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Abstract

Functional tissue engineered heart valves (TEHV) have been an elusive goal for nearly 30 years. 

Among the persistent challenges are the requirements for engineered valve leaflets that possess 

nonlinear elastic tissue biomechanical properties, support quiescent fibroblast phenotype, and 

resist osteogenic differentiation. Nanocellulose is an attractive tunable biological material that has 

not been employed to this application. In this study, we fabricated a series of photocrosslinkable 

composite hydrogels mNCC-MeGel (mNG) by conjugating TEMPO-modified nanocrystalline 

cellulose (mNCC) onto the backbone of methacrylated gelatin (MeGel). Their structures were 

characterized by FTIR, 1HNMR and uniaxial compression testing. Human adipose-derived 

mesenchymal stem cells (HADMSC) were encapsulated within the material and evaluated for 

valve interstitial cell phenotypes over 14 days culture in both normal and osteogenic media. 

Compared to the MeGel control group, the HADMSC encapsulated within mNG showed 

decreased alpha smooth muscle actin (αSMA) expression and increased vimentin and aggrecan 

expression, suggesting the material supports a quiescent fibroblastic phenotype. Under osteogenic 

media conditions, HADMSC within mNG hydrogels showed lower expression of osteogenic 

genes, including Runx2 and osteocalcin, indicating resistance towards calcification. As a proof of 

principle, the mNG hydrogel, combined with a viscosity enhancing agent, was used to 3D bioprint 

a tall, self-standing tubular structure that sustained cell viability. Together, these results identify 

mNG as an attractive biomaterial for TEHV applications.
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INTRODUCTION

Calcific heart valve disease (CAVD) affects predominately elderly and pediatric patients 

in developed and developing countries, respectively.[1],[2],[3] There are currently no 

therapeutic treatments available to prevent CAVD, and when the patient progresses to the 

end stage of CAVD characterized by leaflet calcification and severe stenosis, the only option 

is valve replacement.[4],[5] The most common valve replacement options are mechanical 

valves and bioprosthetic valves.[6],[7] However, while these options are adequate for the 

elderly population, they are problematic for pediatric patients due to multiple resizing 

surgeries caused by the lack of growth potential of the prosthetic valves.[8],[9]

Tissue engineered heart valves (TEHV) can provide an environment for which patient-

derived cells can grow and remodel the scaffold to mimic the native valve architecture. 

Several types of materials have been used to fabricate TEHV to mimic the biomechanics 

of the valve, ranging from natural to synthetic polymers. Methacrylated gelatin (MeGel) is 

a common hydrogel biomaterial for tissue engineering,[10] as it is mechanically tunable 

and provides excellent cell adhesion properties. We have previously demonstrated the 

ability to bioprint heart valves using MeGel hydrogels.[11],[12] MeGel however does not 

exhibit nonlinear stiffening critical for valvular biomechanics.[13] Further, in bone tissue 

engineering applications, MeGel was found to enhance MSC osteogenic differentiation and 

ECM calcification, all properties of CAVD.[14] Therefore, hydrogels like MeGel will need 

additional modifications or compositing with other materials to reduce potentially embedded 

risks of calcification and/or leaflet retraction.[10],[14]

Nanocellulose is a polysaccharide composed of linear chains of linked glucose units that 

comes in a variety of forms and scales several orders of magnitude in size. Attribute to 

their special nano-size effects, superior mechanical properties and remarkable biological 

properties, nanocelluloses have attracted an increasing attention as reinforcement for 

polymer hydrogels.[15] In addition, it has also been reported that the size, morphology 

and mechanical properties of nanocelluloses have an effect on cells adhesion, proliferation, 

migration and chondrogenic differentiation.[16],[17] Utilizing these unique structural and 

biological properties, nanocellulose have been used in a variety of tissue engineering 

applications, including vascular grafts[18],[19], soft tissue orthopedics replacements (e.g. 

ligament, meniscus, cartilage, and nucleus pulposus)[20],[21],[22], and wound healing[23].

In many instances, incorporation of nanocellulose enhanced the modulus and modulated 

cell fate, particularly by promoting a chondrogenic phenotype.[24] Researchers investigated 

using a blend of nanocellulose for engineering heart valves, including compression molding 

pineapple leaf fiber nanocellulose in between polyurethane films[19] and mixing poly(vinyl 

alcohol) with bacterial cellulose.[25] Wang et al.[26] used cellulose nanofiber (CNF) as 

a reinforcing phase to effectively improve the mechanical properties of biomass-based 

hydrogel materials and proved CNF is conducive to cell migration and rapid transport 

of biomolecules. Although these studies showed nanocellulose enhanced mechanical 

properties and good biocompatibility, the hydrophilicity of the nanocellulose interface 

has posed a challenge to the use of nanocellulose as reinforcing agents, coupled with 

their tendency to aggregate, which made the efficient dispersion of nanocellulose in 
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most conventional polymeric materials challenging and may cause phase separation in 

some parts and bring internal stress concentration point to bulk material.[27] In order to 

solve the problems, it is necessary to improve the interface compatibility between the 

bulk polymer and nanocellulose. Unlike unmodified NCC which can only be physically 

blended, TEMPO (2,2,6,6-Tetramethylpiperidinyloxy or 2,2,6,6-Tetramethylpiperidine 1-

oxyl)-modified nanocellulose can improve the carboxyl content and reaction activity on the 

surface of nanocellulose[28],[29], thereby link them to MeGel backbone through covalent 

conjugation of amino group and carboxyl group. In addition, a large number of negative 

charges attached on the surface of the oxidized nanocellulose could improve its dispersion 

and make the hydrogel more stable. On the other hand, nanocellulose reinforced hydrogel 

materials were not extensively studied to evaluate cell phenotype and tissue remodeling and 

there is still much room for improvement in mechanical strength of the hydrogel material.

Understanding these limitations of MeGel and the potential of TEMPO-modified 

nanocellulose, we sought to evaluate the potential of conjugating nanocellulose onto 

MeGel on strengthening the hydrogel mechanical properties and modulating cell fate 

while minimizing osteogenic potential for TEHV applications. Here, we prepared a 

series of photocrosslinkable hydrogels compositing by MeGel and TEMPO-modified 

nanocrystalline cellulose(mNCC) through blending and covalent conjugation. The structure 

was characterized by FTIR, 1HNMR. Human adipose-derived mesenchymal stem cells 

(HADMSC) were encapsulated within the material and evaluated for quiescent and activated 

valve interstitial cell markers.

MATERIALS AND METHODS

Material synthesis

Methacrylated gelatin was synthesized as previously described.[10],[11] Briefly, 10% (w/v) 

porcine skin gelatin (Type A, 300 bloom, Sigma) was dissolved in ultrapure water at 40 °C, 

methacrylic anhydride was added at a 1:5 v/v ratio, and the reaction proceeded for one hour 

at 40 °C. The mixture was dialyzed (MWCO 1 kDa, Spectrum Labs) in a 40 °C water bath 

for one week and lyophilized. Next, varying amounts of TEMPO-modified nanocrystalline 

cellulose (mNCC, 6% solids, Cellulose Lab) was conjugated to 7% MeGel via NHS/EDC 

in 10 mL ultrapure water (Table 1). The reagent ratio are as follows and scaled linearly: 

0.4% mNCC/12.5 mg NHS/25 mg EDC. The reaction proceeded at room temperature 

with constant shaking for at least three hours, dialyzed for five days, and lyophilized. All 

materials were UV sterilized for at least one hour prior to use.

1HNMR

The resulting conjugated mNCC-MeGel (mNG) was verified by 1HNMR and FTIR. Infrared 

spectra were obtained with FTIR Analyzer (Brucker Tensor 27). FTIR-ATR measurements 

were carried out at a range of 4000–750 cm−1, equipped with a continuum microscope 

and ATR objective. 1HNMR spectra was obtained by a Bruker AVANCE IIIT 600HD 

spectrometer at 500 MHz using D2O as solvent.
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Mechanical testing

Hydrogels formed in circular molds (D = 8 mm, H = 1/16”) were analyzed using the TA 

Instruments DMA Q800 Dynamic Mechanical Thermal Analysis (DMTA) in compression 

mode. The hydrogels were testing at a rate of 0.1 N/min. The strain energy was calculated 

by measuring the area under the stress-strain curve at 15%. The early or initial strain (< 

15%) and late strain (> 25%) moduli, along with the transition strain, were calculated.

Cell culture and encapsulation

Human adipose-derived mesenchymal stem cells (HADMSC, RoosterBio) were cultured as 

state in the manufacturer’s SOP and used between passage 5–7. Cells were encapsulated in 

MeGel or mNG with varying amounts of NCC added (0.8% – 2.0%) at a density of 2 million 

cells/mL with 0.05% Irgacure. All hydrogels were formed at 7% w/v. The gels were molded 

(D = 4 mm, H = 1/16”), and crosslinked for 5 minutes under UV (365 nm). The cells were 

cultured either in DMEM/F12 or osteogenic medium (10 mmol/L β- glycerophosphate, 50 

mg/mL ascorbic acid, and 10 nmol/L dexamethasone).

Cell viability analysis

A live/dead stain (Invitrogen) and the MTT cell proliferation assay was used to assess 

cell viability in the hydrogels. For live/dead stain, constructs were incubated in a solution 

containing 4 mM calcein green AM (Invitrogen) and 2 mM ethidium homodimer-1 

(Invitrogen) in 37 °C for 30 minutes. Confocal images were captured using a Zeiss LSM710. 

Images were quantified using FIJI. In the MTT assay, constructs were incubated in a 

solution containing 0.5 mg/mL MTT in 37 °C for 4 hours. The insoluble formazan product 

was solubilized in DMSO for 2 hours and measured using a microplate reader (Bio Tek).

Hydrogel compaction and contraction

Hydrogel discs were imaged periodically for up to 21 days using a Zeiss Discovery V20 

SteREO microscope. Images were threshold and processed using FIJI and analyzed using R.

Quantitative PCR

RNA from the hydrogels was extracted using the TRIzol extraction method and reverse 

transcribed to cDNA using the qScript cDNA SuperMix (Quanta Biosciences). Real-time 

quantitative PCR was performed using the SYBR Green master mix (QIAGEN). The 

primers used are listed in Table 2.

Tissue Biochemical analysis

Double stranded DNA (dsDNA), sulfated glycosaminoglycans (sGAGs), and hydroxyproline 

were measured via PicoGreen kit (Thermo Fisher), dimethylmethylene blue assay (DMMB)

[30], and 4-(dimethylamino)benzaldehyde (DMAB)[31] assay, respectively, in native and 

decellularized tissues. For PicoGreen and DMMB assays, lyophilized samples were digested 

in papain solution for 16 hours before proceeding. Samples were prepared in 96-well plates 

and read at 520 nm (excited at 480 nm) for PicoGreen and 656 nm for DMMB. For the 

DMAB assay, tissues were hydrolyzed in 4.8 N HCl for 3 hours and dried in an oven before 

proceeding. Samples in the 96-well plate were measured at 550 nm.
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3D bioprinting

A Scientist 3D printer (Seraph Robotics) was used for the 3D printing experiments. The 

bioink used was composed of 10% 0.8 mNG, 5% alginate, and 2 million HADMSC/mL. 

The composite bioink was loaded into a 10cc syringe (Nordson EFD) with a 20 G needle 

tip (Nordson EFD). A tubular construct was modeled in AutoCad Fusion 360 and loaded 

into Slic3r to create print paths. The sizes of the printed products are set as follows: d = 20 

mm, h = 15 mm, t = 3 mm. The pressure controlling deposition rate was manually adjusted 

for each print to ensure consistent deposition rate. Throughout the print, a high-power UV 

LED system (365 nm) was used to crosslink the printed hydrogel. The printed construct was 

further crosslinked using 4% calcium chloride for 4 minutes. The constructs were statically 

cultured for up to 14 days and evaluated using the live-dead assay.

Statistics

All statistics were performed in R using ANOVA and Tukey’s HSD post-hoc test. 

Significance was determined when P < 0.05. Error bars represent mean ± standard deviation.

RESULTS

mNG synthesis and characterization

The chemical structures of the samples were characterized by ATR-FTIR spectroscopy and 

the IR spectra of MeGel, mNCC and mNG are shown in Figure 2. Compared with the 

spectrum of MeGel, a wider and stronger adsorption was observed at 3300 cm−1 in the 

spectrum of mNG, which mainly belong to the stretching frequency of –OH group in mNCC 

and C-NH2 in MeGel. Another obvious difference appeared at 1057 cm−1 and 1330 cm−1. 

The former is assigned to the stretching vibration of CH–O–CH2 of carboxymethyl group 

in mNCC, while the latter is corresponded to stretching vibration of –OH. The peak at 

1057 cm−1 indicating the CH–O–CH2 stretching vibration of mNCC was present in both the 

mNCC and mNG samples but not the MeGel.

The 1H NMR spectrum of mNG was recorded in D2O (Figure 2). Compared with MeGel, 

there are several new proton signals were observed in the mNG samples at δ 0.9 ppm, 2.73 

ppm, and 2.96 ppm that represent protons on the mNCC backbone. The single peak was 

observed at δ 2.73 ppm which is attributed to the methylene protons of carboxymethyl group 

in mNG and the peaks at δ 2.96 ppm may be attributed to –CH proton at C4 of mNCC. 

Besides, the peaks around δ 3.23–3.81 ppm (especially a new peak observed at 3.5) were 

observed belongs to the –CH ring of mNCC backbone (C 1–5). These results confirmed the 

conjugation of mNCC and MeGel was successful.

From the results of FTIR and 1HNMR, it can be inferred that that mNCC to MeGel was 

successfully conjugated to form mNG according to the design.

Mechanical properties

To evaluate the mechanical effects of conjugating mNCC onto the MeGel backbone, the 

hydrogels were tested under unconfined compression. All hydrogels exhibited nonlinear 

stress-strain curves, but conjugation of mNCC resulted in a stiffer hydrogel (Figure 3). It 
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can be seen that an increase in mechanical properties of the mNG with increasing mNCC 

conjugation, particularly in the strain energy, transition modulus, and the elastic modulus. 

Incorporating higher concentrations of mNCC resulted in a trend of higher strain energy 

and toe region (as measured by the strain of the transitional modulus) compared to MeGel, 

with only the 2.0 mNG showing significant differences (73.8 ± 32.7 kPa vs. 178.0 ± 65.8 

kPa and 22.4 ± 5.4% vs. 30.4 ± 1.7%, respectively) (Figure 3A–B). The initial compressive 

moduli of mNG groups were higher than that of MeGel except for 0.2 mNG (Figure 3C). 

The transitional and maximum moduli showed similar trends as the strain energy, with 2.0 

mNG displaying the largest modulus (0.34 ± 0.09 kPa and 22.1 ± 7.4 kPa, respectively) 

(Figure 3D–E).

The mass swelling ratios and cell-mediated compaction of the hydrogels were observed 

(Figure 4). MeGel showed significantly lower swelling ratio at day 7 (10.8 ± 0.9) but the 

swelling ratio at day 14 was not significantly different from its initial time point. Conversely, 

the 0.8 mNG (11.1 ± 1.8) had significantly lower swelling ratio while the 1.5 mNG (22.3 

± 2.9) showed higher swelling ratio. The 2.0 mNG did not show any significant changes. 

The area ratio, a measure for cell-mediated compaction, of 0.8 mNG (0.97 ± 0.02) and 2.0 

mNG (0.98 ± 0.06) were similar to that of MeGel (0.87 ± 0.03) by 14 days, but 1.5 mNG 

swelled the most over time with an area ratio of 1.3 ± 0.02. In all cases, the gels were not 

significantly different between 7 and 14 days.

Biocompatibility and cell morphology

Cell spreading is critical inside tissue engineered heart valves because spread cells conform 

to the native valvular interstitial cell morphology and help remodel the matrix. Incorporating 

nanocellulose enhanced cell spreading in a concentration-dependent manner and showed 

increased in metabolic activity over time. The high aspect ratio of NCC could be helpful 

to enhance cell spreading. In live/dead images, cells appeared to be more spread in mNG 

conditions than in MeGel alone (Figure 5). The percentage of cells spreading increased with 

increasing concentration of mNG, with the 2.0 mNG showing the most cell spreading. The 

cells were significantly more metabolically in mNG hydrogel culture between 7 and 14 days 

compared to the other groups. While the metabolic activity was initially lower than MeGel, 

the cells within the mNG hydrogels showed the most improvement over time and reached 

the same level of MeGel alone, supporting high biocompatibility.

ECM deposition

Quantification of sulfated glycosaminoglycans, hydroxyproline, and DNA is shown in 

Figure 6. MeGel showed little or no GAG deposition. It can be seen that the mNG 

conditions showed high GAG values, and GAG seem to show a trend of increasing value 

over time in the mNG conditions. An Alcian blue stain was used to qualify GAG deposition 

(Figure 7). The normalized ratio of the grey value between the blue and red channels show 

an increasing blue ratio with increasing concentration of NCC conjugation. The 1.5 mNG 

and 2.0 mNG, while not significantly different from each other, both show the highest 

blue/red channel grey ratio value of approximately 1.5.
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The amount of hydroxyproline almost unchanged between day 7 and 14 for MeGel. 

However, there was a decreasing trend within the mNG conditions between the same time 

points. Moreover, the mNG conditions at day 14 showed lower hydroxyproline content 

compared to MeGel. These results corroborate with the increase in MMP1 gene expression 

and the trend of decreasing HYP concentration after 14 days, potentially indicating the start 

of a remodeling phase.

Phenotyping

The encapsulated MSCs were evaluated for differentiation markers, particularly 

for myofibroblastic activation and chondrogenic differentiation. The expression of 

myofibroblastic markers is shown in Figure 8. SMA expression was significantly 

downregulated within mNG hydrogels (0.44 ± 0.09, 0.40 ± 0.11, and 0.22 ± 0.04 fold 

change in 0.8, 1.5, and 2.0 mNG, respectively) compared to MeGel, and the expression level 

did not change over time. Conversely, vimentin was upregulated in mNG hydrogels after 14 

days in culture (1.6 ± 0.5, 2.8 ± 0.4, and 4.3 ± 0.9 fold change in 0.8, 1.5, and 2.0 mNG, 

respectively). Generally, encapsulated cells are activated and display a myofibroblastic 

phenotype (SMA+) within MeGel.[12],[32]

The expression of MMP1 was low during early time points but became upregulated after 14 

days compared within the same hydrogel conditions but were not significantly different 

from MeGel. However, while MMP1 was upregulated over time, MMP2 showed the 

opposite effect, showing down regulation of approximately 0.50-fold change in all mNG 

hydrogels after 14 days compared to the early time points. The results demonstrated that 

incorporation of mNCC induced and maintained HADMSC differentiation to a quiescent 

fibroblast phenotype in a concentration-dependent manner.

The expression of chondrogenic markers is shown in Figure 8. In mNG hydrogels, SMA 

expression was decreased while vimentin expression increased over time. MMP1 increased 

while MMP2 decreased over time. ACAN was significantly increased compared to MeGel 

in all time points and showed an increase in expression between days 3 and 14 in the mNG 

hydrogels (15.4 ± 2.2, 15.4 ± 2.9, and 19.0 ± 2.9fold change in 0.8, 1.5, and 2.0 mNG, 

respectively). Sox9 was upregulated initially for 0.8mNG and 1.5 mNG but decreased in 

expression after 14 days. However, the 2.0 mNG condition showed an increase in Sox9 

expression. These results support the HADMSC adopting a chondrogenic phenotype.

Phenotypic changes in osteogenic media

Calcification is a hallmark of advanced valvular disease where valve interstitial cells become 

osteogenic-like and deposit bone-like matrix. To evaluate the osteogenic potential of this 

material, the HADMSC encapsulated within the hydrogels were challenged with OGM and 

evaluated for osteogenic markers. The osteogenic potential of mNG samples were compared 

to MeGel, which has been shown to induce osteogenic differentiation.[33]

The encapsulated HADMSC initially showed a myofibroblastic or activated phenotype in 

the 1.5 and 2.0 mNG hydrogels, as evident by the upregulation in SMA in day 7 (3.5 ± 

1.1 and 3.7 ± 1.7 fold change, respectively) (Figure 9). SMA was decreased in 0.8 mNG 

but increased in 1.5mNG and 2.0 mNG. Vimentin showed decrease in 1.5mNG and 2.0 
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mNG over time. By day 14, the SMA expression were similar to the MeGel condition. 

Interestingly, only the 0.8 mNG showed a downregulation of SMA for both time points with 

a 0.40 ± 0.06fold change. Vimentin expression was similar between conditions except for 

the downregulation in the 1.5 and 2.0 mNG conditions at the later time point (0.52 ± 0.18 

and 0.34 ± 0.05fold change, respectively).

Gene identifiers for osteogenic differentiation, including Runx2 and osteocalcin, were 

evaluated. Runx2 is a transcription factor closely related to early stage osteogenic 

differentiation.[34],[35] Osteocalcin is a protein needed for bone mineralization and is 

promoted by the presence of Runx2.[36] After 14 days in culture, Runx2 and OCN were 

downregulated in mNG hydrogels compared to the MeGel by approximately 0.5-fold change 

in all conditions. The trends hold true when comparing between GM and OGM media 

conditions in the same hydrogels at day 14 (Figure 10). Runx2 expression increased within 

the mNG hydrogels under OGM conditions, but the overall expression was significantly 

lower compared to MeGel. Similarly, the expression of OCN was lower within the mNG 

hydrogels in both GM and OGM conditions. No significant differences were observed in 

the OPN expression levels between the GM and OGM groups. (* P < 0.05 compared to 

MeGel in the same media condition, # P < 0.05 compared to GM within the same hydrogel 

group, N = 3–4). To further evaluate osteogenic differentiation, the hydrogels were stained 

with alizarin red, which stains calcium-rich regions red (Figure 11). The D14 hydrogels 

did not appear different between the GM and OGM conditions, but MeGel appeared more 

stained than the mNG hydrogels. While there was no observable nodule formation in any 

hydrogels, the deeply stained region of MeGel demonstrate a more susceptible environment 

for osteogenesis to occur, and the results support that encapsulated HADMSC within mNG 

hydrogels has less osteogenic potential than in MeGel.

3D bioprinting with mNG-laden bioink

As a proof of concept for tissue fabrication with mNG, the mNG was mixed with alginate 

to form a bioink and used to 3D bioprint a construct (Figure 12). The 0.8 mNG yielded the 

highest fidelity based on the grid pattern, so the remainder of the prints used the 0.8 mNG 

as the base polymer. From the prints, we showed a tall, multi-layered, self-standing tubular 

construct was achievable. After culturing for 7 days, the resulting tube swelled slightly 

without any signs of delamination from the printing process, and the live/dead images and 

quantification show viable cells.

DISCUSSION

Calcific heart valve disease is an increasing global problem affecting patients of all ages[37], 

and as a result, heart valve replacement surgery is estimated to triple by 2050.[38] Tissue 

engineering heart valve is a promising choice for replacing diseased or injured heart valves 

because of its ability to integrate and grow with the patient. However, common materials 

used for fabricating tissues, such as methacrylated gelatin, can become calcify or result in 

a fibrotic tissue, leading to leaflet retraction or stenosis.[10],[14],[39] Nanocellulose have 

been used in engineering tissues, commonly for cartilage and ligament engineering, because 

of the material’s ability to swell, differentiate cells towards a chondrogenic lineage, and 
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increase mechanical properties.[20],[21],[22],[24] Understanding the unique properties each 

material possess for heart valve tissue engineering, we sought to combine the two together to 

synthesize a new composite biomaterial. Here, we present for the first time the conjugation 

of TEMPO-modified nanocrystalline cellulose onto the backbone of methacrylated gelatin. 

The composite biomaterial mNG enhanced material mechanics and cell spreading. Stem 

cells encapsulated within the mNG hydrogel adopted a quiescent fibroblastic phenotype and 

displayed phenotypic properties found within the spongiosa of the heart valve. Lastly, the 

mNG hydrogel protected against osteogenic differentiation of the encapsulated stem cells. 

Based on these properties, the composite hydrogel is promising for tissue engineering heart 

valves.

mNG characterization

Incorporation of nanocellulose has been used in tissue engineering applications, particularly 

to enhance mechanical strength. Incorporating NCC via chemical or physical entrapment 

have been shown to increase both the compressive modulus and swelling in numerous 

hydrogel systems, including polyvinyl alcohols, polyacrylamide/polyacrylates, and natural 

polymers.[27] NCC can form both intra- and inter-molecular hydrogen bonding, thus 

enhancing the composite materials.[20],[40] In fiber-reinforced composite materials, there 

is an optimum fiber fraction volume for maximizing mechanical properties, and deviation 

from the optimum can decrease overall strength.[41] Unlike other groups that have mixed 

nanocellulose with another material to make a fiber-reinforced composite material[42], our 

composite biomaterial contains only one bulk material with different degree of nanocellulose 

conjugation rather than mixing multiple materials. Conjugating more mNCC onto the 

backbone of MeGel would result in more hydrogen bonding, thus enhancing material 

strength by formation of an interpenetrating network. We would not expect the material 

to weaken at lower or higher degree of NCC conjugation because the fractions are part of 

the MeGel backbone and not physically entrapped. From our data, we saw an increase in 

mechanical properties of the mNG with increasing mNCC conjugation, particularly in the 

strain energy, initial strain modulus, transition strain, and the late strain (elastic) modulus. 

The enhanced mechanical compressive strength would aid in engineering the fibrosa layer, 

which resists the high aortic pressure during diastole. Additionally, the swelling could be 

useful in engineering the GAG-rich spongiosa layer or reducing cell-mediated compaction 

of hydrogels that have plagued other engineered valves.[43],[44] The enhanced mechanical 

strength via addition of more mNCC needs to be carefully balanced for heart valve tissue 

engineering. Compared to PEGDA that our group have previously used to form 3D printed 

aortic heart valves[45], the strong non-linear stiffening observed with the mNG provides 

low stiffness at physiological strains for heart valve cells but protective stiffening at higher 

pressures. The resisting deformation under higher pressures may facilitate greater elastic 

recoil. While engineering a high-strength tissue is useful to prevent disintegration in vivo, 

too high of stiffness could provide environments for cells to become disease-like and 

become osteogenic and calcify.[46],[47]

Effect of mNG on cell biocompatibility and phenotype

Cell alignment can be an important attribute as well for engineering valves, specifically for 

the fibrosa and ventricularis layers, and nanocellulose can be used for achieving cellular 
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alignment. Fabrication technique is crucial in producing aligned microarchitecture on which 

cells can align. The length scale of the nanocellulose is smaller than the cells, but because 

the nanocellulose is conjugated on the backbone of a larger polymer, MeGel, alignment 

of mNG is possible.[48],[49],[50],[51] Mechanical stimulation can help induce alignment, 

particularly in cyclic compression or tension to mimic the diastolic or systolic phases, 

respectively.[52]

Nanocellulose exhibits low affinity for cell attachment, but coupled with a base polymer, 

the composite can modulate cell behavior. In this case, methacrylated gelatin was chosen 

to provide cell adhesion points for the cells to grow and mechanical tunability. Generally, 

encapsulated cells are activated and display a myofibroblastic phenotype (SMA+) within 

MeGel.[12],[32] Interestingly, the conjugation of mNCC lowered the expression of SMA 

while increasing vimentin expression, thus supporting a pro-quiescent fibroblastic phenotype 

of the HADMSC. Others have shown similar properties of nanocellulose hydrogels 

decreasing in myofibroblastic activation by decrease in SMA expression, particularly for 

in vivo wound healing, potentially by modulating factors (e.g. TGF-β).[53],[54],[55]

The initial promotion of a chondrogenic phenotype of the HADMSC within mNG hydrogels 

may be suited for engineering the GAG-rich layer. Additionally, the swelling could be useful 

in reducing cell-mediated compaction of hydrogels that have plagued other engineered 

valves.[43],[44] However, mNG should eventually promote a quiescent, non-chondrogenic, 

and non-myofibroblastic population of cells to prevent over production and accumulation of 

GAG, which could lead to a myxomatous-like scaffold[56], and overly-contractile matrix, 

which could lead to a fibrotic and stiff scaffold.[57] Based on the cell phenotype results, the 

mNG material induced early remodeling and late maturation.

Additionally, nanocellulose has been used in the context for cartilage engineering, 

particularly by forming hydrogels either alone or in combination with other materials 

through physical entrapment.[20] These nanocellulose-laden hydrogels can induce 

neocartilage formation[58], maintain chondrogenic phenotype, and promote chondrogenic 

redifferentiation.[59] Cells within these scaffolds deposited more GAG and collagen 

and expressed higher levels of chondrogenic genes, including ACAN and Sox9. In our 

hydrogel system, instead of physical entrapment, we conjugated nanocellulose to the MeGel 

backbone to formulate mNG hydrogels. The HADMSC encapsulated within mNG in our 

study behaved similarly to other cells seeded in nanocellulose-laden hydrogels, suggesting 

that mNG may initially promote a chondrogenic phenotype, particularly based on the 

upregulation of ACAN and Sox9 during early time points. However, the downregulation 

of myofibroblastic genes (SMA, MMP2) and the upregulation Vim may indicate more of a 

fibroblastic phenotype of the HADMSC.

Lastly, the nanocellulose-laden hydrogels showed downregulation of some osteogenic 

markers when compared to MeGel, which is a material that can promote osteogenic 

differentiation. However, in the context of heart valve engineering, osteogenic differentiation 

and calcium deposition should be minimized. Nanocellulose has been used by several 

groups to make nanocellulose hydrogel composites with collagen, hydroxyapatite, and/or 

calcium phosphate to induce osteogenic differentiation or maintain osteogenic phenotype.
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[60],[61] Additionally, another group has reported MSC in bacterial nanocellulose can 

stimulate MSC towards osteogenic lineage without addition of inorganic materials into 

the hydrogel, showing positive alkaline phosphatase staining.[62] Based on the results, 

incorporating mNCC is inhibitory of osteogenic differentiation of HADMSC, particularly 

with Runx2 and osteocalcin. Although the mechanism of inhibition is not currently known, 

it could be attributed to incorporating nanocellulose, which can induce chondrogenic 

differentiation without the aid of growth factors via surface roughness or the availability 

of glucose monomers via degradation. [63].

The results show promising phenotypic changes of the encapsulated HADMSC within the 

mNCC towards the cell types needed for TEHV, but additional studies are needed to fully 

develop the cell type and tissue architecture of the heart valve. The study was conducted 

in static culture, and dynamically culturing the hydrogels within a bioreactor system would 

provide further mechanical cues to aid in cell differentiation, protein secretion, and matrix 

development. The fold changes observed, while statistically significant, were generally 

under two-fold difference, but additional bioreactor studies mimicking in vivo conditions 

may increase the observed differences.

3D bioprinting with mNG-laden bioink

The main goal is to use the mNG biomaterial to fabricate TEHV. We have shown the 

low-viscosity formulation of mNG can be casted into custom molds and crosslinked via UV. 

Additionally, as a proof of concept, we incorporated mNG into a bioink for 3D bioprinting 

applications. To increase viscosity, alginate was added with the mNG to ensure it can be 

extruded.

Several researchers have already reported printing with a mixture of nanocellulose (i.e. 

physical entrapment) and alginate with varying degree of success.[59],[64],[65] In many of 

these studies, cells adopted a round morphology shape, potentially due to either the lack 

of adhesion molecules or the high matrix density. These properties that result in round 

cell morphology are ideal for cartilage engineering because chondrocytes normally have 

a rounded morphology, but in heart valve engineering, interstitial cells normally have a 

spindle-like morphology. Xu et al. printed using a blend of NFC and low concentration 

of MeGel without chemical conjugation and showed feasibility of printing a small grid, 

but the 3T3 fibroblasts remained rounded after 72 hours of growth.[42] Conversely, Müller 

et al. showed cell spreading of primary articular chondrocytes in alginate sulfate-bacterial 

nanocellulose after a minimum of 14 days and depended on the tip size.[64] Here, we 

showed the feasibility of bioprinting a tall, self-standing tubular structure with viable cells 

over a period of 7 days. Similar to past studies, the cell morphology was also relatively 

round. However, the culture period was relatively short (7 days vs 14 days), but given a 

longer culture period, we would expect the cells to start remodeling the matrix and begin 

spreading, particularly because of the presence of adhesion motifs found on the MeGel 

backbone. The mNG hybrid hydrogel, combined with alginate or other viscosity modifier, 

could provide a foundational bioink for TEHV applications.
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CONCLUSION

A new composite hydrogel was fabricated by conjugating mNCC to the MeGel backbone 

to form mNG for tissue engineering applications. Encapsulated HADMSC in the mNG 

hydrogels were bioactive and displayed more cell spreading. They adopted a quiescent 

fibroblastic phenotype and displayed phenotypic properties found within the spongiosa of 

the heart valve. The hydrogels displayed nonlinear biomechanics and could be useful for 

engineering the fibrosa or spongiosa layers due to the enhanced mechanical properties and 

environment for GAG-deposition and lower propensity for calcification. Moreover, the 3D 

bioprinting construct of the mNG biomaterial with HADMSC showed viable cells after 

culturing for 7 days. This study showed the feasibility of using mNG as a biomaterial to 

potentially be used to engineer multiple layers the heart valve.a
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Figure 1. 
FTIR spectrum of MeGel (red), mNCC (blue), and mNG (blue).
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Figure 2. 
1H NMR spectra of MeGel and mNG.
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Figure 3. 
Unconfined compression of MeGel and mNG. (A) A representative stress-strain curve 

of MeGel and mNG; (B) Strain energy; (C)Compressive initial modulus (< 15 %) (D) 

Transition strain (> 25%) (E) Compressive modulus (> 25%).
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Figure 4. 
The mass swelling ratio and compaction behavior of MeGel and mNG hydrogels.
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Figure 5. 
Biocompatibility of MeGel and mNG hydrogels. (A) Representative images of live/dead 

staining of cells encapsulated within the different hydrogels( Scale bar = 100 μm); (B) 

Percent cell spreading in different mNG hydrogels; (C) Cell metabolism over time at D7 and 

D14 in mNG hydrogels.
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Figure 6. 
Quantification of DNA, GAG, and HYP content.
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Figure 7. 
Alcian blue stain of the different hydrogels at D14. (A) Alcian blue stain on hydrogel 

sections. (B) Normalized grey values (blue to red).
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Figure 8. 
Gene expression for myofibroblastic (SMA, Vim, MMP1, and MMP2) and chondrogenic/

spongiosa (ACAN, Sox9) markers.
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Figure 9. 
Gene expression for myofibroblastic (SMA, Vim) and osteogenic (Runx2, OCN, OPN) 

markers in MeGel and mNG hydrogels in OGM condition.
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Figure 10. 
Comparison of osteogenic genes between GM and OGM conditions at D14.
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Figure 11. 
Alizarin red staining of D14 hydrogels.
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Figure 12. 
Bioprinting of mNG hydrogels. (A) a grid pattern and (B) a tubular construct. (C) The cross 

section of the hydrogel after 7 days in culture. (D) A representative live/dead image show 

live cells. (E) Quantification of live cells after 7 days.

Ma et al. Page 27

J Biomed Mater Res A. Author manuscript; available in PMC 2022 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ma et al. Page 28

Table 1.

Components used to conjugate mNCC to MeGel to synthesize mNG

Condition mNCC MeGel (g) 6% mNCC (mL) NHS (mg) EDC (mg)

0.2 mNG 0.2% 0.7 0.47 6.3 12.5

0.4 mNG 0.4% 0.7 0.93 12.5 25.0

0.8 mNG 0.8% 0.7 1.87 25.0 50.0

1.5 mNG 1.5% 0.7 3.49 46.9 93.8

2.0 mNG 2.0% 0.7 4.65 62.5 125
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Table 2.

List of primers used for phenotyping

Gene Symbol Sequence (5′–>3′) Ref Product length (bp)

18S F: CTTAGTTGGTGGAGCGATTT NR_003286 170

R: GCTGAACGCCACTTGTCC

Vim F: ACAGGCTTTAGCGAGTTATT NM_003380 182

R: GGGCTCCTAGCGGTTTAG

αSMA F: CACT GCCGCAT CCT CATC NM_001613 160

R: GCTGTTGTAGGTGGTTTCAT

Runx2 F: CCT CCTACCT GAGCCAGATG NM_001024630.4 146

R: CCAGAGGCAGAAGTCAGAGG

OPN F: AAATTCTGGGAGGGCTTGG NM_001040058 117

R: TTCCTTGGTCGGCGTTTG

OCN F: GGCAGCGAGGTAGTGAAGA NM_199173 148

R: CCTGAAAGCCGATGTGGT

Sox9 F: TCCT CAGGCTTT GCGATTT NM_000346 170

R: TCCCAGCAGCACCGTTTT

ACAN F: GGCGAGT GGAAT GAT GTT NM_001135 273

R: CTTCTGTAGTCTGCGTTTGTAG

MMP1 F: TGAAGAAT GAT GGGAGGCAAGT NM_002421 122

R: CAGGGTTTCAGCATCTGGTTTC

MMP2 F: CCCCAAAACGGACAAAGAG NM_004530.5 314

R: CACGAGCAAAGGCATCATCC
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