Tissue Orientation

The fiber orientation of 60/40 JetValve leaflet and conduit samples collected at 0º, 22.5º, or 

45º (N=3 production runs per condition) were compared to that of decellularized ovine 

pulmonary valve leaflets (N=7 leaflets). Freshly harvested pulmonary leaflets were 

decellularized in 1% sodium dodecyl sulfate (SDS, Sigma, L6026) for four days. After 

decellularization, leaflets were rinsed in ultra-pure water (Thermo Fisher, 10977-015) then 

dehydrated in serial ethanol washes (30%, 50%, 70%, 90%, 3x 100%) for 5 min each 

(EtOH, VWR, 64-17-5). Dehydrated leaflets were then dried using a critical point drier 

(Tousimis, 931 Series SAMDRI) and sputter coated. SEM images of scaffolds and 

decellularized tissue were taken as described above from five regions encompassing the 

whole area of the leaflet (scaffold and native) and five regions along the length of the 

conduit. SEM images were analyzed with custom made ImageJ and Matlab software to 

calculate the orientational order parameter (OOP), a quantitative measure of the degree of 

fiber orientation within a scaffold/tissue. In brief, foreground pixels were assigned the 

orientation of the local neighborhood using a structure tensor method; then, the set of all 

orientations was summed assuming they represented the directions of vectors of unit 

magnitude. The result is a number that goes from 0 for perfectly isotropic orientations, to 1 

for perfectly anisotropic orientations [27, 28].

2.7 Scaffold Shelf Life

X-ray photoelectron spectrometry (XPS, Thermo Scientific, K-Alpha XPS,) was used to 

evaluate freshly-spun and hydrated JetValve scaffold composition in time. Scaffold samples 

measuring 8x8 mm of 60/40 composition were hydrated in 1 L of ultra-pure water and 

stored in an incubator at 37ºC for up to 1 week. Hydrated samples were removed from the 

water bath every 24 hr with sterile forceps dried for 12 hr under vacuum. Sample 

composition was evaluated using a XPS system (N=3 60/40 production runs per time point, 

0–7 days). Briefly, each sample was etched for 30 seconds at 500 eV (medium) to remove 

any surface debris that may have accumulated during sample preparation and was survey 

scanned over a 400 μm2 spot size. Gelatin ratiometric content was estimated based upon the 

measured presence of nitrogen in the sample and the amount of solvent (HFIP) was 

estimated based upon the measured presence of fluorine. Gelatin and HFIP content were 

normalized to their representative element’s percentage within the respective molecule. 

Under the assumption that sample purity was maintained throughout the hydration and 

measurement process, P4HB content was caclulated as the remaining scaffold percentage 

non-gelatin or solvent. Additionally, 8x8 mm pieces of 60/40 scaffolds incubated under the 
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same conditions (N=3 production runs) were biaxially tested as described above to directly 

determine changes in stiffness due hydrated storage.

2.8 Cellular Infiltration Studies

In vitro cellular infiltration studies using porcine valvular interstitial cells (VICs) were 

conducted to determine the potential of JetValve scaffolds to support tissue growth as 

defined by cell penetration. Porcine VICs were isolated and grown on 60/40 scaffolds for 48 

hr as recently described [29], 1 week, and 2 weeks to determine the degree of cellular 

infiltration in time. 60/40 leaflet and conduit scaffolds (N=6 production runs per condition) 

were produced as above with the addition of 5 μl/ml of 0.2 μm red fluorescent FluoSpheres 

(Invitrogen, F8810) added to the pre-spun solution for scaffold visualization during 

microscopy. VICs were isolated from freshly harvested porcine hearts using collagenase 

(Blood Farms Inc., Groton, MA; in compliance with FDA guidelines) and seeded onto 8x8 

mm sections of leaflet and conduit scaffolds at 200k cells/cm2. At each time point, 

scaffold/VIC tissues were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 

15710) and 0.5% Triton 100-X (Sigma, T8787) in PBS for 15 min. Samples were then 

rinsed three times in PBS for 10 min each and stored at 4°C. To prepare for imaging, 

samples were incubated for 1 hr with 5 μl/ml of 4’,6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI, Invitrogen, D1306) in PBS to stain the VIC nuclei. Samples were 

then rinsed with PBS three times for 15 min each to remove residual DAPI stain and 

mounted between 25 mm diameter coverslips. Z-stacks measuring 200x200 μm were taken 

from the surface of the scaffold, identified by coplanar-focused FluorSpheres and DAPI 

stained nuclei, to the center of the deepest penetrating nuclei within the scaffold (Zeiss LSM 

7 LIVE, confocal microscope). The distance from the surface of the scaffold to the deepest 

penetrating nuclei, i.e. thickness of the z-stack, was used to measure cell infiltration depth 

and visualized using Zen lite 2.3 software (Zeiss, SP1).

2.9 Scaffold Batch Process Capability

The Batch Process Capability [30] (±3 times the variance) was used to evaluate the 

manufacturing accuracy and precision of aRJS produced 60/40 P4HB/Gelatin JetValves 

(N=16 valves, measurements taken from sample strips) for implantation. For fiber diameter, 

the upper control limit (UCL) was set at 1.2 μm and the lower control limit (LCL) was set at 

0.8 μm based upon previously published tissue engineered scaffolds [6, 7, 9]. The porosity 

UCL was set at 50% and the LCL was set at 30% given the achievable range of the 

manufacturing process. All JetValve stiffness measurement control limits were based upon 

the measured stiffnesses of freshly harvested pulmonary leaflets. Low strain stiffness in the 

circumferential direction control limits ranged from 0–10 MPa and in the radial direction 

control limits ranged from 0-1 MPa. High strain stiffness in the circumferential and radial 

directions control limits ranged from 0-20 MPa. For scaffold thickness, sample strip 

thicknesses ULC was set at 600 μm and the LCL was set at 250 μm. Protein content was 

taken as the relative amount of P4HB to gelatin in the scaffold as measured by comparing 

the peak height of the carbonyl stretch peak at 1720 cm−1 (indicative of P4HB) to the amide 

I peak at 1645 cm−1 (indicative of gelatin) using Fourier Transform Infrared Spectroscopy 

(FTIR) [25]; the protein content UCL was set at 2.5 and the LCL set at 0.5. The scaffold 
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fiber orientation was measured using the OOP. Based upon OOP of decellularized native 

leaflet tissue, orientation UCL was set at 0.8 and the LCL was set at 0.375.

2.10 In vitro Functional Testing

Preliminary evaluation of JetValve functionality using an in vitro pulse duplicator system 

(Vivitro Labs, Pulse Duplicator) was conducted to ensure the integrity of the scaffold leaflet 

design under physiologic pressures and flows [31]. JetValves of 60/40 P4HB/Gelatin 

composition were anchored into 30 mm diameter nitinol stents (CARAG; Baar, Switzerland) 

with 5-0 suture (Ethicon, black monofilament) and continuously loaded for 48 hr under 

pulmonary-like pressure conditions (N=3 valves). A FDA waveform at 70 beats per minute 

was applied to the pulse duplicator’s 150 ml silicon ventricle; distal compliance chambers 

were adjusted to achieve pulmonary-like pressures across the JetValve during diastole with a 

cardiac output of 2.2 L/min. Valve diameter, beat rate, and cardiac output were within the 

ranges of previously reported ovine measurements [7, 32]. Ventricular (proximal to the 

JetValve) and arterial (distal to the JetValve) pressures and intravalvular volumetric flow 

rates were measured at 48 hr at a sampling rate of 256 samples per cycle.

2.11 In vivo Implantation Deployment and Functional Testing

JetValves of 60/40 composition were implanted into the orthotopic pulmonary valve position 

of ovine models for deployment and acute functional testing (Fig. 3a). This delivery 

technique was recently reported to be a viable implantation method for tissue engineered 

heart valves [7]. The University Hospital Zurich ethics committee (ZH151_2013, Zürich, 

Switzerland) approved the study in compliance with the Guide for the Care and Use of 

Laboratory Animals, published by the National Institutes of Health (NIH publication No. 

85-23). After a right sided thoracotomy, the pericardium was opened and the right ventricle 

(RV) was exposed, before it was punctured using needle through purse-string sutures. Next, 

a guide wire was introduced into the RV and placed into the main pulmonary artery under 

fluoroscopic control. The scaffold loaded implantation catheter was introduced into the RV 

over the wire and placed over the native pulmonary valve. Optimal positioning was 

controlled by contrast angiography, before the scaffold was delivered under fluoroscopic 

control. After full delivery of the scaffold a final contrast angiography was done to ensure 

optimal positioning, instant functionality and complete exclusion of the native pulmonary 

valve (Supplemental videos 2 and 3). The delivery device was removed, the RV was closed 

with the purse-string, and the thoracotomy was closed. Finally trans-esophageal 

echocardiographic assessment was performed postoperatively and at 15 hr to evaluate valve 

functionality. After 15 hr functionality measurements were taken, valves were explanted for 

visual inspection of structural integrity and H&E staining. The 15 hr evaluation time point 

was used to test the stability of valve functionality (N=4 implants) after the stresses of 

minimally invasive delivery on the JetValve/stent construct. Keeping the animal subjects 

anesthetized for longer periods for this purpose is neither safe for the animal nor was it in 

the scope of this study.

For the minimally invasive deployment described above, JetValves were crimped from 30 

mm in diameter to 9 mm in diameter and loaded into the implantation catheter. Stress 

minimization during crimping was a critical design concern because of the non-woven 
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microstructure of the scaffold and resulting potential susceptibility to suture and shear-

induced tearing. To test capacity for crimping, JetValves were anchored into nitinol stents 

via suture and pneumatically crimped from 30 mm (fully extended, adult ovine size) to 9 

mm (fully crimped) at 45 psi. Leaflet shape and thickness were optimized to ensure a 

“swirling” fold during the crimping process that minimized the stresses on the leaflets and 

leaflet-conduit sutured anchor points (Fig. 3b).

2.12 Statistical Analyses

All statistical analyses were done using SigmaPlot software (v12.0, Systat Software Inc.); 

the sample size “N” used for statistical analyses are reported in the respective methods 

Sections 2.3–2.10 above. Analyses of data variance were done using the One-Way ANOVA 

test (for fiber diameter, porosity, stiffness, and cell infiltration depth) or the Two-Way 

ANOVA test (for scaffold fiber anisotropy). Pairwise multiple comparison procedures were 

done using the Tukey Test for fiber diameter, porosity, and cell infiltration data; Dunn’s 

method for stiffness comparisons; and the Holm-Sidak method for scaffold fiber anisotropy 

(OOP). For all statistical analyses, p-values less than 0.05 were considered statistically 

significant and all values reported as mean ± standard error of the mean.

3. Results

3.1 JetValve Biohybrid Structure and Mechanics

Fiber diameter and porosity [33, 34] are structural scaffold parameters that contribute to the 

degree of endogenous cellular attachment and infiltration during the remodeling process. To 

control these parameters, we engineered scaffolds composed of biohybrid blends of poly-4-

hydroxybutyrate (P4HB) and gelatin (denatured collagen), which is the primary structural 

component of valve leaflets. By varying the biohybrid concentration within the scaffold, 

fiber diameter [25] and alignment could be controlled to approximate that of the native valve 

ECM. We mixed high molecular weight P4HB (MW ~450 kDa) with gelatin (MW ~50–100 

kDa) to control solution viscosity and consequently fiber diameter [21, 35]. By decreasing 

P4HB content, fiber diameter could be reduced (range: 100/0 1.28 ± 0.39 μm to 20/80 680 

± 0.19 nm) to achieve a higher porosity (range: 100/0 41.59 ± 1.58% to 20/80 55.51 

± 2.38%) within the construct (Fig. 1c). Taken together, these data demonstrate that porosity 

and fiber diameter are inversely related using the JetValve fabrication process.

As in the native valve structural fibrosa, fibers were primarily oriented in the circumferential 

direction of the scaffold leaflets. This was done to enable the scaffolds to withstand 

transvalvular loading during diastole; the high Mw of the P4HB and non-woven mesh 

structure of the fibers allowed for elastic, radial stretching during systole. The continuous 

deposition of fibers onto mandrels angled 0°, 22.5°, and 45° relative to the fiber extrusion 

plane produced circumferential alignment within JetValve leaflets, recapitulating the load 

bearing, collagen-rich fibrosa layer of the native valve ECM [29] (Fig. 4a). However, fiber 

anisotropy within the conduit portions of the JetValve constructs was significantly reduced 

although consistent for all angles of collection (Fig. 4a). Because fiber anisotropy varied 

spatially within JetValves, we asked how collection angle influenced scaffold packing 

density or porosity in the leaflet versus conduit portions of the constructs. For JetValve 
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leaflets, increasing collection angle decreased scaffold porosity, a trend that was also 

observed for JetValve conduits (Fig. 4b). For 0° and 22.5° collection angles, leaflet 

porosities were increased by ~10% compared to conduit porosities of the same angle; 

however, leaflet and conduit porosities reached similar values when scaffolds were collected 

at 45°. Taken together, these data support the notion that angle of collection does not affect 

scaffold anisotropy and that conduits were less anisotropic and porous than leaflets.

Recapitulating the bulk anisotropy of the native leaflet fibrosa and varying fiber biohybrid 

composition allowed for control of the bulk biaxial stiffness of JetValves. The mechanical 

properties of the valvular leaflets determines the stress and strain fields within the tissue 

during the cardiac cycle, ultimately enabling their functionality [34, 36]. Accordingly, 

elastic, fibrous scaffolds such as JetValves should be designed to mimic these mechanical 

properties to ensure optimal functionality in flow [37]. We therefore designed the stretch-

dependent, biaxial stiffness of our scaffolds to recapitulate that of the native leaflet ECM. 

The P4HB/Gelatin ratio of fibers governed the biaxial stiffness of the bulk scaffold at both 

low and high strains (Fig. 5a). At low strain, in the primary (circumferential) axis of fiber 

alignment, scaffold stiffness ranged from 505.52 ± 61.72 kPa (40/60) to 5.12 ± 0.82 MPa 

(100/0) vs. 643.23 ± 215.76 kPa (native); in the perpendicular (radial) axis of fiber 

alignment, scaffold stiffness ranged from 211.91 ± 31.32 kPa (40/60) to 4.33 ± 0.16 MPa 

(100/0) vs. 501.41 ± 74.72 kPa (native). At high strain, in the primary (circumferential) axis 

of fiber alignment, scaffold stiffness ranged from 1.16 ± 0.11 MPa (40/60) to 34.47 ± 1.54 

MPa (100/0) vs. 3.33 ± 0.45 MPa (native); in the perpendicular (radial) axis of fiber 

alignment scaffold stiffness ranged from 338.38 ± 44.31 kPa (40/60) to 13.89 ± 0.75 MPa 

(100/0) vs. 1.49 ± 0.40 MPa (native). Only when the P4HB/Gelatin ratio of fibers was 

reduced to 60/40 or 40/60 did scaffold stiffness approximate that of the native leaflet in both 

strain regimes in the primary and perpendicular axes of fiber alignment.

Biohybrid fibers stuck to mandrels at ≥60% gelatin content; we therefore used 60/40 P4HB/

Gelatin blends for further functional testing. Because collection angle spatially affected 

scaffold anisotropy and porosity, we asked if stiffness values were also influenced by 

collection angle. Biaxial stiffness values generally decreased as a function of increasing 

collection angle (Fig. 5b and Supplemental Fig. 1). Likely due to increased packing during 

fiber collection (i.e. reduced porosity), conduit stiffnesses were found to be higher than 

corresponding collection angle leaflet stiffnesses in both the circumferential and radial 

directions.

3.2 JetValve Surface Biochemistry and Hydrated Shelf Life

To prepare for stent anchoring and crimping, JetValves were hydrated resulting in more 

pliable fibers. Because the protein content was not crosslinked, once hydrated the shelf-life 

of the scaffold would be limited due to passive gelatin diffusion from the surface of the 

fibers. Using FTIR, initial relative protein content within JetValves was measured by 

comparing the height of the carbonyl stretch peak (1720 cm−1, indicative of P4HB) with 

those of the amide I and amide II peaks (1645 and 1535 cm−1 respectively, indicative of 

gelatin, Fig. 6a) [25]. The 60/40 blend was chosen for functional testing as it most closely 

mimicked the leaflet structural and mechanical design criteria described above. Additionally, 
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this biohybrid blend maintained a consistent polymer crystallinity over a range of 

manufacturing spinning speeds (Fig. 6b) in good agreement with previously published 

studies [6, 7, 9]. The as-spun, dry composition of the 60/40 JetValve blend was measured to 

be 58.43 ± 2.30% P4HB, 39.85 ± 1.86% gelatin, and 0.44 ± 0.4% HFIP. Once hydrated, the 

surface gelatin composition of the scaffold increased to 56.42 ± 0.81% but returned to 43.48 

± 0.89% after 7 days in pure water (XPS, Fig. 6c). After this period of hydration, JetValves 

maintained stiffness similar to as-spun scaffolds (Fig. 6d). Taken together, the shelf life of 

the hydrated 60/40 JetValves was measured to be at least 1 week.

3.3 In Vitro Cellular Infiltration

JetValve composition was designed to mimic previously published, tissue engineered valves 

that exhibited cellular infiltration and extensive regeneration via endogenous repair 

mechanisms [6, 7, 9, 33, 38]. Although composed of similar materials to those tissue 

engineered products previously investigated, we asked if the rapid and non-biological 

manufacturing of JetValve scaffolds allowed for cellular infiltration and if this integration 

varied spatially throughout the construct. Primary harvest porcine VICs infiltrated leaflet 

portions of 60/40 JetValve scaffold in greater abundance than conduit portions of the 

scaffold by one week in culture (Fig 7a; infiltration depth Leaflet: 14.52 ± 1.16 μm 

compared to Conduit: 11.09 ± 0.81 μm). However, by two weeks in culture, infiltration 

depth for leaflet and conduit sections were similar (Leaflet: 27.17 ± 3.56 μm compared to 

Conduit: 25.68 ± 2.90 μm) although leaflet tissues appeared more densely populated (Fig. 

7b).

3.4 aRJS Manufactured JetValve Batch Process Capability

In order to evaluate scaffold quality and fabrication reproducibility, essential for eventual 

clinical translation [15], we implemented standard industrial manufacturing process controls 

based upon the JetValve design criteria described above. We accomplished this by analyzing 

the structural, mechanical, and biochemical batch process capability (CP) of each scaffold 

fabricated for implantation as a measure of both manufacturing accuracy and precision [30]. 

Batch Cp specifications were held to standard precision values of ±3 times the batch 

parameter variance, ensuring that over 99% of scaffolds within a passing batch were within 

specification. Despite laboratory-scale batch sizes (≤4 valves/batch), manufacturing 

achieved higher than 70% batch acceptance rate, which was increased to 100% with the 

addition of small batch correction factors [39] (Supplemental Fig. 2).

3.5 In Vitro and In Vivo JetValve Functional Testing

JetValve functionality was evaluated both in vitro and in vivo. Preliminary evaluation of 

scaffold function using an in vitro pulse duplicator system was conducted to ensure the 

integrity of the scaffold leaflets under physiologic pressures and flows. JetValves were 

continuously loaded for 48 hr under pulmonary-like conditions, maintaining scaffold 

structural integrity and exhibiting a regurgitant fraction of 30.24 ± 2.07% during diastolic 

closing (Fig. 8a). In vivo studies were then conducted to determine if 1) JetValve scaffolds 

could be safely delivered using a minimally invasive method, 2) if the as-spun, acellular 

scaffolds would be immediately functional upon implantation, and 3) if the scaffold design 

was biocompatible (i.e. non-thrombogenic). JetValves were delivered transapically into the 
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native pulmonary valve position in an ovine model for 15 hr as a proof-of-concept. 

Implanted scaffolds revealed acute functionality as sufficient leaflet motion and good 

coaptation area were observed with non/minor regurgitation fraction on echocardiography. 

Transvalvular pressure gradients across the valve, <2 mmHg, were also comparable to native 

leaflets during systole (Fig. 8b, Echo: Supplemental videos 4 and 5; Doppler: Supplemental 

videos 6 and 7). Gross examination and histological analyses done at the time of 

explantation revealed competent valves with pliable and intact leaflets. No thrombus 

formation and initial, what appears to be circulating immune cell infiltration were observed 

(Supplemental Fig. 3) indicative of the acute safety and compatibility of JetValve scaffolds.

4. Discussion

In this study, we present a novel method of manufacturing valve replacements containing 

leaflets with fibrosal-like fiber alignment and global semilunar valve structure in minutes. 

This level of throughput is a massive improvement in time to manufacture relative to 

previously reported mandrel-based, fibrous valve fabrication techniques [40, 41]. Slow 

solution infusion rates (≤2 ml/hr) and grounded-mandrel collection speeds (≤1 RPM) have 

resulted in production times ranging from 1.5 hr [40] to over 3.5 hr [41] per scaffold using 

comparable electrospinning methods. By increasing infusion and fiber collection rates by 

two and three orders of magnitude respectively, we were able to produce 30 mm diameter 

JetValves in less than fifteen minutes. JetValve production times can be compared to those 

achievable with 3D printing techniques [42, 43]; however, 3D printing still remains unable 

to produce the spatial resolution of nano/micro-fiber production platforms. Similarly, 

hydrogel and soft-polymer molding and patterning techniques for engineering heart valves 

have been limited to feature resolutions within tens to hundreds of microns [44–47] and 

often require hours to days for fabrication due to gelation/layer bonding times. In 

comparison, we were able to achieve fiber resolution ranging from hundreds of nanometers 

to microns by varying solution composition and collection in order to rapidly recapitulate 

the size scale and anisotropy of the native fibrosa ECM layer of the valve.

Scaffold biochemical and mechanical properties are critical for guiding tissue regeneration 

and macro-scale leaflet functionality [48, 49]. Accordingly, the bulk, biaxial stiffness of 

JetValve leaflets was engineered to match that of native tissue similar to previously reported 

‘off-the-shelf’ cell-based manufactured valve scaffolds [7, 9] but without the need for long 

culture and in vitro conditioning. JetValve stiffness values were an order of magnitude lower 

than previously reported, as-spun off-the-shelf fibrous scaffolds [50] and commercially 

available ‘stiff’ bioprosthetic valves (single versus tens of megapascals) [51]. This was made 

possible by the inclusion of uncrosslinked gelatin in the biohybrid JetValve fibers and 

varying the collection angle on the aRJS system. Despite not crosslinking JetValves, 

exposure of biohybrid fibers to water for up to 1 week did not significantly change the 

stiffness of the scaffold. During this period, P4HB/Gelatin content remained within 

compositional range for mimicking the measured native tissue stiffness values. This length 

of hydrated shelf life is comparable to recent fiber/gel valvular scaffold composites [52] and 

is well in excess of the time required for pre-implantation procedures: on the order of hours 

for stent fixation, crimping, and surgical delivery preparation.
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While recent studies have begun to apply defined standards (e.g. ISO) for the assessment of 

tissue engineered heart valve functional performance [52, 53], little work has been done to 

establish industrial-style quality control standards for tissue engineering manufacturing 

processes and products [54]. Therefore the structural, mechanical, and compositional 

scaffold design parameters discussed above were measured and evaluated for each JetValve 

prepared for implantation as a factor of safety for the animal models used. The automated 

method of JetValve assembly and simplicity of manufacturing customization enabled 

straightforward implementation of multi-parameter process capability metrics [55, 56]. Our 

group has developed similar multi-parameter quality assessment indices for stem cell 

manufacturing [27, 57] and suggest that the same can and should be done for tissue 

engineered products [19]. We envision batch process capability and other quality control 

metrics may likewise be applied to future JetValve designs and similar automated in situ 
tissue engineered scaffold processes to ensure patient or model safety prior to functional 

testing.

Restoration of valvular functionality upon implantation is the immediate goal of regenerative 

scaffolds. As-manufactured JetValves showed potential as functioning and biocompatible 

valves both in vitro and in vivo after crimping and minimally invasive delivery. Scaffold 

stiffness plays a critical role in leaflet kinematics and the development of transvalvular 

pressure gradients during systole [58, 59]. As in previously proposed polymer/gelatin 

composite models for achieving native tissue-like stiffnesses [60], the biohybrid JetValve 

scaffold composition was tuned to mimic native ECM leaflet stiffness. As a result, 

transvalvular pressure gradients of <2 mmHg were observed in vivo which is equivalent to 

recently published human and ovine tissue engineered heart valve (<5 mmHg) [31, 53]. 

However, in vitro pulse duplicator testing did reveal a regurgitant fraction of approximately 

30% which is above ISO standards of similarly sized heart valves [52]. These data did not 

appear, though, to fully predict JetValve functionality in vivo where rapid and complete 

leaflet coaptation and minimal closing jet were observed with echo/doppler imaging. 

JetValves were mounted in the pulse duplicator system in the absence of radial loading 

which is normally applied in vivo by the surrounding tissue (pulmonary artery and valve 

annulus). This resulted in full expansion of the stent and may explain the level of measured 

regurgitation in vitro. While these data do not necessarily give indication as to the 

regenerative capacity or long-term functionality of JetValves, they do support the 

manufacturing method as viable. These time points, 48 hr in vitro and 15 hr in vivo, indicate 

that the JetValve manufacturing technique can be used to produce a working, semilunar 

valve structure amenable to minimally invasive implantation with acute safety. Future 

iterations of the JetValve scaffold will reveal which compositions and spinning/collection 

parameters will be necessary for long-term functionality and tissue regeneration.

In addition to restoring function, the long-term goal of all regenerative, in situ tissue 

engineered scaffolds is to promote both full regeneration and adaptive growth of the target 

tissue. Such scaffolds should serve as resorbable platforms onto and into which the body can 

“auto-engineer” its own replacement tissue that, ideally, perfectly matches healthy native 

tissue. This requires intricate engineering design of scaffold architectural, mechanical, and 

biochemical properties [50] to control time-dependent biological processes including 

cellular recruitment, inflammation, and scaffold remodeling [61]. Here, we showed that 
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60/40, as-spun JetValves supported progressive VIC infiltration and tissue growth at least in 
vitro, suggestive of their potential for serving as scaffolds for long-term endogenous tissue 

formation in vivo. However, these studies are limited in length and cell demographics; it is 

likely that that inclusion of anti-inflammatory agents and/or growth factors may be 

necessary for endogenous repair mechanism to be activated. Inclusion of these factors as 

dopants is possible using the JetValve manufacturing method without significant 

modification to the technique or time to production. Growth factors associated with 

development such as transforming growth factor-β1 (TGF-β1), bone morphogenic proteins 

(BMPs), and/or platelet-derived growth factors (PDGFs) may be incorporated into scaffolds 

to elicit endothelial-to-mesenchymal transformation (EMT), for example, in order to 

populate and remodel the scaffold [55, 62, 63]. Additionally, recently reported hybrid-

manufacturing techniques for the production of more complex, tri-layered scaffolds have 

been developed in an effort to better mimic the anisotropic, stratified structure of the 

valvular ECM for optimal hemodynamic performance and tissue regeneration [52, 64–66]. 

The JetValve production platform is amenable to fabrication of similarly layered scaffolds 

while maintaining industrial-like scaffold production rates [67–69] due to its additive nature. 

By successively spinning fibrosa, spongiosa, and ventricularis-like layers of biohybrid 

materials with mechanical properties and biochemistry tailored to the specific ECM layers of 

the valve, stratified JetValve production could be possible.

We further propose that this method can be valuable for the fabrication or other fibrous 

replacement organ scaffolds or for production of customized scaffolds given the specific age, 

size, and organ or organ-part needs of a patient [19]. Fibrous, vascularized tissue such as 

myocardium or branching blood vessels may incorporate vascular endothelial growth factors 

(VEGFs), angiopoietins, or ephrins to elicit neovascularization within the scaffold [70]. 

Although precise growth factor combinations and amounts needed to recruit tissue specific 

cell progenitors remains to be identified [15, 71], the flexibility of the JetValve 

manufacturing process described here would allow for easy incorporation of multiple factors 

into scaffolds to promote homing and assembly of endogenous cells and tissues. 

Furthermore, because mandrels can be 3D printed in any shape, scaffolds of customized 

anatomy may be spun using this technique: combining the JetValve mandrel-based spinning 

process with the idea of 3D printing patient specific organ geometries [43, 72–74]. The 

manufacturing process we report here is well suited to rapidly and iteratively study the 

properties and compositions needed for fibrous scaffold-based endogenous tissue repair and 

is amenable to patient-specific customization.

5. Conclusion

In this study, we have introduced a manufacturing process for the rapid fabrication of 

fibrous, semilunar heart valve scaffolds. By varying manufacturing parameters such as 

solution composition, extrusion speed, and mandrel size or collection angle, functional 

scaffolds were built to model basic native valvular ECM. This method is amenable to further 

customization by tuning the same multiscale structural, mechanical, and biochemical 

scaffold parameters to potentially match the anatomy of specific patients and/or determine 

which values of these parameters will elicit an ideal remodeling response once implanted. 

Because scaffolds were fabricated three-dimensionally, they could easily be incorporated 
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into stents and implanted minimally invasively as-spun, without the need for post processing 

or in vitro preconditioning. The simplicity and control of this scaffold manufacturing 

process offers a viable, cell-free and potentially clinically translatable alternative for the 

fabrication of heart valves and possibly other fibrous organs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Automated Rotary Jet Spinning of JetValves. (a) CAD representation of the automated 

Rotary Jet Spinning system (aRJS). (b) A two-step mandrel collection system was used 

consisting of (1) a leaflet mandrel and (2) shielding mandrel. (c) At a 30k RPM fiber 

extrusion rate, 4% w/v P4HB/Gelatin biohybrid solutions had decreased fiber diameter but 

increased percent scaffold porosity as a function of decreasing polymer content (N=6 

production runs per condition, *p<0.5). (d) Stress vs strain plots of 60/40 P4HB/Gelatin 

blends compared to native leaflet cusps up to 20% strain (blue circumferential (C), red radial 

(R) fiber alignment; N=6 production runs per condition, N=5 native leaflets; *p<0.5)
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Fig. 2. 
JetValve mandrel scaling and customization. (a) Digital photograph, (left) of 3D printed 

shielding (upper row) and leaflet (lower row) JetValve mandrels and scaffolds ranging from 

30 mm to 3 mm in diameter. Scanning electron microscope images, (right) of miniaturized 

JetValve mandrels and scaffold, 750 μm in diameter. (b) Shielding mandrel modification for 

JetValve scaffolds with sinus bulges. The shielding mandrel was compartmentalized into 

individual, symmetric sinus component “inserts” which could be fixed to a housing sinus 

“core,” (left). Mandrels were removed from scaffolds without disrupting the structure, 

digital photographs (right), by removing the connections of the core and inserts.
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Fig. 3. 
JetValve catheter-based deployment and crimping. (a) Transcatheter delivery involved fixing 

the scaffold in a self-expanding nitinol stent, transapical placement via entry through the 

right ventricle (RV), positioning via a guide wire system, deployment of the stented scaffold 

over the native leaflets, and retraction of the catheter through the ventricle. Radial pressure 

of the released stent held the valve scaffold in place between the RV and pulmonary artery 

(PA), over the native valve leaflets. (b) Crimping of anchored JetValves from the 30 mm 

fully extended conformation to the fully crimped 9mm conformation to accommodate 

implantation.
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Fig. 4. 
JetValve leaflet/conduit anisotropy and porosity. (a) JetValve leaflet anisotropy was 

comparable to native anisotropy, as indicated by OOP, and was significantly more 

anisotropic than the conduit for each collection angle. Colorized SEM images, right, indicate 

local fiber direction, (R) indicates radial direction and (C) indicates circumferential direction 

(N=3 production runs per condition and N=7 native leaflets, *p<0.5 comparing leaflet vs. 

conduit). (b) Representative SEM images of JetValve leaflet and conduit scaffold collected 

at 45° (scale bar 500μm). Porosity of leaflets and conduits as a function of collection angles 

(N=3 production runs per condition, *p<0.5 comparing angles and #p<0.5 comparing leaflet 

vs conduit for a given angle). Data presented as mean ± s.e.m. (leaflet: grey, conduit: black).
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Fig. 5. 
JetValve biaxial stiffness as a function of biohybrid composition, collection angle, and 

location. (a) Increasing protein percentage within the biohybrid ratio of spun scaffolds 

decreased the low strain (0–10%) and high strain (10–20%) biaxial global stiffness of 

scaffolds (N=6 production runs per condition, N=5 native leaflets; *p<0.5, data presented as 

mean ± s.e.m. (b) Conduit samples comprised of 60/40 P4HB/Gelatin blends were stiffer 

than corresponding collection angle leaflet samples for both low and high strains (N=6 

production runs per conditions; *p<0.5 between leaflet and conduit stiffness for the same 

collection angle, data presented as mean ± s.e.m.).
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Fig. 6. 
Shelf life composition and stiffness of JetValves. (a) Initial protein content and P4HB 

crystallinity was measured by comparing carbonyl stretch and amide FTIR absorbency peak 

heights. (b) Neither protein content nor polymer crystallinity were affected by fiber 

extrusion spin speed; Biohybrid blends of 60/40 P4HB/Gelatin exhibited stable relative 

crystallinity for all spin speeds compared to compositions with higher synthetic polymer 

content (N=3 production runs per condition). (c) Ratiometric (XPS) hydrated scaffold 

content over the course of 1 week. Inset: trace amounts of bound HFIP solvent were detected 

upon hydration (N=3 production runs). (d) The biaxial mechanical properties of 1 week 

hydrated scaffolds compared to those of fresh-spun scaffolds (N=3 production runs per 

condition; blue represents circumferential (C), red represents radial (R) fiber alignment; data 

presented as mean ± s.e.m.).
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Fig. 7. 
In vitro valvular interstitial cell (VIC) infiltration. (a) VICs infiltrated the JetValve leaflet 

portion of scaffolds in greater abundance than conduit portions by 1 week; by 2 weeks, 

infiltration depth evened at ~25–26 μm from the scaffold surface (N=6 production runs/

tissues per condition, *p<0.5 between like scaffold areas in time, #p<0.5 between leaflet and 

conduit at the same time point; data presented as mean ± s.e.m) (b) Representative three 

dimensional reconstructions of VIC nuclei within the JetValve scaffold (red indicates nuclei 

of cells on the scaffold surface, while blue indicates the nuclei of cells that have penetrated 

into the scaffold, all images in isometric 3D view, 40,000 μm2 area).
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Fig. 8. 
In vitro and in vivo functionality. (a) Top: digital photographs from arterial view of mounted 

JetValves during systole and diastole at 48 hr (dotted lines highlight the JetValve leaflet and 

conduit edges). Bottom: flow through the JetValve reached ~175 ml/s during peak systole 

with complete valve closure during diastole (~30% regurgitant fraction, ~10 mmHg 

transvalvular pressure). (b) Top: distal three-dimensional echocardiography revealed 

complete leaflet opening and closing during systole and diastole respectively at 15 hr. 

Bottom: Doppler imaging showed unrestricted blood flow through the JetValve leaflets 

during systole and complete closure with minor regurgitation fraction during diastole (RV: 

right ventricle, PA: pulmonary artery).
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