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Abstract

In additive manufacturing, bioink formulations govern strategies to engineer 3D living tissues that 

mimic the complex architectures and functions of native tissues for successful tissue regeneration. 

Conventional 3D-printed tissues are limited in their ability to alter the fate of laden cells. 

Specifically, the efficient delivery of gene expression regulators (i.e., microRNAs) to cells in 

bioprinted tissues has remained largely elusive. In this study, we explored the inclusion of 

extracellular vesicles (EVs), naturally occurring nanovesicles (NVs), into bioinks to resolve this 

challenge. EVs show excellent biocompatibility, rapid endocytosis, and low immunogenicity, 
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which lead to the efficient delivery of microRNAs without measurable cytotoxicity. EVs were 

fused with liposomes to prolong and control their release by altering their physical interaction with 

the bioink. Hybrid EVs-liposome (hEL) NVs were embedded in gelatin-based hydrogels to create 

bioinks that could efficiently encapsulate and deliver microRNAs at the target site in a controlled 

and sustained manner. The regulation of cells’ gene expression in a 3D bioprinted matrix was 

achieved using the hELs-laden bioink as a precursor for excellent shape fidelity and high cell 

viability constructs. Novel regulatory factors-loaded bioinks will expedite the translation of new 

bioprinting applications in the tissue engineering field.
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1. Introduction

Commonly used hydrogel-based bioinks possess excellent biocompatibility and 

biodegradation ability, which allows for cellular growth and proliferation while retaining 

shape fidelity during and after the printing process [1,2]. However, these bioinks still possess 

a low tunability for their biological and biophysical properties. Moreover, conventional 

bioink formulations cannot selectively deliver or control the release of encapsulated 

therapeutics to specific cells due to their non-selective and micrometric porous structure, 

which is typically associated with burst release of incorporated bioactive molecules [3]. To 

overcome these limitations, various reinforcing materials (i.e., nanoparticles, nanofibers, 

growth factors, or gene/drug-loaded nanovesicles (NVs)) have been incorporated into 

bioinks to improve their mechanical and electrical properties, biologic function, and 

therapeutic ability [4–8]. 3D-printed constructs developed using these advanced bioinks have 

proven their potential to regenerate various types of damaged tissues [9–11].

Regulation of cellular gene expression is a regeneration strategy that holds a high promise 

to treat damaged or diseased tissues [12]. Consequently, biofunctional bioinks that allow for 

the regulation of cellular gene expression in bioprinted constructs are highly anticipated; 

however, effective strategies to realize such bioinks have remained largely elusive. 

Controlling cells-fate in bioprinted constructs could be achieved by incorporating target-

specific NVs, which can deliver various regulatory factors, like microRNAs (miRNAs), to 

recipient-specific cell types. Hydrogel-based 3D matrices can establish local and prolonged 

release of regulatory factors-loaded NVs in a dose-dependent manner that overcomes the 

limitation of NVs alone, which are rapidly cleared from the injured area through the 

systemic circulation. Also, in this composite platform, 3D printed scaffolds can serve as 

guide-like native extracellular matrix (ECM), since cell-fate conversion and maturation 

is also affected by the ECM’s biophysical properties and exerted mechanical forces 

[13,14]. Therefore, coalescing 3D bioprinting with gene expression regulators can lead to 

engineering 3D tissues to repair the irreversible defects caused by diseases affecting major 

pathological structures and functions in the human body.
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Extracellular vesicles (EVs) are being increasingly investigated for use as NVs, due to 

their natural targeting capabilities, rapid endocytosis, excellent biocompatibility, and low 

immunogenicity [3]. Donor cells from which EVs are derived confer these desirable 

properties, in that the surface adhesion molecules inherited by the EVs allow them to 

specifically target receptor cells [15]. Although membrane proteins and lipid compositions 

assume an important role in the targeting efficiency of EVs, they reduce the strength of 

the noncovalent bonds that are usually formed with the hydrogel’s matrix, which leads 

to burst release from the hydrogel matrix [16]. On the other hand, liposomes (Lip) are 

well-established and clinically approved delivery NVs used to transfer various transcription 

and regulatory factors [17–19]. Although Lip lack this natural targeting ability, they possess 

a favorable controlled release from hydrogel matrices due to the formation of strong 

noncovalent bonds between Lip and the hydrogel network [20]. Since, EVs and Lip have 

similar physical and chemical features, combining both type of NVs might prolong and 

control the release of EVs from the hydrogel matrix, while preserving their natural targeting 

abilities.

In this study, we have produced hybrid EVs-Lip (hELs) NVs to preserve the advantages 

of both complementary systems while eliminating their limitations [21–27]. Moreover, 

NVs were loaded with miRNAs, as these small non-coding RNAs behave as regulatory 

molecules that can drive the cellular events towards functional recovery [28,29]. The ability 

to encapsulate regulatory factors in smart targeting NVs could lead to superior treatment 

strategies, like direct cellular reprogramming [30–32]. Moreover, incorporating miRNA-

loaded NVs within the 3D constructs ascertains their localized and controlled delivery to the 

physiologically diseased tissue. Gathering on this, and to take advantage of the synergetic 

effect of miRNA-laden targeting NVs and 3D bioprinted matrices, herein, we formulated a 

gelatin methacryloyl-hELs (Gel-hEL) bioink and investigated its ability to be biofabricated 

and microfabricated into complex shapes and forms. The pore sizes, mechanical properties, 

NVs release profile, degradation profile, topography, and biocompatibility of this novel Gel-

hEL system were characterized, as was its biofunctionality as a gene expression regulator 

bioink.

2. Results and discussion

2.1 Fabrication and characterization of nanovesicles (NVs)

We used the salmon-derived Lip, which are an intriguing type of Lip because they present 

a double functionality, since they are rich in bioactive ω- 3 and ω- 6 polyunsaturated 

fatty acids, and they can encapsulate bioactive molecules [33–36]. Lip were enzymatically 

extracted from salmon fish heads and EVs were isolated from neonatal rat CFs culture 

media and used to produce loaded hELs via incubation followed by probe-sonication as 

shown in Figure 1A [37–39]. Briefly, they were formed by co-incubating the lipid vesicles 

at 37 °C for 12 hours in order to fuse EVs and Lip [40–46]. Structural, electrostatic, or 

chemical interactions of the lipid particle constituents contributed to the membrane fusion. 

The NVs subsequently underwent probe-sonication to induce membrane breakage, whereby 

the localized reorganization, re-constitution, and interweaving of fragmented EVs and Lip 

membranes occurred after sonic agitation was discontinued.
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Successful membrane fusion between Lip and EVs was demonstrated using a fluorescence 

resonance energy transfer (FRET) assay using a set of 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl) (ammonium salt) (NBD-PE)- 

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

(ammonium salt) (Rhod-PE)-labeled phospholipids. As can be seen in Figure 1B, when 

NBD-PE, which is present in the liposomal membrane, is excited at a wavelength of 460 

nm, it emits fluorescence at 530 nm, and part of that energy is transferred to nearby 

Rhod-PE, which emits fluorescence at 588 nm. However, when new EVs phospholipids 

and membrane components are introduced into the liposomal bilayer, the distance between 

fluorescent NBD-PEs and Rhod-PEs increases, and, as a result, the fluorescence intensity 

increases at 530 nm and decreases at 588 nm. Successful production of hELs was verified 

as the fluorescence intensity increased at 530 nm and decreased at 588 nm when higher 

concentrations of EVs were introduced to the liposomal solution (Figure 1C), a phenomenon 

that suggests the insertion of new EVs phospholipids into the liposomal bilayer. To quantify 

the decreasing FRET effect, FRET efficiency was calculated. The decrease in FRET 

efficiency with higher EVs concentrations is shown in Figure S1A.

Flow cytometry (FACS) analysis was used to assess the percentages of EVs-specific CD 

markers on the surfaces of the three NVs configurations. To enable the detection of small 

EVs and hEL particles by flow cytometry, NVs were pre-bound by magnetic beads and 

then fluorescently labeled for FACS. EVs without any marker, and only in the presence of 

control beads, were selected as the control group. For the antibody-stained sample groups 

containing beads and EVs (Beads-EVs) or beads and hELs (Beads-HEL), the tetraspanins 

CD9, CD63, and CD81 were analyzed as common EVs surface markers due to their broad 

distribution in many types of tissues [47,48]. The percentage intensities of the CD markers, 

CD9, CD63, and CD81, in the EVs groups were subsequently found to be 87%, 73.9%, and 

84.86%, respectively (Figure 1D and Figure S2). Lastly, hELs were also found to express all 

EVs-specific CD surface markers, with measured intensities of 32%, 16.93%, and 34.23%, 

respectively, of the CD9, CD63, and CD81 markers.

The sonication parameters applied during synthesis, including amplitude, duration of 

sonication, and mode of operation, may affect the minimum mean particles sizes of the 

hELs. After optimization of these parameters, the sizes, polydispersity indexes (PdI), and 

zeta potentials of the hELs compared with Lip and EVs were quantified using dynamic 

light scattering (DLS). The hydrodynamic size of Lip (52.13 nm ± 0.57) was determined 

as larger than that of EVs (37.45 nm ± 0.49) and hELs (37.31 nm ± 0.65) (Figure 1E and 

Figure S1B). All of the formulated NVs were relatively monodisperse and presented near-

identical average PdIs of ~0.25, a low value, and, correspondingly, one that is associated 

with a narrow size distribution (Figure S1C) [49]. Typically, PdI values of lower than 0.3 

indicate homogenous populations and are considered acceptable in nanoformulations for 

drug delivery applications [50]. As can be ascertained from inspecting Figure 1F, the Lip 

in this work had a negative zeta potential (−35.67 0mV ± 0.59), with the strong negative 

value attributed to the negatively charged phospholipids found in salmon lecithins, such 

as phosphatidylglycerol, phosphatidic acid, phosphatidylinositol, and phosphatidylserine, 

which could be present on the outside surfaces of the Lip [51]. EVs also displayed a 

negative zeta potential (−5.6 mV ± 0.6), but with a value closer to neutral than that of the 
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Lip. As an intermediate blend of Lip and EVs, hELs were determined to have a negative 

and transitional zeta potential value (−12.3 mV ± 2.2), with a magnitude that appeared 

influenced more so by the EVs than the liposomal constituents. This zeta potential of hELs 

may explain their congruity to EVs and deviation from Lip in terms of the hydrodynamic 

size, as less negative zeta potentials tend to possibly lower the repulsive forces between 

phospholipids, and, thus, lead to a decrease in the particle size.

The encapsulation efficiency (EE) of miRNA by NVs was assessed using the fluorescent 

model, miRNA-DY547. Immediately after encapsulation, the loaded NVs suspensions were 

ultracentrifuged to remove free miRNA, which remained in the supernatant, from the 

pelletized NVs containing their biofunctional payload. The concentration of free miRNA-

DY547 was quantified using a standard curve based on DY547 fluorescence intensities at 

Ex/Em of 525/570 nm. From this, the EE was calculated and found to be around 63% ± 2.21 

for Lip, 65% ± 2.18 for hELs, and 76% ± 3.12 for EVs (Figure 1G). It is likely that these EE 

values are governed by NVs’ charge. Since miRNAs are negatively charged, a correlation 

can be inferred, in that the greater the negative charge on the NVs, the lower their EE value 

as the result of repulsive forces between similarly charged substances [52].

2.2 Biofunctionality of NVs

The cytotoxicity of Lip toward CF cells was determined, in order to establish 

biocompatibility and to complement previous research studies which recommended the 

cytocompatibility of salmon Lip toward human adipose and Wharton’s jelly stem cells, and 

toward cortical neurons [20,51,53,54]. Investigating the possibility of a cytotoxic response 

with a new cell type is an important requirement. This requirement also applies to the 

hEL particles studied here, as they have not been previously fabricated using combinations 

of CF-derived EVs and salmon-derived Lip. To test the NVs biocompatibilities, CFs were 

incubated with different concentrations of Lip, EVs, or hELs, and cellular viability and 

proliferation were measured at 1, 3, and 7 days after NVs addition. CFs that were cultured 

with all NVs, except Lip at concentrations exceeding 100 μg/mL, showed excellent viability 

as observed from Live/Dead staining images (Figure 2A), and there were no significant 

differences compared to the control (no NVs) (Figure 2B and Figure S3).

Live/Dead staining was additionally performed to interpret the viability of CFs that were 

treated with EVs (500 μg/mL and 1000 μg/mL) or the commercially available and well-

known transfection reagent lipofectamine (4 μL), and the cell viability results indicated that 

EVs, especially at the lower tested concentration of 500 μg/mL, were more supportive of 

normal CF proliferation (Figure S4). The viability of the group treated with EVs at 500 

μg/mL (>100%) was not decreased at all compared to the control group after 3 days. On 

the other hand, lipofectamine significantly decreased the viability of CF cells, more so than 

EVs treatments at 1000 μg/mL. Thus, EVs provide a feasible route to encapsulate large 

quantities of miRNA while providing high biocompatibility for hybrid NVs. Interestingly, 

fluorometric detection of aerobic respiration-driven reduction of resazurin into resorufin 

of CFs cultured with NVs, barring the Lip at 100 μg/mL and higher concentrations, 

demonstrated significantly increased total mitochondrial metabolic activity as compared 

to controls (Figure 2C and Figure S3). This is most likely explained due to increased 
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proliferative effects for cells that were cultured in the presence of EVs and hELs. These 

results can be attributed to the native proneness for EVs to enhance the proliferation and 

inhibit apoptosis of cells for which they contain vital endosomal proteins and signaling 

molecules [55].

Incubation of cells with NVs labeled with fluorescent lipophilic dyes is a common method 

to investigate their internalization and cellular uptake. To determine whether CF-derived 

EVs, salmon-derived Lip, and composite hELs could be taken up by CFs, and also to test 

dye retention, NVs were stained with PKH67 and then washed extensively. Following this 

procedure, dye-labeled NVs were added to CFs and incubated for 8 hours. As shown in 

Figure 2E, PKH67-labeled NVs were present in overlaying recipient fibroblasts, meaning 

that EVs, Lip, and hELs were successfully delivered to the CF cytoplasm and that cellular 

uptake was achieved. The fluorescence intensities of PKH67-labeled NVs were additionally 

quantified and normalized with cell number (DAPI count) (Figure 2D). The intensity ratio 

was the highest for PKH67-labeled EVs (75.2% ± 7.9) and slightly lower for the PKH67-

labeled hELs (59.6% ± 9.2), which in turn showed a significantly higher uptake than the 

PKH67-Lip (9.4% ± 4.0). To check whether these NVs could deliver different types of cargo 

to CFs, three NVs were loaded with fluorescein diacetate (FDA) and added to cultured 

cells. As can be seen from Figure S5A, CFs can take up the non-fluorescent FDA molecule 

and hydrolyze it into fluorescein, which emits fluorescence. From the green signals in 

the fluorescent images (Figure S5B), Lip, EVs, and hELs successfully delivered the FDA 

molecule into CFs, thereby proving the drug delivery abilities of these NVs. A significant 

problem in the delivery of miRNAs is that free RNA has low cellular penetration, a brief 

half-life, and significant off-target effects [56,57]. Many efforts have been made to alter 

miRNAs in order to enhance their stabilization and uptake by cells; however, off-target 

outcomes and the release of toxic compounds due to degradation continue to be a challenge. 

Alternative methods for miRNA delivery, including the use of lipid formulations, have been 

of interest, although conventional transfection agents can indeed be harmful [57–60].

Therefore, NVs-based carriers have been used to deliver nucleic acids successfully in 

several areas [61]. To check whether the NVs in this work can successfully deliver 

miRNAs to different cell types, the NVs were loaded with a red-fluorescing miRNA mimic 

dye (miRNA DY547) and added to CFs, CMs, HUVECs, and C2C12 cells in culture. 

Following immunostaining with DAPI (blue fluorescence) and F-actin (green fluorescence), 

confocal images were taken. As observed from the confocal microscopy panels presented 

in Figure 2F, unlike for free miRNAs, NP-encapsulated red-fluorescent miRNA DY547 

was successfully delivered in large amounts to CFs, and, in lesser quantities, to CMs, 

HUVECs, and C2C12 cells. The miRNAs surrounded the nuclei that were stained with the 

blue-fluorescing DAPI, and this suggests their successful delivery to the cytoplasm, where 

they could perform their well-characterized functions in cytoplasmic gene regulation [62].

Furthermore, the successful cellular uptake and delivery of miRNA-loaded NVs to both CFs 

and CMs was also investigated; miRNA mimics targeting the 3’-UTR of the GAPDH gene 

(referred to hereafter as miRNA GAPDH), and is thereby capable of reducing its expression. 

RT-PCR was employed to quantify downregulations in mRNA GAPDH expression levels. 

As shown in Figure 2G, miRNA GAPDH-loaded EVs induced the highest downregulation 
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of GAPDH gene expression (~0.3) in CFs, followed by loaded hELs (~0.4), then loaded 

Lip (~0.5). Figure 2G also shows the downregulation of the GAPDH mRNA levels in CMs 

caused by the miRNA GAPDH-loaded NVs. Interestingly, loaded EVs and hELs did not 

induce any significant downregulation of the expression of the GAPDH gene, unlike loaded 

Lip (~0.7). This specificity of EVs and hELs to CFs might be due to the presence of 

fibroblastic specific receptors on the CF-derived EVs and hELs surfaces, which improved 

their cellular uptake by CFs and prevented their uptake by CMs. For Lip, this specificity 

does not exist due to the absence of cell-specific receptors and membrane proteins on their 

surfaces, which lead to their uptake by both CFs and CMs, and to the downregulation of the 

GAPDH mRNA levels in both cell types.

This might suggest that EVs and hELs possess an enriched specificity for CFs, and thus 

might be used for targeting drug delivery to CFs even when other cell types, such as CMs, 

are present. This was also the case for HUVECs where the downregulation in the GAPDH 

mRNA levels was only observed for the Lip group. However, all groups downregulated 

the GAPDH mRNA levels in C2C12 cells, which suggested increased miRNA permeability 

across the C2C12 membrane.

2.3 Characterization of NVs incorporated hydrogels

For hydrogels containing NVs, the Lip, EVs, or hELs were evenly dispersed into the 7.5% 

gelatin methacryloyl (GelMA) polymer solution by vortexing. After photocrosslinking, the 

possibility of NV aggregation inside the hydrogels was diminished, even with submersion 

of the gel in aqueous media, due to the presence of impeding strong bonds and porous 

networks that reduce direct contact and simultaneous release of NVs. To visualize the 

internal structures of GelMA hydrogels, corresponding cross-sectional microstructures were 

examined using SEM (Figure 3A). Nanofunctionalization with soft NVs resulted in the 

observation of GelMA hydrogels with different pore sizes and morphologies. It can be 

seen from Figure 3B that GelMA hydrogels contained significantly larger pores than all 

other GelMA-nanovesicles (Gel-NVs) hydrogels. GelMA-Lip (Gel-Lip) hydrogels exhibited 

smaller pores than those of Gel-hEL and GelMA-EVs (Gel-EVs) hydrogels. This difference 

might be due to the presence of stronger interactions between Lip and the GelMA matrix 

than of the EVs and hydrogel’s matrix. Those strong interactions will further increase the 

amount of GelMA crosslinking, which in turn leads to a greater reduction in the pore sizes.

To evaluate the surface roughness of the hydrogels, surface topographic mapping was carried 

out by atomic force microscopy (AFM) (Figure 3C). The surface of GelMA hydrogels 

was smooth, whereas Gel-NVs surfaces exhibited rough features that were produced by the 

distribution of NVs. Many cell-surface interfaces that are examined in the literature tend to 

improve cellular adhesion, viability, or proliferation when the measured root mean square 

roughness (RMS) is at an optimal value [63,64]. To determine the optimal RMS for their 

growth conditions, typically, a value with a magnitude of much less than the size of the cells, 

and in the nano- or pico-meter range, is ideal [65]. Surface energy and surface roughness are 

correlated, generally in an increasing manner, and rough surfaces tend to trap, by adsorption, 

certain proteins that regulate cellular adhesion and growth [66,67]. As it relates to this work, 
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the optimization of RMS to the adsorption of proteins assisting CF or CM metabolism and 

functions is expected to be beneficial.

To evaluate NVs’ effect on the 3D matrix, mechanical properties of Gel-NVs hydrogels 

were characterized with compression tests (Figure 3D). Compared with pure GelMA (5.1 

kPa ± 0.3) hydrogels, Young’s or compressive moduli were markedly increased upon NVs 

incorporation, in the order of increasing moduli from 8.7 kPa ± 1 for Gel-EVs hydrogels to 

9.5 kPa ± 0.6 for Gel-hEL hydrogels and 11.1 kPa ± 1.9 for the Gel-Lip hydrogels. Strong, 

moderate, and weak noncovalent bonds occurring between the GelMA matrix and Lip, 

hELs, and EVs, respectively, mediated the interactions that lead to changes in the moduli, 

whereby NVs behaved as pseudo-crosslinkers that improved the intrinsic mechanical 

properties of hydrogels [68]. To elucidate the local mechanical attributes of hydrogels, a 

Derjaguin-Muller-Toporov (DMT) modulus for each GelMA configuration was obtained 

using the force-deformation plots (Figure 3E). Gel-NVs hydrogels had greater fluctuations 

in their DMT moduli than bare GelMA. Generally, the low mechanical properties of GelMA 

and the higher Young’s moduli of the NVs compensated for one another to produce 

structures with intermediate DMT moduli. However, from the average DMT values (Figure 

3F), Gel-EVs and Gel-hEL hydrogels had significantly higher values of the DMT modulus 

than Gel-Lip and pure GelMA hydrogels. As compared with standard compression tests, 

in-fluid imaging contributed to these differences in the properties of samples. Generally, 

compressive and tensile strengths decrease in aqueous media, and from previous reports, 

3D-AFM force maps showed that EVs had relatively higher average Young’s moduli (50 

– 350 MPa) than synthetic Lip (11 – 115 MPa) in water [69–71]. Moisture also perturbs 

the swelling behaviors of hydrogels, causing porous networks to be more accessible by 

diffusible NVs. The EVs and hELs in this work were smaller than Lip and formed weaker 

bonds with GelMA. Therefore, another possible explanation for the greater DMT moduli 

of the Gel-EVs and Gel-hEL hydrogels in water could be the outwards diffusion of NVs, 

followed by their aggregation and electrostatic bond re-formation near the hydrogel exterior. 

AFM probes functioned as picoindenters that measured the DMT values in superficial 

regions where this accumulation would have occurred.

The mechanical properties of the hydrogels provide support for the existence of stronger 

hydrogen bonds between the phosphorous heads in Lip and the nitrogen molecules in 

GelMA than the noncovalent bonds existing between EVs and GelMA, which resulted in 

moderately strong bonds between the hEL and GelMA matrix (Figure 3G). Due to the nature 

of these interactions between the NVs and GelMA matrix, Lip was released at a slower rate 

than hELs, which were released at an even slower rate than EVs (Figure 3H; standard curves 

shown in Figure S6). The slower releasing Lip are thus construed as being more present 

in the bulk region. From this discussion, it is important to consider that variabilities in the 

fabrication parameters impact NVs residence times, stabilities, physiological clearance rates, 

and hydrogel release properties. This is advantageous as numerous medical applications 

require systems that are tuned to gradually emit their therapeutic payloads in order to 

enhance cellular uptake and handling, to deliver the appropriate doses or concentrations over 

time, and to prevent toxicity or any other adverse events from unfolding. The adjustable 

parameters of the hydrogel include the bulk material, type and quantity of additives, 

structural porosity, crosslinking density, wettability, surface energy, and surface roughness, 
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among others [72]. These properties of NVs-laden hydrogels, and, effectually, enhanced 

localization of therapeutic hydrogel-encapsulated NVs to diseased areas, in many cases 

support the rationale that hydrogel delivery of NVs far outweighs their administration in 

suspension.

The degradation profiles of the hydrogels were investigated to determine whether 

improvements in stiffness had any effect on the degradability of GelMA, which is one of its 

favorable characteristics [73]. Figure 3I and Figure S7 demonstrate that the degradation 

profiles of Gel-NVs hydrogels are similar to those for GelMA, with all hydrogels 

significantly degrading by losing more than 80% of their initial mass after just 48 hours 

in the presence of collagenase type II. The hydrogels in this work were primarily composed 

of GelMA, and as such, even after photocrosslinking, were expected to decay quickly in 

a collagenase solution. Biodegradability is a desirable feature of hydrogel materials that 

has gained sizeable attention in tissue engineering and regenerative applications [74]. Since 

all Gel-NVs followed a similar degradation pattern, it can be concluded that there is no 

difference in susceptibility to enzyme degradation and that all Gel-NVs possess a consistent 

biodegradability. It is interesting to consider, however, that hydrogels containing EVs and 

hELs had markedly lower mass losses after 24 hours, and this is attributed to the ability 

of nanoparticulate reinforcement to modulate the mechanical stiffness of GelMA-based 

hydrogels.

Although both EVs and Lip are functional carriers of miRNAs and other cargoes, an 

enhanced drug targeting system is produced when the beneficial properties of both particle 

classes act to complement one another, as with hELs. For instance, in this work, EVs 

components in hELs improved miRNA encapsulation efficiencies and targeting abilities 

relative to unmodified Lip; and liposomal components in hELs improved the stabilities 

of the particles in solution compared to unmodified EVs. This improvement of particle 

stabilities and, correspondingly, electrostatic interactions, could be understood from the 

zeta potential results, which showed a more negative mean value for hELs than for EVs. 

Moreover, to further demonstrate the significance of modifying EVs to generate hELs, it 

must be noted that hELs demonstrated an improved controlled release over time from the 

GelMA matrix than EVs. In some cases, CFs viability was improved when the cells were 

cultured with the hybrid particles than for those that were cultured with Lip or EVs carriers.

2.4 Biofunctionality of NVs incorporated hydrogels

CFs were cultured in the Gel-NVs hydrogels, and the genetic and viability outcomes were 

analyzed. Specifically, it was anticipated that miRNA GAPDH loading in NVs would 

downregulate the GAPDH mRNA levels following a process of hEL endocytosis, as shown 

in Figure 4A, and these results would therefore demonstrate the exceptional delivery 

potential of the NVs’ miRNA payload. First, the viability of cells encapsulated in the 

different GelMA hydrogels was assessed after 1 day using Live/Dead images to evaluate 

the impact of UV exposure on the CFs’ survival during the fabrication process (Figure 

4B). Figure 4C illustrates the quantitative analysis of the percentage of living cells, where 

it can be seen that NVs incorporation in the GelMA matrix did not affect CF viability, as 

all hydrogels presented non-significant differences in viability, all greater than 84%. This 
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high viability was found to be consistent with previously reported viabilities of cardiac cells 

encapsulated in GelMA hydrogels [75]. As for the mitochondrial metabolic activity of CFs 

in Gel-NVs hydrogels, resazurin reduction revealed good CF metabolic activities, with all 

specimens showing non-significant changes as compared to the CF controls, except for CFs 

encapsulated in Gel-hEL hydrogels that associated with a significantly higher proliferation 

rate after 7 days of culture (Figure 4D).

To check whether the GelMA matrix would hinder the delivery of miRNA loaded in 

NVs, miRNA DY547 (red fluorescence) was loaded in Gel-NVs hydrogels that in turn 

were immunostained using F-actin (green fluorescence) and DAPI (blue fluorescence). The 

staining on miRNA-loaded Gel-NVs samples revealed that all NVs successfully deliver the 

miRNA DY547 to CFs, whereas this delivery was not achieved when using free miRNAs 

(Figure 4E). This delivery was further verified by RT-PCR of miRNA GAPDH loaded in 

Gel-NVs hydrogels. Indeed, free miRNAs did not induce a significant downregulation of the 

GAPDH mRNA levels, whereas miRNA-loaded NVs did (Figure 4F). This suggests that the 

GelMA matrix did not hinder the NVs ability to successfully deliver miRNAs to CFs.

2.5 Bioprinting and microfabrication of hybrid GelMA bioinks

The schematic representation in Figure 5A demonstrates the printing process, whereby 

a 7.5% GelMA matrix that is interspersed by CFs and NVs was selected as the bioink 

for generating variable 3D printed patterned scaffolds. Prior to crosslinking, bioprinted 

3D GelMA constructs maintained their shape fidelity with the use of cooled, partially 

solidified bioinks. Temperature controls are documented as major regulators for tailoring 

the viscosities of gelatin and GelMA pre-polymer solutions, whereby the viscosity of pre-

polymers is significantly increased in conjunction with a reduction in temperature [76]. 

Biofabrication techniques, such as bioprinting, made the creation of complex structures 

that can mimic the native ECM’s complex architecture possible. In addition to printing 

pressure and printing speed, the embedded NVs concentration can govern the printed fiber 

diameter, as can be seen by the decrease in fiber diameters of printed NVs-laden patches 

(Figures 5B i, C) and spirals (Figures 5B ii, D) with the increasing hELs concentration. 

In Figure 5E, it can be seen that 7.5% GelMA can also be 3D printed into large complex 

shapes, such as tough multilayered patches and large triangles. Leakage of encapsulated 

fluorescein from 3D printed Gel-hEL complex shapes (patches, spirals, hearts) did not occur, 

which suggests that the Gel-hEL printed system can retain encapsulated materials which 

can maximize their bioactivity. Hence, Gel-hEL ink presented excellent printability, with 

this critical feature being judged by the extrudability and formability of the bioink [77]. 

Furthermore, the printing resolution and printability of the pristine 7.5% (w/v) GelMA were 

increased by incorporating hELs, without the need for sacrificial inks, such as gelatin and 

alginate [78,79].

More importantly, to check whether the bioprinting process would hinder the viability 

of CFs, Live/Dead assays were performed on bioprinted CF-laden Gel-hEL patches after 

3 days of culture. As can be seen from the bioprinted construct with very few dead 

cells (red fluorescence) in Figure 5F, the bioprinted construct had a high expression of 

the green stain, and thus, excellent cell viability (~80%) (Figure 5G). Figure 5H follows 
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the process of photolithography employed to yield patterned networks, and Figure 5I 

shows the successful microfabrication of well-structured PKH-labeled Gel-hEL hydrogels, 

which proves the high shape-tunability of this biomaterial. It can be concluded that the 

parameters of the bioprinting process, influencing fibrous diameters, intrinsic features, 

and the bulk architecture of the 3D bioprinted scaffold, can be tailored to optimize the 

cell morphology, orientation, and adhesion behaviors. With the incorporation of regulatory 

factors, transfection methods, transcription factors, or other cell-modifying components, 

the biological and physical effects on the hydrogel-laden cells can be further altered or 

enhanced.

3. Conclusion

In summary, we report here on the engineering of the first-of-its-kind multiscale regulatory 

factors-loaded hybrid bioink. Firstly, hELs were produced from CF-derived EVs and 

salmon-derived Lip. The smart behavior of EVs is due to the presence of cell-specific 

receptors and membrane proteins on their surfaces, which allows them to target specific 

cells. However, bioactive salmon-derived Lip possess stronger noncovalent bonds with 

the hydrogel’s matrix than EVs. CFs cultured with hELs showed high viability and a 

significantly improved proliferation. Interestingly, hELs successfully delivered their miRNA 

cargo to CFs and to a lesser extent to CMs, which suggests that they gained and maintained 

the smart behavior of EVs. Moreover, the embedment of hELs in GelMA improved its 

mechanical properties and reduced its average pore size due to the presence of noncovalent 

bonds between NVs and the GelMA matrix. HELs also improved the hydrogel’s surface 

nano-topography and nanomechanical properties, and this embedment did not significantly 

affect the desirable biodegradability of GelMA or the ability of hELs to deliver miRNA to 

CFs at high concentrations. Furthermore, the excellent biocompatibility of hELs toward CFs 

was not depreciated, but on the contrary, the proliferation of CFs in the 3D environment 

containing hELs significantly improved. To add to all these beneficial characteristics, the 

Gel-hEL hydrogel was successfully microfabricated and bioprinted with excellent cell 

viability and in different sizes and shapes, which suggests that this novel class of hybrid 

bioink might be very promising for the regulation of gene expression in 3D bioprinted 

constructs.

4. Experimental section

4.1 Materials

Gelatin from porcine skin, photo-initiator (PI) 2-hydroxy-4′-(2-hydroxyethoxy)-2-methyl 

propiophenone (Irgacure D-2959), methacrylic anhydride, fluorescein diacetate (FDA), 

bovine serum albumin (BSA), Bradford reagent, polyethylene glycol (PEG), dextran 

(DEX), PKH67 green fluorescent dye, Triton X-100, and paraformaldehyde ampules were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal bovine serum (FBS), EVs-

depleted FBS, Dulbecco’s phosphate-buffered saline (DPBS), Hank’s balanced salt solution 

(HBSS), trypsin, Dulbecco’s Modified Eagle Medium (DMEM), and penicillin-streptomycin 

(P/S) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). MiRIDIAN 

microRNA Mimic Transfection Control with Dy547 (miRNA DY547) and miRIDIAN 
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microRNA Mimic Housekeeping Positive Control #2 (miRNA GAPDH) were purchased 

from Horizon Discovery Ltd (Cambridge, UK). Collagenase Type II (LS004176) was 

obtained from Worthington Biochemical Corporation (Lakewood, NJ, USA).

4.2 Cell Isolation and Culture

Neonatal rat CFs and CMs were isolated from newborn rats through a collagenase enzyme-

based digestion, following the practices and procedures approved by the Institution of 

Animal Care and Use Committee (IACUC) at Brigham and Women’s Hospital (Protocol 

#: 2016N000379). Immediately after euthanasia, the thoracic cavity of the neonatal pups 

was exposed to remove the heart and atria, after which ventricular heart tissue was incised 

to create small tissue fragments. To isolate CFs and CMs, these sections, with shaking, 

were incubated overnight (4 °C) in a 0.05% (w/v) solution of trypsin prepared in Hank’s 

Balanced Salt Solution (HBSS). Collagenase Type II was used four times consecutively, 10 

minutes per application, to facilitate the digestion of the tissue sections at 37 °C and under 

shaking (80 rpm). The cell suspensions were centrifuged at 1000 rpm for 5 min, plated 

in DMEM supplemented by 10% FBS and 1% P/S, and incubated at 37 °C in a 5% CO2 

atmosphere. After 1 hour, the non-adherent cells, comprised of enriched CMs, were removed 

for experiments, and the adherent CF cultures were maintained for up to three passages.

Human umbilical vein endothelial cells (HUVECs), C2C12 myoblasts, DMEM, endothelial 

cell basal medium-2 (EBM-2), and endothelial cell growth medium-2 (EGM-2) SingleQuots 

Kit were obtained from Lonza Biosciences (Durham, NC, USA). As a brief description of 

the C2C12 and HUVECs culture procedures, cell vials that were frozen in liquid nitrogen 

were slowly thawed in a water bath operating at 37 °C, and the appropriate media was 

similarly warmed to physiological temperature.

For C2C12 cells, this consisted of DMEM basal media supplemented by 10% FBS and 1% 

P/S (1× solution), whereas HUVECs were cultured in EBM-2 enriched using the EGM-2 

SingleQuots Kit, containing specialized growth factors for endothelial cell culture. In order 

to prevent any loss of function to the bulk media, aliquots were made in 50-ml conical 

tubes (Corning Inc., Corning, NY, USA) prior to warm water bath placement. After thawing, 

1 ml per cell suspension, containing approximately 0.7 × 106 cells were transferred into 

9 ml of media, to dilute the 10% dimethylsulfoxide (DMSO; Thermo Fisher Scientific, 

Waltham, MA, USA))-containing freezing solution, and centrifugation was performed at 

1000 rpm for 5 min. The supernatants were removed, the pellets were re-suspended in 15 

ml of the appropriate cell culture media, and the suspensions were thus transferred into T-75 

flasks (Thermo Fisher Scientific, Waltham, MA, USA) for continuous culturing inside a 

humidified incubator operating at 37 °C and in a 5% CO2 atmosphere.

4.3 Preparation of NVs

All NVs were produced using incubation followed by a sonication step. Lecithin was 

enzymatically extracted from Salmo salar without the use of organic solvents, as described 

previously [80]. A lecithin stock solution of 2% (w/v) was prepared under nitrogen flow 

to prevent oxidation and then stored in the dark at 4 °C. Fresh Lip were prepared via 
probe-sonication (Q500 Sonicator; QSonica, Newtown, CN, USA) of the lecithin solution 
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(that was incubated at 37°C for 12 h) using a 3.2 mm microtip at 30% amplitude and 

subjected to a pulse mode for 4 minutes (5 s on-off alterations).

CFs were incubated with media supplemented with EVs-depleted FBS for 6 hours, then 

media was collected and centrifuged at 300 ×g for 10 minutes to get rid of detached cells. 

EVs isolation by using aqueous two-phase systems was performed as previously described 

[81]. The supernatant was transferred into clean Falcon tubes, to which DEX-PEG solution 

(1:1 volume ratio) was subsequently added. The solution was then centrifuged at 1000 ×g 

for 10 minutes at −4 °C, with low acceleration and deceleration rates.

After centrifugation, the upper phase was discarded, and the bottom phase was washed with 

wash solution (1:1 ratio of distilled water to DEX-PEG solution) to increase the purity of 

EVs. The solution was again centrifuged at 1000 ×g for 10 minutes, and the upper phase was 

again discarded. To completely purify EVs, this washing step was repeated a second time. 

Then, the bottom phase, composed of pure EVs, was filtered using a 0.22 μm filter inside a 

laminar flow cabinet and stored at −80 °C. The concentration of EVs was estimated using 

the Bradford assay [82,83].

Standard samples were prepared from protein standards in a buffer; specifically, BSA was 

prepared at concentrations of 0.25, 0.5, 0.75, and 1 mg/mL. 5 μL aliquots of standard or 

pure EVs solutions were mixed into 250 μL of the Bradford reagent, added to 96-well plates, 

and then incubated for 30 minutes at room temperature. Absorbance readings were obtained 

at 595 nm using a microplate reader (SpectraMax Paradigm, Molecular Devices, San Jose, 

CA, USA). Before use, EVs were incubated at 37°C for 12 h, then probe-sonicated using the 

same sonication parameters described above.

HELs were produced by incubating equal concentrations of EVs and Lip at 37°C for 12 h, 

followed by probe-sonication using the same sonication parameters described above.

4.4 Synthesis of GelMA and NVs-laden GelMA hydrogels

GelMA synthesis was carried out according to previously reported methods [84,85]. In brief, 

gelatin was added to DPBS to a final concentration of 10% w/v, and the solution was mixed 

on a hot plate at 50 °C for 1 hour. 400 μL of methacrylic anhydride were added dropwise per 

gram of gelatin. The reaction mixture was allowed to stir at 50 °C, to avoid gelation, for 2 

hours, before being terminated by the addition of two times the volume of DPBS.

Dialysis of the methacrylated gelatin solution was carried out at 40 °C for 5 days, to ensure 

the complete removal of excess methacrylic anhydride. Briefly, freshly methacrylated gelatin 

was transferred into SpectraPor dialysis membranes with 12 kDa molecular weight cutoff 

pores, and dialysis water was changed at least twice daily. GelMA was added into conical 

tubes and freeze-dried extensively to completely remove all moisture.

A 7.5% solution of GelMA was obtained by dissolving the lyophilized solid in DPBS, and 

photoinitiator was also added to a final concentration of 0.5% to allow uniform crosslinking 

after 20 s of UV light exposure. NVs-laden GelMA hydrogels were prepared by mixing a 

15% GelMA solution containing 1% photoinitiator with an equal volume of 200 μg/mL of 

Elkhoury et al. Page 13

Biofabrication. Author manuscript; available in PMC 2023 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NVs in the DPBS solution, to have a final solution with 7.5% GelMA, 0.5% photoinitiator, 

and 100 μg/mL of NVs in DPBS.

4.5 FRET analysis

The fusion between Lip and EVs was evaluated using fluorescence resonance energy 

transfer (FRET) assay. Lip was labeled with 2% (w/w) of NBD-PE and Liss Rhod-PE 

(Avanti Polar Lipids, Birmingham, AL, USA) and mixed with different concentrations of 

EVs (1:2, 1:1, and 2:1) to produce hELs. A fluorescence spectrum of the mixture from 500 

nm to 650 nm was measured using a microplate reader with an excitation at 460 nm.

Percentage FRET efficiency was calculated as (F588/(F588+F530)) × 100, where F588 = 

emission fluorescence at 588 nm and where F530 = emission fluorescence at 530 nm.

4.6 Characterization of the NVs

The average hydrodynamic particle diameter, size distribution (PDI), and zeta potential of 

the NVs were characterized by a Zetasizer Nano ZS (Malvern Instruments Ltd, Malvern, 

UK). The samples were concentrated in ultrapure water at 200 μg/mL. Measurements were 

performed in standard capillary zeta potential cells bounded by gold electrodes at 25 °C, and 

the input parameters for fixed scattering angle, refractive index, and absorbance were 173°, 

1.471, and 0.01, respectively.

4.7 Encapsulation efficiency

Loaded NVs (100 μg/mL) were prepared by the incubation of the miRNA DY547 (100 nM) 

with EVs and/or lecithin solution at 37 °C for 12 h, followed by probe-sonication using the 

as-described sonication parameters. NVs were then collected after passing through Amicon 

Ultra-0.5 mL centrifugal filters with a 10 kDa molecular weight cutoff (MilliporeSigma, 

Burlington, MA, USA). The encapsulation efficiency of miRNA was quantified in RNase-

free water. To quantify the encapsulated miRNA DY547, first a standard curve was prepared 

based on fluorescence intensity of the dye (525/570). Then the free miRNA amount was 

quantified by the ultracentrifugation of NVs at 100,000 ×g for 70 minutes at 4 °C, and the 

encapsulation efficiency was calculated as (1 - free drug/loaded drug) × 100.

4.8 Flow cytometry (FACS) analysis

EVs and hELs were attached to 10 μL of 4% w/v aldehyde/sulfate-latex beads (A37304; 

Invitrogen, Waltham, MA, USA) by mixing 30 μg of EVs in a 10 μL volume of beads for 

15 minutes at room temperature. This suspension was diluted by the addition of PBS to 1 

mL and incubated at 4 °C overnight with agitation. Then, the reaction was stopped with the 

application of 100 mM glycine and 2% BSA in PBS for 30 minutes at room temperature. 

EVs- and hEL-bound beads were washed in PBS/2% BSA and centrifuged for 1 minute at 

14800 ×g, blocked with 10% BSA for 30 minutes, centrifuged again for 1 minute at 14800 

×g, and stained for FACS with CD9 (1:400, Cat# 312105; Biolegend, San Diego, CA, USA), 

CD63 (1:400; Cat# 353005; Biolegend, San Diego, CA, USA), and CD81 (1:400; Cat# 

349509; Biolegend, San Diego, CA, USA) antibodies. 5 μL of secondary antibodies were 

added, and EVs and hELs were evaluated by flow cytometry (Attune NxT Flow Cytometer; 

Thermo Fisher Scientific, Waltham, MA, USA).
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4.9 Cell Viability and Proliferation

Cell viability and proliferation of cells and cell-laden constructs were assessed using Live/

Dead assays (Thermo Fisher Scientific, Waltham, MA, USA) and PrestoBlue staining 

(Thermo Fisher Scientific, Waltham, MA, USA). For the Live/Dead assays, cells were 

seeded at a density of 25×103 cells/cm2 or 5×106 cells/mL of GelMA. These cells were 

cultured with different concentrations of NVs or without NVs in the case of control groups. 

A mixed solution containing 2 μL/mL of Ethd-1 and 0.5 μL/mL of Calcein AM was 

prepared. The solution was added to the cells after the media was aspirated, and the cells 

were incubated for 30 minutes at 5% CO2 and 37 °C. After incubation, cells were washed 

two times with PBS, and images were taken using a fluorescent microscope (Zeiss Axio 

Observer D1; Carl Zeiss AG, Oberkochen, Germany). For the PrestoBlue assay, cells were 

seeded at the density of 25×103 cells/cm2 or 5×106 cells/mL of GelMA. These cells were 

cultured with different concentrations of NVs. PrestoBlue reagent was prepared and diluted 

with the complete DMEM media in a 1:9 ratio. The diluted reagent was incubated with 

cells for 30 minutes. The colorimetric assay results were evaluated with a plate reader by 

obtaining the absorbance value at 570 nm and a reference wavelength at 600 nm. The results 

were normalized to those obtained after 1 day of culture.

4.10 FDA and miRNA delivery

FDA (48 mM) was encapsulated in NVs (100 μg/mL). FDA-loaded NVs were cultured with 

CFs (25×103 cells/cm2 or 5×106 cells/mL of GelMA) for 20 minutes before two washing 

steps using PBS. Images were then taken using a fluorescent microscope.

DY547-labeled miRNA (100 nM) was encapsulated in NVs (100 μg/mL). DY547-labeled 

miRNA loaded in NVs were cultured with cells for 4 h in a an antibiotic free culture 

medium before two washing steps using culture medium. Cells were then cultured in 

culture medium containing antibiotics and serum fro 24 h before being fixed using 4% 

paraformaldehyde for 15 mins inside the Nunc™ Lab-Tek™ II Chamber Slide™ System 

(Thermo Fisher Scientific, Waltham, MA, USA), and then permeabilized with 0.2% Triton 

X-100. F-actin (1:40; Invitrogen, Waltham, MA, USA) and anti-cardiac troponin I antibody 

(ab19615; Abcam, Cambridge, UK) were added to the samples for staining. The samples 

were incubated at 4 °C overnight with the primary antibody. Secondary antibodies (Alexa 

Fluor-594 goat anti-mouse for troponin I; Invitrogen, Waltham, MA, USA) were added to 

the samples, followed by incubation at room temperature for 60 mins. DAPI was then added 

for 10 mins at room temperature and replaced by fresh DPBS. Images were obtained by 

confocal microscopy using a ZEISS LSM 880 device equipped with an Airyscan detector. 

Image processing and analysis were carried out using Fiji software.

4.11 PKH-labeled NVs Cellular Uptake

NVs were labeled according to a manufacturer’s protocol on the uptake of green stain, 

PKH67, which attaches to lipid membranes. In this procedure, 1 mL of diluent C was 

added to each of PK67 and NVs, in separate vessels, before mixing to produce a 2 mL 

suspension of NVs with the green dye. Incubation occurred at room temperature for 5 min, 

after which 2 mL of 10% BSA were added in order to terminate the staining mechanism. 

Unincorporated dye was removed by membrane filtration with a 100 kDa Amicon unit, 
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after which PBS washing and ultracentrifugation of the NVs were performed. CFs (25×103 

cells/cm2 or 5×106 cells/mL of GelMA) were incubated with PKH67-labeled NVs (100 

μg/mL) for 48 h, after which a 4% paraformaldehyde was used to fix the as-treated cells over 

30 minutes, and permeabilization occurred with the subsequent application of 0.1% Triton 

X-100 for 30 minutes. Fixation and permeabilization of the cell membranes were performed 

at room temperature. Alexa Fluor 594 phalloidin (1:40; Invitrogen, Waltham, MA, USA) and 

DAPI (4′,6-diamidino-2-phenylindole, 1:1000; Sigma-Aldrich, St. Louis, MO, USA) were 

added for staining prior to imaging, and samples were washed three times with DPBS before 

being assessed by fluorescence microscopy.

4.12 RNA Isolation and Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted directly from dishes or 3D constructs, using TRIzol (Thermo 

Fisher Scientific). The concentrations and purities of the extracted RNA were assessed by 

a NanoDrop 2000 spectrophotometer (Thermo Fischer Scientific, Waltham, MA, USA). 

cDNA was synthesized by reverse transcription using a QuantiTect Reverse Transcription 

Kit (Qiagen, USA), according to the manufacturers’ instructions. Real-time PCR was 

performed using the Rotor-Gene SYBR Green PCR Kit (Qiagen, Hilden, Germany) 

following the manufacturer’s protocol. The gene expression levels of GAPDH, a common 

endogenous housekeeping gene, were calculated by the 2-ΔΔCt method, normalized to an 

endogenous control gene (β-actin), and presented as fold-change over control samples.

4.13 Scanning electron microscopy (SEM) analysis

After crosslinking, the hydrogels assumed a pore-like structure that was investigated with 

SEM. The samples were frozen at −80 °C and subsequently dried under vacuum (both 

processes were carried out overnight). Samples were then lyophilized, and SEM images 

were obtained with a JSM-IT100 from JEOL (15 kV). Sputter coating with gold was 

performed prior to analysis to increase the electron density of the lyophilized gel surfaces. 

Mean sizes of the GelMA hydrogel pores were obtained from a group of three samples for 

each condition (n = 50).

4.14 Characterization of mechanical properties

A mechanical tester (MTESTQuattro; ADMET, Norwood, MA, USA) with the parallel 

plate configuration was used to derive compression stress test results at room temperature. 

Samples with a circular diameter of approximately 7 mm and thickness of 1 mm were 

loaded onto the holding surface and compressed until the rupture point. Prior to taking 

measurements, a zero-gap was resolved for each sample, and four samples were tested 

for each type of substrate. From stress-strain curves, the elastic part was identified in the 

10–20% strain region for calculating the Young’ modulus.

4.15 NVs release profile

To detect NVs released from GelMA hydrogel, PKH67-labeled NVs (100 μg/mL) 

encapsulated in the hydrogel were placed in a 48-well plate (0.5 mL/well) and incubated 

in PBS at 37 °C. The amount of released PKH67-labeled NVs was calculated by collecting 

the supernatant at days 1, 2, 4, 6, 8, 10, 12, and 14. For calculating the cumulative NVs 
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release profile, a calibration curve was plotted and used. Different concentrations of PKH67-

labeled NV solutions (μg/mL) were prepared, and the fluorescent intensity of each solution 

was measured at 502 nm with an excitation at 490 nm using a microplate reader. The 

concentration (μg/mL) was multiplied by the volume (mL) of the buffer to get the mass 

of the released PKH67-NVs (μg). For each successive time point, the amount released 

would be the summation of the current amount released and the previous amount released. 

This continued until the point at which no intensity was observed, which meant that all 

of the PKH67-labeled NVs were released. For plotting the percentage of the cumulative 

release, the amount of released PKH67-labeled NVs was added to the total initial NVs 

concentration.

4.16 Atomic force microscopy (AFM)

GelMA (7.5%) samples loaded with 100 μg/mL NVs with a circular diameter of 

approximately 7 mm and thickness of 1 mm were characterized using AFM (Dimension 

Icon; Bruker, Billerica, MA, USA). The hydrogels were imaged in-fluid, under wet 

conditions, and ScanAsyst-Fluid+ sharp-tipped cantilevers (150 kHz frequency, 0.7 N 

m-1 spring constant) were affixed to the magnetic probe holder of the AFM. The probes 

performed exceedingly well in obtaining high-resolution images and enabling sample edge 

observation. A scanning rate equal to 1 Hz and a sampling rate of 512 samples per line 

were specified, and, after the acquisition, AFM images were analyzed using the compatible 

software. As a method for characterizing the surface stiffness and roughness values, 

topographical features, especially height, and the DMT moduli of the sample surfaces were 

assessed by flattening the images and then evaluating them computationally.

4.17 Degradation profile

7.5% (w/v) GelMA hydrogels embedding NVs (100 μg/mL) with a 1 cm diameter and 

600 μm thickness were prepared and incubated for up to 48 h in solutions of 0.1 U/mL 

of collagenase Type II inside an incubator operating at 37 °C. At 0, 3, 6, 12, 24, 36, and 

48 hours, gross images of the hydrogels were taken. The supernatants were discarded and 

sample washing was performed with 1 mL of PBS. Subsequently, the samples were frozen 

overnight at −80 °C, lyophilized for 24 h, and then weighed. The degradation percentages 

were calculated by dividing the weight of the dried, enzyme-treated hydrogels by the weight 

of the dried, untreated hydrogels in each group.

4.18 Bioprinting and photolithography

To prepare the bioink, a solution that was comprised of 7.5% GelMA (medium degree of 

methacrylation), 5% gelatin, and 0.5% PI was used. The three components were added to 

DPBS, and the mixture was covered with aluminum foil and incubated at 80 °C for 30 min. 

The bioink was transferred to the 37 °C incubator for 60 min, after which CFs and NVs 

were added to the bioink when needed. The bioink was then allowed to partially solidify in a 

fridge at 4 °C for 10 minutes before bioprinting. 3D bioprinting was performed using a SunP 

ALPHA-CPD1 bioprinter. A G-code readable by the bioprinter was created and uploaded. 

For 3D printing the bioink, a 3 mL syringe (BD, Franklin Lakes, NJ, USA) and 27-gauge 

needle (Fisnar, Wayne, NJ, USA) were used. To prevent premature or random crosslinking 

of the gels, the printing nozzle was covered with aluminum foil during the procedure. 
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After 3D printing constructs were obtained, their position was adjusted to 8 cm beneath an 

800 mW UV light source (Omnicure S2000; Excelitas Technologies, Mississauga, Canada) 

for crosslinking (20 s) to take place. Microfabricated GelMA hydrogels were produced by 

first mixing a 7.5% GelMA solution with a 0.5% photoinitiator. This solution was then 

incubated at 80°C for 15 minutes, and afterward, it was mixed for 15 s using a vortex 

mixer. PKH67-labeled hELs at a concentration of 200 μg/mL were added to this GelMA 

solution and mixed with the vortex mixer for 15 s. A 6 cm diameter Petri dish (Fisherbrand/

Fisher Scientific, Waltham, MA, USA) was used as the base of two square-shaped pieces 

of hand-cut microscope slides (Epredia SlideMate; Fisherbrand/Fisher Scientific, Waltham, 

MA, USA) that were fixed on the corners with tape. A volume of 50 μL of Gel-hEL solution 

was placed in the space between the square-shaped glasses, and black-patterned sheets were 

fixed to rectangular microscope slides, which were resting atop the square-shaped glasses 

and pressing along the surface of the gel. The Petri dish was placed at a distance of 8 cm 

from the Omnicure S2000 800 mW UV light source, and the constructs was allowed to 

crosslink for 25 s. The top glass slide was carefully removed and flipped upside down, and 

the 3D gel was washed 5 times using 1000 μL of DPBS each time. The microfabricated gel 

was placed on a microscope slide and imaged with a fluorescence microscope. All patterns 

were fabricated following the same procedure.

4.19 Statistical Analysis

All data are expressed as mean ± standard deviation. Statistical analyses were implemented 

utilizing the one-way or two-way analysis of variance (ANOVA) with Tukey’s test (for 

n>8), or the Kruskal-Wallis test or the Holm-Sidak test (n<8) to evaluate significance levels. 

Significance was indicated as *(p < 0.05), **(p < 0.01) and ***(p < 0.001).
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fabrication and characterization of Lip, EVs, and hybrid (hELs) nanovesicles (NVs). (A) 

Schematic of the synthesis procedure of hELs NVs. Created with BioRender.com. (B) 

Schematic of the fluorescence resonance energy transfer (FRET) analysis assay used to 

monitor the fusion between EVs and Lip. (C) FRET assays were performed for various 

ratios of Lip to EVs (1:0, 2:1, 1:1, and 1:2) with excitation at 460 nm. (D) Expression of 

CD9, CD63, and CD81 markers on EVs and hELs was analyzed by flow cytometry (n=3). 

(E) Size distribution of NVs was measured by DLS. (F) Average zeta-potential of NVs 

(n=3). (G) Encapsulation efficiency of miRNA-DY547 by NVs (n=3). All data are expressed 

as mean ± standard deviation. Significance is indicated as **(p < 0.01) and ***(p < 0.001).
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Figure 2. 
Comparison of viability and cellular uptake of NVs. (A) Live/dead images of CFs cultured 

with NVs (100 μg/mL) on day 7. (B) Quantified viability of CFs cultured with NVs (100 

μg/mL) for 7 days (n=3). (C) PrestoBlue results showing the cell proliferation of CFs 

cultured with 100 μg/mL NVs for 7 days (n=3). (D) Percentages of fluorescent intensities of 

PKH67-labeled NVs quantified and normalized with cell number (n=10). (E) Fluorescence 

images of PKH67-labeled NVs (green) uptake by CFs stained with F-actin (red) and DAPI 

(blue) after transfection for 48h. (F) Confocal images of CFs, CMs, HUVECs, and C2C12 

cells stained with F-actin (green) and DAPI (blue) after transfection for 48h with NVs 

loaded with miRNA DY547 (red). (G) Data representing RT-PCR of mRNA GAPDH 
expression of CFs, CMs, HUVECs, and C2C12 cells cultured with miRNA GAPDH loaded 

in NVs (n=3). All data are expressed as mean ± standard deviation. Significance is indicated 

as *(p < 0.05), **(p < 0.01) and ***(p < 0.001).
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Figure 3. 
Characterization of 7.5% (w/v) GelMA hydrogels embedding NVs (100 μg/mL) (Gel-NVs). 

(A) SEM cross-sectional images of Gel-NVs hydrogels. (B) Pore size measurements of 

Gel-NVs hydrogels (n=50). (C) Spatial topography of Gel-NVs measured by AFM. (D) 

Young’s modulus of Gel-NVs hydrogels (n=5). (E) DMT modulus distribution profile of 

Gel-NVs. (F) Average DMT modulus values of Gel-NVs. (G) Schematic representation of 

electrostatic interactions between GelMA matrix and NVs. Created with BioRender.com. 

(H) Release profile of NVs from GelMA hydrogels for 14 days (n=5). (I) Degradation 

profile of Gel-NVs hydrogels for 48 hours when exposed to collagenase type II. All data 

are expressed as mean ± standard deviation. Significance is indicated as *(p < 0.05), **(p < 

0.01) and ***(p < 0.001).
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Figure 4. 
Characterization of 3D CFs-laden Gel-NVs hydrogels. (A) Schematic representation of 

the GAPDH mRNA levels downregulation process. Created with BioRender.com. (B) Live/

dead images of CFs-laden Gel-NVs hydrogels on Day 1. (C) Live/dead assay showing the 

viability of CFs-laden Gel-NVs hydrogels on Day 1 (n=9). (D) PrestoBlue results showing 

the cell proliferation of CFs-laden Gel-NVs hydrogels for 7 days (n=3). (E) Images of 

CFs-laden Gel-NVs hydrogels loaded with miRNA DY547 (red) and immunostained with 

F-actin (green) and DAPI (blue). (F) RT-PCR results of CFs-laden Gel-NVs hydrogels 

loaded with miRNA GAPDH (n=3). All data are expressed as mean ± standard deviation. 

Significance is indicated as *(p < 0.05) and **(p < 0.01).
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Figure 5. 
Gel-NVs-based bioinks for bioprinting and microfabrication. (A) Schematic representation 

of the bioprinting process. Created with BioRender.com. (B) 3D printed patches (i) and 

spirals (ii) with different concentrations of fluorescein-loaded hELs. Average fiber diameter 

of 3D printed (C) patches and (D) spirals with different concentrations of fluorescein-

loaded hELs (n=12). (E) (i) Free-standing and mechanically robust 3D printed patch 

and (ii-iv) complex shapes using Gel-NVs-based loaded with pink food dye (pink) or 

fluorescein-loaded hELs. (F) Live/dead image and (G) quantified viability of 3D bioprinted 

construct with CF-laden Gel-hEL bioink at day 3 (n=9). (H) Schematic representation of the 

photolithography microfabrication process. Created with BioRender.com. (I) Fluorescence 

images of microfabricated various blocks with PKH67-labeled NVs encapsulated GelMA 

bioink. All data are expressed as mean ± standard deviation. Significance is indicated as 

**(p < 0.01) and ***(p < 0.001).
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