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Abstract: Three-dimensional (3D) bioprinting has emerged as a promising method for the engineering of tissues and organs. 
Still, it faces challenges in its widespread use due to issues with the development of bioink materials and the nutrient diffusion 
barrier inherent to these scaffold materials. Herein, we introduce a method to promote oxygen diffusion throughout the printed 
constructs using genetically encoded gas vesicles derived from haloarchaea. These hollow nanostructures are composed of 
a protein shell that allows gases to permeate freely while excluding the water flow. After printing cells with gas vesicles of 
various concentrations, the cells were observed to have increased activity and proliferation. These results suggest that air-filled 
gas vesicles can help overcome the diffusion barrier throughout the 3D bioprinted constructs by increasing oxygen availability 
to cells within the center of the construct. The biodegradable nature of the gas vesicle proteins combined with our promising 
results encourage their potential use as oxygen-promoting materials in biological samples.
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1. Introduction
Human organs are defined by their complex, functional 
organization of diverse, specialized cells, and tissues[1]. The 
rising incidence rates of disease and injury leading to organ 
failure have led to increased demand for tissue and organ 
transplants. This growing demand has given rise to tissue 

engineering, whereby scaffolds, cells, and biologically 
active molecules are combined to assemble functional 
constructs. The goal is to develop constructs capable of 
restoring, improving, or maintaining damaged tissues and 
organs[2]. Of the many methods to generate these functional 
three-dimensional (3D) structures, 3D bioprinting is the most 
promising due to its ability to produce complex, scalable 
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tissue constructs[3,4]. The printing of these cellularized 
structures through the precise layering of cell-laden bioinks 
is accomplished using material jetting bioprinting (inkjet, 
microvalve, acoustic, and laser-assisted bioprinting), 
material extrusion bioprinting, and vat polymerization 
bioprinting (stereolithography, digital light processing, and 
two-photon polymerization)[5-13]. While each printer has its 
advantages over the others, there remain many challenges 
to face before this technology can be translated into clinical 
practice, regardless of the printer setup[14].

Two of the most significant issues with 3D bioprinting 
are identifying suitable bioinks and ensuring adequate 
nutrient supply to the cells[15-20]. While a great deal of 
effort has been focused on developing novel biomaterial 
candidates, it has been much harder to find a solution to 
address the diffusion barrier associated with the printed 
construct. The diffusion gradient is an inherent result 
of the nature of the bioink scaffolding material, which 
hinders the migration of nutrients, ranging from growth 
factors to oxygen, to the center. This diffusion barrier 
must be overcome as delivering these nutrients ensures 
the cells’ survival, proliferation, and differentiation.

As such, oxygen-releasing biomaterials have been 
explored as a means of promoting its diffusion throughout 
the construct. Most of the oxygen-releasing biomaterials 
developed so far involve scaffolds integrated with peroxides 
and fluorinated compounds in the form of liquids or solid 
micro- and nano-particles[21,22]. Although early reports of 
these materials are promising, they all require the insertion of 
materials that do not occur naturally within the human body[23-

25]. This introduces additional uncertainty about the fate of 
these materials as they lack the inherent biodegradability 
of proteins, for example. To this end, we propose an 
alternate solution to promote oxygen diffusion using gas 
vesicle nanoparticles (GVNPs). Gas vesicles are hollow 
gas-filled proteinaceous intracellular organelles common 
to many species of bacteria and archaea[26]. In nature, gas 
vesicles promote floatation and the availability of oxygen 
in the microbial cell[27]. These cylindrical- or spindle-shaped 
organelles have canonical ends and vary in size depending 
on the organism[28,29]. Over the years, GVNPs have drawn 
interest in biotechnological and biomedical applications. This 
includes traditional nanoparticle applications as drug delivery 
systems and other applications based on their unique physical 
properties. One group, in particular, the Shapiro group at 
Caltech, has found that their sound scattering properties and 
ability to produce harmonic ultrasound signals make GVNPs 
especially useful as contrast agents and molecular sensors for 
ultrasound and magnetic resonance[30-35].

In this study, we developed a new, efficient system 
for haloarchaeal Haloferax volcanii gas vesicle expression 
that utilizes a combination of attributes to facilitate cheaper 
and faster GVNP production at yields high enough to be 
suitable for bioreactor scale[30,36]. To improve cell growth 

by promoting the diffusion of oxygen, gas vesicles were 
printed homogeneously throughout the constructs. The 
bioprinting experiments were conducted with our novel 
3D bioprinting system using our ultra-short peptide 
hydrogel[37-41]. The printability of peptide bioinks and 
biocompatibility with various cell types was tested[42,43].

As gas vesicles have been reported to promote cell 
activity in cell culture[44], this work aims to see if those findings 
can be extended to attain better outcomes in 3D bioprinting. 
The biocompatibility of the gas vesicles was tested with human 
embryonic kidney cells in both two-dimensional (2D) and 3D 
cell cultures. In addition, the printability of the gas vesicles 
was assessed to ensure that the nanoparticles are capable of 
withstanding the shear stress involved in the printing process. 
The bioink and scaffolding material used throughout this 
study was IK6 self-assembling peptide. Once the printability 
and biocompatibility of the gas vesicles were established, 
the cell viability and morphology of cells printed with and 
without gas vesicles were assessed. The results are promising 
and suggest that the 3D printing of gas vesicles may positively 
affect cell activity for up to 7 days when printed together.

2. Materials and methods
2.1. Materials
The self-assembling peptide IK6 (Ac-ILVAGK-NH2) 
was custom synthesized by Bachem AG (Budendorf, 
Switzerland). Human embryonic kidney cells (HEK293) 
were purchased from American Type Culture Collection 
(ATCC; USA). Cells were cultured in medium Dulbecco’s 
modified Eagle’s medium-high glucose (DMEM-HG; 
Gibco Thermo Fisher Scientific, USA). T175 or T75 cell 
culture flasks and 96- and 48-well plates were purchased 
from Corning, USA. Halobacterium sp.  NRC-1 was 
obtained from Carolina Biological Supply (Burlington, 
NC, USA) and cultured in CM+ medium containing 4.3M 
NaCl and trace metals at 42°C with shaking as previously 
described[45]. H. volcanii H1895 and its corresponding 
vector pTA963 were kindly provided by Dr. Thorsten 
Allers (Institute of Genetics, School of Biology, University 
of Nottingham, Queen’s Medical Centre, Nottingham, 
UK). H. volcanii and derivatives were cultured in the 
Hv-YPC medium at 45°C with shaking as previously 
described[46,47]. For solid media, 2% (w/v) agar was 
added. The CellTiter-Glo® luminescent 3D cell viability 
assay kit, LIVE/DEAD® Viability/Cytotoxicity kit and 
Actin Cytoskeleton/Focal Adhesion Staining kit were 
purchased from Promega, USA, Life Technologies™, 
USA, and Sigma-Aldrich, USA, respectively.

2.2. Engineering and expression of gas vesicles in 
H. volcanii
Superfolder Green Fluorescent Protein (sfGFP) 
synthetic gene (IDT, Leuven, Belgium) was codon-
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optimized using the java codon adaptation online 
tool JCat for Halobacterium sp. (strain NRC-1/ATCC 
700922/JCM 11081)[48]. The gas vesicle operon from 
Halobacterium sp. NRC-1 was amplified from the 
genome using polymerase chain reaction (PCR) and 
cloned with sfGFP via FspAI-HpaI and HpaI-BamHI 
using the Gibson Assembly Cloning Kit into pTA963 
to generate the pTA963_sfGFP_GVNPs expression 
plasmid (Table 1). The construct was validated by 
restriction digestion using FspAI, HpaI, and BamHI, 
PCR amplification, and DNA sequencing. Gas vesicles 
containing the vector were transformed into H. volcanii 
H1895 using the PEG/EDTA method[49].

2.3. Culturing and gas vesicle preparation
The processes for producing and culturing gas vesicles 
were performed as previously described[27,30,47]. H. 
volcanii lawns or floating cells were lysed osmotically 
with phosphate-buffered saline (PBS) solution (137 mM 
NaCl, 2.7 mM KCl, 10 mM sodium phosphate dibasic, 
and 2 mM potassium phosphate monobasic [pH 7.4]) 
containing 10 mM MgSO4 and 20 μg/mL of DNase I 
(Sigma-Aldrich, USA). The cell lysate suspension was 
incubated for 1 h at 37°C before overnight centrifugation 
at 60× g in a swinging bucket rotor in an Allegra X-15R 
centrifuge (Beckman Coulter, CA, USA) to accelerate 
floatation of the gas vesicles. Intact gas vesicles were 
collected and re-suspended in PBS, then floated by 
overnight centrifugation and harvested again. This 
floatation procedure was repeated until a white, milky 
suspension of gas vesicles was obtained. Gas vesicle 
concentration was quantified via NanoDrop 2000 
spectrophotometer (Thermo Scientific, Waltham, MA, 
USA) by measuring a small sample of gas vesicles broken 
by sonicating for several minutes.

2.4. Hydrogel preparation
The ultrashort peptide IK6 (Ac-ILVAGK-NH2) used in 
this study was synthesized by Bachem AG (Budendorf, 
Switzerland) using solid-phase peptide synthesis and 
purified to above 95% through high-performance liquid 
chromatography. Amino acid and peptide content analyses 
were performed. The lyophilized peptide powders were 
first dissolved in Milli-Q water and mixed by vortexing 
for 30 s to obtain a homogenous solution. Then, ×10 PBS 
was added to the peptide solution for a final concentration 

of ×1. Gelation occurred within a few minutes at 8 mg/
mL peptide concentration.

2.5. 2D cell culture
HEK293 cells were purchased from ATCC (USA). 
Cells were cultured in DMEM-HG, supplemented with 
10% (v/v) fetal bovine serum (FBS) and 1% penicillin/
streptomycin (PS; Gibco) at 37°C with 5% CO2. The 
cells were subcultured with trypsin at approximately 80% 
confluence. The culture media were changed every 2 – 
3 days. Cells at passages 6 – 8 were encapsulated for 3D 
culture and monolayer culture.

2.6. 3D cell culture
HEK293 cells were cultured in 75T flasks and incubated in 
a CO2 incubator maintained at 37°C with 5% CO2. Culture 
media were replaced every 48 h until the cells reached 80% 
confluency. Confluent cells were subcultured, and cells at 
passages 6 – 8 were used for the study. For the 3D culture, 
the peptide was sterilized by exposure to ultraviolet light 
for 30 min. 10,000 cells in ×2 PBS were mixed at a 1:1 
ratio with peptide solution and used to prepare 100 μl of 
3D construct in a 96-well plate without the addition of 
GVNPs to serve as a control. Different concentrations of 
GVNPs were obtained by mixing with PBS before adding 
them to form 3D samples. This allowed for the evaluation 
of the GVNPs effect on cell proliferation.

2.7. 3D bioprinting
16 mM of IK6 peptide was diluted in 1 mL of MilliQ 
water, mixed well, and sonicated to assure a homogenous 
solution. Eight million cells were suspended in ×1 PBS 
without GVNPs (control). When printing with GVNPs, 
the cells were mixed with a ×1 PBS containing GVNPs at 
a 300 μg/ml concentration.

A custom-designed 3D bioprinter along with 
commercial microfluidic pumps was set up (Figure S1) as 
described in our previous publications, and a homemade 
dual coaxial nozzle was used for bioink extrusion[40,41,50]. 

Structures were printed in the shape of a rectangular 
prism with a length, width, and height of 10 mm, 10 mm, 
and 1.5 mm, respectively. Illustrated figure of the 
printed structure along with the printer setup is shown in 
Figure 1. To facilitate imaging, the structure was printed 
onto an 18 × 18 mm glass coverslip. The glass coverslip 

Table 1. Oligonucleotides used in this study.

Primer 5’‑3’ sequence
pTA.1 GGACCTATTGCGCATATGCACCACCACCACCACCACATGCGCATAATTCAATCGATACGAGTCCCG
pTA.2 AATGCGATGGTCCAGAGGTGCGGCCGCTCTAGAACTAGTGGATCCGATCTGTGAGTGTACACCCC
HpaI-BamHI TGTCTCTTCTTCCTCGTTAACGGTACCGGCGGATTCTCC
FspAI-HpaI GCGGAGAATCCGCCGGTACCGTTAACGAGGAAGAAGAGACAGAGCC
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was then placed on top of a heat-bed set to 40°C to create 
a suitable temperature environment for the cells.

Three syringe pumps were set up to dispense 
homogenous gel and extrude peptide bioink through 
the nozzle. The first syringe pump was loaded with 
peptide solution and set to a flow rate of 55 μL/min. 
The second pump was loaded with ×7 PBS and set to 
a flow rate of 20 μL/min. The third pump was loaded 
with the cells and set to a flow rate of 20 μL/min. 
Three samples of the 4-layer rectangular prism were 
printed for each condition with a height of 1.5 mm per 
sample to facilitate imaging. The same procedure was 
conducted for samples without gas vesicles to serve as 
controls.

2.8. 3D cell proliferation assay
The CellTiter-Glo® luminescent 3D cell viability assay 
was used to assess cell proliferation in 3D hydrogels by 
measuring ATP production. At each time point, the kit 
was equilibrated at room temperature for approximately 
30 min. CellTiter-Glo® Reagent equal to the volume of 
cell culture medium present in each well was added. The 
contents were mixed for 5 min to digest the hydrogels 
and then incubated for 30 min. After incubation, 
the luminescence was recorded using a plate reader 
(PHERAstar FS, Germany).

2.9. Live/dead staining
HEK293 cells were seeded into peptide according to the 
protocol described above. After one, three, and 7 days 
of incubation, the media was removed and replaced 
with PBS containing approximately 2 mM calcein AM 
and 4 mM ethidium homodimer-1 before incubation 
for 40 min. Before imaging, the staining solution was 
removed, and fresh PBS was added. Stained cells were 
imaged under an inverted confocal microscope (Zeiss 
LSM 710 Inverted Confocal Microscope, Germany). The 
percentage of living cells was obtained through analysis 
with ImageJ.

2.10. Cytoskeletal staining and imaging
Immunostaining was performed at each culture time 
point. In brief, the cells were fixed with 4% (v/v) 
paraformaldehyde solution for 30 min and incubated in a 
cold cytoskeleton buffer (3 mM MgCl2, 300 mM sucrose, 
and 0.5% [v/v] Triton X-100 in PBS solution) for 5 min 
to permeabilize the cell membranes. The permeabilized 
cells were then incubated in blocking buffer solution (5% 
FBS, 0.1% (v/v) Tween-20, and 0.02% [w/v] sodium 
azide in PBS) for 30 min at 37°C. For F-Actin, anti-mouse 
IgG (whole molecule)-FITC and rhodamine-phalloidin 
(1:300) were added to the cells for 1 h. Further, the cells 
were incubated in DAPI for 5 min to counterstain the 
nucleus. The fluorescent dye-treated cells were observed 
and imaged using a laser scanning confocal microscope 
(Zeiss LSM 710 Inverted Confocal).

2.11. Scanning electron microscopy (SEM)
The printed samples were characterized using SEM to 
visualize the morphology of the peptide bioink and gas 
vesicles in printed samples[50]. Samples were printed on 
18 × 18 mm glass coverslips and given time to solidify 
before dehydration by gradual immersion in increasing 
concentrations of 20%, 40%, 60%, 80%, and 100% (v/v) 
ethanol solutions for 5 min in each solution. Further 
dehydration in 100% ethanol solution was done by 
changing the absolute ethanol solution with a fresh ethanol 
solution twice for 5 min each, followed by a third time 
for 2 h. Dehydrated samples were subsequently placed 
into the critical point dryer (Sorvall Critical Point Drying 
System) for evaporation before being mounted onto SEM 
aluminum pin stubs with double-stick conductive carbon 
tape and a final sputter coating of 10 nm of iridium. 
Images were taken with FEI Magellan XHR SEM. This 
was done with a TLD detector, and imaging parameters 
included a current of 50 pA, a high voltage of 3.00 kV, and 
a working distance of 4.0 m. Biological peptide hydrogel 
coating cells were fixed with 2.5% (v/v) glutaraldehyde 
(diluted from 25%) in water overnight at 4°C, the post-

Figure 1. (A and B) Image of the 3D bioprinter setup used for experiments conducted in this study and (C) a preview of the gcode file of 
the printed structure with dimensions measuring 10 mm × 10 mm × 1.5 mm.

CBA
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fixation was done by 1% (w/v) osmium tetroxide in 0.1 
M PBS for 1 h in the dark followed by washing 3 times 
by ddH2O. This was followed by serial dehydration with 
10 mL of H2O (twice), 25% ethanol, 50% ethanol, 75% 
ethanol, 80% ethanol, 90% ethanol, and 100% (v/v) 
ethanol (twice). Samples in ethanol were then critically 
point dried using liquid CO2 (Sorvall Critical Point 
Drying System).

2.12. Statistical analysis
All experimental approaches were executed in triplicates 
to allow for statistical testing. Results are represented 
as mean ± standard deviation, n ≥ 3. The differences 
observed in HEK293 cell behavior for conditions with 
and without GVNPs were compared. Statistical analysis 
was performed by a Student’s t-test, and values with 
P < 0.05 were considered statistically significant.

3. Results and discussion
3.1. Characterization of GVNPs
Haloarchaeal GVNPs are attractive for biotechnological 
and biomedical applications and have already found 
use as drug delivery systems and contrast agents for 
ultrasound and magnetic resonance imaging[30-35]. While 
the biotechnological tools for the expression of GVNPs 
are now established, production so far suffers from the 
slow growth rates, the inconsistent induction system, and 
the genetic instability of the Halobacterium expression 
host. Therefore, we developed a new plasmid construct 
allowing fast and high-yielding GVNPs production in 
H. volcanii without the requirement of antibiotics. The 
completely sequenced and clean genetic background 
with respect to gas vesicle genes makes H. volcanii a 
suitable and attractive organism of choice for expressing 
Halobacterium GVNPs. H. volcanii is a nonpathogenic 
halophile that grows to high density in the presence of high 
concentrations of salt, which precludes contamination by 
less halophilic microorganisms[47,51].

Expression of the gas vesicle operon in H. volcanii 
led to spindle- or cylinder-shaped gas vesicles with 
conical tips. Transmission electron microscopy (FEI 
Titan CT microscope) equipped with a 4 k × 4 k CCD 
camera (Gatan, Pleasanton, CA, USA) and dynamic light 
scattering (DLS, Zetasizer Nano, Malvern Inc., Malvern, 
U.K.) measurements of purified gas vesicles nanoparticle 
suspensions range from 30 to 250 nm in width and from 
40 nm to 1.5 μm in length with a mean diameter of 255 nm 
(Figure 2). The straightforward protein expression 
system and efficient purification process produced a 
substantial number of gas vesicles that can be scaled 
(Figure S2). In addition, the spindle or cylindrical shape 
of these GVNPs (Figure 2) is of particular interest in this 
study because the increased volume to surface area ratio 

allows improved gas exchange and nutrient diffusion. 
The size of the gas vesicles is also ideal for biomedical 
applications. GVNPs are small enough to fit within the 
pores of the fibrous extracellular matrix (ECM) while 
still too large to cross the blood-brain barrier and cell 
membrane[52].

3.2. Hexapeptide characterization
The IK6 amphiphilic peptide was designed with a 
hydrophilic head group at the C terminus followed 
by a series of hydrophobic residues, increasing in 
hydrophobicity to the N terminus at the tail end of the 
peptide. The peptide in this study readily formed a 
hydrogel in PBS with the aforementioned method, and 
was selected for its rapid self-assembly, ease of use, and 
biocompatibility. As a bioink, this peptide demonstrated 
excellent gelling properties as it formed quickly enough to 
ensure the structural integrity of the construct and printed 
smoothly to avoid clumping or inconsistencies as some 
other materials have. We have previously reported fibrous 
peptide network formation, characterizing the structures 
with circular dichroism (CD) and X-ray diffraction[53]. The 
peptide IK6 form similar network as recently described 
self-assembling ultrashort tera peptide compound[54,55]. 
In this case, the peptide was characterized with SEM 
after printing with our printing system (Figure 3, Figure 
S3). This imaging showed evidence of the hydrogel’s 
formation of a fibrous network present throughout the 
construct. These morphological characteristics are similar 
to those observed in hydrogel samples prepared manually. 
The samples prepared for imaging were at a concentration 
of approximately 16 mM, which is the minimum gelation 
concentration, and this concentration of peptide was used 
for the remainder of the printing experiments with the cells 
and GVNPs. This ensured that the printing in subsequent 
experiments occurred smoothly and consistently, and 
further highlights both the versatility of our printing 
system and the strong case for the use of ultrashort self-
assembling peptide as bioink material.

3.3. Effect of GVNPs on cell viability in 3D 
construct
Halobacterium sp. NRC-1 gas vesicle cytotoxicity 
was assessed through the 2D culture of HEK cells in a 
previous study[30]. The results showed nearly 100% cell 
viability even at the highest concentrations of GVNPs 
tested, approximately 500 μg/mL[30]. Cytotoxicity of gas 
vesicles expressed in H. volcanii was assessed in this 
work by testing cell growth and proliferation in 2D culture 
(Figure S4) and 3D culture with varying concentrations 
of GVNPs.

Bright-field microscopy imaging and cell viability 
(live/dead assay) were performed to examine the HEK 
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cells in 3D constructs cultured with GVNPs, and the 
images are shown below in Figure 4A‑D through 3D. 
Cell proliferation was also quantified with the CellTiter-
Glo Assay, and these results are shown in Figure 4E. An 
increase in cell activity was observed from day 1 to day 
7. When compared to the control group, the cells cultured 
with GVNPs showed significantly increased proliferation. 
Furthermore, cell proliferation increases with increasing 
concentrations of GVNPs. Significant difference was 
found in the proliferation of cells cultured with 750 μg/
mL GVNPs at days 1 and 7 compared to the control.

In this study, the biocompatibility of gas vesicles 
expressed in H. volcanii was confirmed by 3D culture of 
HEK 293 cells with various concentrations of GVNPs. 
Qualitative and quantitative assessment concerning 
cell growth, morphology, and proliferation is provided 
(Figure 4), demonstrating that the gas vesicles have 
no associated toxicity at all tested concentrations. 
These findings are consistent with those of other 
studies where no adverse effects of GVNPs have been 
observed[35,56-59].

3.4. 3D Bioprinting process
Before conducting experiments with GVNPs, various 
shapes were printed using IK6 peptide to optimize printing 

parameters. After tuning several parameters, including 
peptide and PBS flow rates, the rapid gelation of the IK6 
peptide facilitated smooth and consistent extrusion of the 
bioink, thus achieving a more refined and stable construct 
of 10 mm in height (Figure 5A and B). Our previous 
study further reports on the bioprintability, structure 
fidelity, and cell viability of IK6 peptide[60]. Moreover, 
to assure the stability of the bioprinted construct during 
the incubation period, the construct fidelity was observed 
over time for several weeks (Figure 5C and D). After 
8 weeks, the construct maintained structure and hold 
shape, thus confirming the high structure fidelity of the 
IK6 peptide.

Several experiments were conducted to ensure 
the suitability of the gas vesicles for bioprinting and to 
determine the optimal printing parameters. The previous 
studies have found that gas vesicles are relatively weak 
and their strength varies depending on the organism and 
strain from which they are derived[27,29]. As such, the first 
of our printing experiments focused on ensuring that the 
gas vesicles could withstand the stress of the printing 
process. This was assessed via SEM imaging to compare 
the morphology of the printed gas vesicles to those that 
were not printed. The imaging of 3D printed gas vesicles 
(Figure 5F and G) also revealed that nearly all of the 
gas vesicles remained intact, thereby providing further 
evidence of the strength of halophilic gas vesicles and 
suggesting potential applications of gas vesicles for 
biomedical applications. This builds on the previous work 
reporting that the recombinant GVNPs were observed to 
be stable for several months at room temperature and at 
elevated temperatures of around 50°C, with little to no 
degradation[35].

Another attractive feature for biotechnological 
and biomedical applications is the fragile nature of 
the S-layer cell walls, which can be easily lysed upon 
addition of water, releasing cellular proteins and 
reducing the cost of protein purification[61,62]. Further, 
we displayed the sfGFP on the GVNPs surface and 
demonstrated the application of GVNPs as imaging 

Figure 3. Morphological characterization of the printed peptide 
scaffold by scanning electron microscopy. Condensed fibers of IK6 
hydrogels at a concentration of 16 mM. Images were obtained at 
×200,000 (A) and ×50,000 (B) magnification.

BA

Figure 2. Characterized gas vesicles. (A) Haloferax volcanii cells grown in liquid culture and left to stand, buoyant cells floating at the top. 
(B) Pure white gas vesicles floating at the top. (C) Intact gas vesicles imaged with transmission electron microscopy. (D) DLS particle size 
distribution profile of purified gas vesicles.

DCBA
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tools and oxygen carriers as well as protein display and 
delivery vehicle (Figure 5E). This was done to ensure 
a homogenous distribution throughout the construct 
and was studied using fluorescent gas vesicle particles 
engineered with sfGFP.

3.5. Influence of GVNPs on the viability of 
bioprinted cells
The HEK 293 cells were 3D printed, and the cell viability 
was studied at three different time points. The results are 
shown in Figure 6A and B, and live/dead cell staining 

Figure 5. (A) Image of 1 cm cylinder printed with IK6 peptide on day 1, and (B) image of the same construct after 8 weeks, (C and D) images 
showing a 3D bioprinted sample undergoing preparations for imaging, (E) confocal imaging of the engineered sfGFP gas vesicles within 
the 3D printed sample, scale bar: 2 μm, (F and G) SEM imaging of printed GVNPs. Morphological characterization of the printed peptide 
scaffold with GVNPs by SEM. Images were obtained at ×35,000 (F) and ×100,000 (G) magnification.

D

C

G

B

F

A E

Figure 4. Cell proliferation in 3D constructs. (A-D) Bright-field microscopy images and fluorescence images (live cells in green, dead cells 
in red) of HEK cells in 3D constructs after 1 day of culture at varying GVNP concentrations (A: Control, B: 250 μg/mL, C: 500 μg/mL, D: 
750 μg/mL). Scale bar: 100 μm. (E) The percentage of cell proliferation rate normalized against the initial time point day 0 was shown as 
mean ± SD (n = 6). **P < 0.01, ****P < 0.0001.

D

C

B

A E
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and quantified cell viability data are included. In samples 
analyzed 24 h after bioprinting, about 85.8 ± 4.8% 
of cells were observed to be alive in the control group 
without GVNPs, while an increase in viability to 89.7 ± 
3.7 was found in samples with GVNPs at this time point. 
A significant increase was found in cell viability when 
measured 4 and 7 days after printing with GVNPs from 
83.4 ± 4.6 to 92.6 ± 3.7 on day 4 and 91.3± 3.9 to 96.4± 
2.1 on day 7 with P = 0.0005 and 0.009, respectively.

The imaging results in Figure 6A show that 
the GVNPs did not affect the morphology of the 
HEK293 cells. An earlier study reported that the addition 
of GVNPs to cells in 2D culture was associated with an 
increase in cell activity[44]. Our results (Figure 6A and B) 
suggest that the cells printed with GVNPs showed better 
viability than the cells printed alone. As the GVNPs 
constitute the thin protein-membrane and the gases inside 
and are permeable to gases in the environment, the effect 
is likely due to the gas permeability of the protein shell. 
One way through which this can occur is by promoting the 
availability of oxygen to the cells as the oxygen is allowed 
to diffuse from within the gas vesicles to the surrounding 
environment. This increased oxygen availability may 
render the environment more similar to favorable in vivo 
conditions, thereby promoting cell survival. Another 
possibility could be that nearby GVNPs enable cells to 
clear waste or other species within the environment more 
rapidly. Byproducts of cellular respiration include CO2, 
so the permeability of the GVNP shell coupled with the 
concentration gradient of the different gases in the system 
may have promoted the diffusion of CO2 away from the 
cells.

3.6. Morphological study of bioprinted cells
Cell aggregates formed within gels after printing, and 
their actin cytoskeletons and nuclei were stained. The 

growth of the cell aggregates is tracked over 7 days and 
visible in Figure 7A. The growing size of the cellular 
aggregates over time is evidence for cell proliferation. 
These aggregates increase in diameter, as shown in 
Figure 5. This finding is consistent with the previous 
study; after 7 days of culture, HEK 293 become dense 
in structure with multiple cells aggregate up to 140 μm 
in width[63]. Moreover, electron microscopy imaging was 
performed to visualize the GVNPs in the gel construct 
after printing. These images depicting the GVNPs in the 
environment surrounding the cells 2 and 8 days after 
printing are shown in Figure 7B. This is in contrast with 
the lack of gas vesicles present in the imaged control 
samples.

As we aimed to test the potential for these protein-
based nanostructures in promoting the growth of printed 
cells, it was crucial to preserve cell viability, morphology, 
and function after printing[64-67]. Therefore, we optimized 
the 3D bioprinting parameters for HEK 293 cells and 
incorporated the GVNPs into the 3D construct by adjusting 
syringe pump flow rates, inner diameters of the nozzle, 
printing speed, and layer height to mitigate such effect. 
The notion that cell growth and death are very strongly 
affected by the extracellular environment has been well 
documented in the literature[68]. The ECM is crucial to tissue 
engineering, as it dictates cellular morphology and guides 
the connections between cells and the site of interactions. 
Together, the ECM architecture and its composition affect 
cell growth, connection, differentiation, and adhesion. Our 
results indicate that the GVNPs were able to incorporate 
within the peptide fibers. The gas vesicles were also 
able to stay within the extracellular environment for at 
least 8 days, possibly increasing the porosity of the gel 
constructs, thereby allowing more medium and nutrients 
to penetrate the center.

Figure 6. (A) Live/dead staining images for the printed cells with and without GVNPs at days 1, 4, and 7 after printing scale bar 100 μm. 
(B) The quantitative analysis of cell viability by ImageJ for the 6 different images. (C) Morphology and 3D distribution of the cells within 
printed constructs after 7 days. *P < 0.05, ***P < 0.001.
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4. Conclusion
Gas vesicles have many advantages over other 
nanostructures that make them excellent materials 
for applications in medicine. These gas-filled stable 
protein nanostructures are uniquely well suited for 
bioengineering. Many previous studies have explored 
GVNPs applications in therapeutics, antigen display, 
and vaccine production[36,69,70]. Our study establishes the 
use of genetically encoded gas vesicles to promote cell 
viability within 3D printed constructs, thereby bringing 

3D bioprinting one step closer to printing large tissues 
and organs. Future studies will build on the in vitro proofs 
of the concept presented in this study to test the effect of 
loading the gas vesicles with gas oxygen concentrations 
that more closely mimic those of different in vivo settings 
and test their efficacy in promoting cell viability in larger 
constructs.

Our research will further advance 3D bioprinting 
methods and the development of a gas vesicle expression 
system in mammalian cells. Our findings that gas vesicles 
can withstand the stress associated with the bioprinting 

Figure 7. Cell aggregate morphology. (A) Fluorescence confocal microscopy images taken 1, 4, and 7 days after printing (nucleus shown 
in blue, F-actin shown in red). Scale bar: 50 μm. (B) Electron microscope images of printed cells with and without GVNPs. Red arrow 
indicates NPs and the green arrow indicates the cell.
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process and positively influence cell viability suggest that 
this method can promote the survival of cells within 3D 
printed constructs. Gas vesicles can be used as a bridge 
to promote cell viability between construct formation and 
vascularization in the future.
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