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Abstract

Tissue engineering (TE) is a multidisciplinary practice focused on developing patient-
specific constructs to repair, regenerate, or replace injured tissues and organs. One biofabrication
process that has gained tremendous momentum in this field is bioprinting. Most, if not all
bioprinting modalities embody the same principles of heat and shear due to mechanical forces or
friction as cells are forced through narrow orifices. While it is important to examine the interaction
between host and implanted constructs, it is also crucial to understand the direct effects that these
bioprinting technologies have on cells before embedding them into TE applications.

The purpose of this work is to determine the effects of thermal inkjet bioprinting (TIB) on
cellular angiogenesis in vitro. Our in vivo histological analysis of implanted constructs containing
TIB endothelial cells (ECs) in B-17SCID mice demonstrated significantly higher number of
capillary-like structures as compared to constructs with manually pipetted (MP) ECs. Additionally,
in vitro cellular morphological differences between TIB- and MP-ECs were noted. TIB cells had
elongated protrusions at 5—6 times the size of MP cells. Moreover, an Annexin V-FITC and PI
apoptosis assay showed a 75% apoptosis among TIB cells as compared to MP cells via flow
cytometry analysis. After a 3-day incubation period, however, TIB cells demonstrated significantly
higher viability as compared to the control group. Also, cytokine expression was assessed with the
use of Milliplex magnetic bead panels, which confirmed significant overexpression of HSP70, IL-
la, VEGF-A, IL-8, and FGF-1 among TIB cells as compared to the control. Furthermore, a Human
phospho-kinase array to determine intracellular kinase and protein activation showed a significant
over activation of HSP27 and HSP60 in TIB cells as compared to MP cells as well as a decreased

proliferative state among TIB-ECs.

vil



In all, we have demonstrated that constructs containing TIB-ECs offers an alternative
method to inducing microvascular networks in vivo. Our in vitro data also supports our findings
as they translate in vivo. The ability to create vast capillary networks, coupled with the fixed
printing parameters of our TIB technology (i.e. heat, pressure, nozzle size, droplet size, and
velocity) allows for versatile and repeatable means to create these constructs. Future in vitro work
with appropriate controls for mechanical stress or possibly printing with the cartridge submerged
within media to control for cellular stretching are recommended. Also, in vivo work with impaired
wound healing such as a diabetic foot ulcer model are also suggested. Finally, a comparative study
among different TIB modalities are also recommended. Looking ahead, bioengineered constructs
using our TIB technology may find potential applications in organ on a chip, drug testing, and

autonomic healing applications.
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Chapter 1: Introduction

Tissue engineering (TE) is a multidisciplinary practice focused on developing patient-
specific constructs to repair, regenerate, or replace injured tissues and organs. Using a combination
of biomaterials, cells, growth factors, and engineering technologies, artificial tissues can be created
to regenerate or repair their injured counterparts. One biofabrication process that has gained
tremendous momentum in this field is bioprinting. Little is known, however, about the direct
effects that the bioprinting process inflicts on cells. Most, if not all bioprinting modalities embody
the same principles of heat and shear due to mechanical forces or friction as cells are forced
through narrow orifices. While it is important to examine the interaction between host and
implanted bioengineered constructs, it is also crucial to understand the direct effects that these
bioprinting technologies have on cells before embedding them into TE applications.
Understanding these direct effects could facilitate in improving construct designs or to optimize
the desired outcomes. The purpose of this work is to determine the effects of thermal inkjet
bioprinting (TIB) on cellular angiogenesis in vitro.
Dissertation Overview

In Chapter 2, a literature review is provided focusing on diabetic foot ulcers (DFUs), the
wound healing process, as well as the current treatments for DFUs. In Chapter 3, a brief history of
the TIB technology along with its mechanism are described. Moreover, the induction of in vivo
microvascular networks among implanted constructs with TIB-EC are reported. In Chapter 4, in
vitro characterization of TIB-ECs is defined, including cell morphology, cell viability, cytokine
expression, and kinase phosphorylation. Finally, the key conclusions of my Ph.D. work along with

the limitations and future work recommendations are summarized in Chapter 5.



Chapter 2: Literature Review

2.1 Diabetic Foot Ulcers

Diabetic foot ulcers (DFUs) remain a serious complication of diabetes resulting in
significant morbidity, mortality, and healthcare expenses among patients. There were 285 million
people affected by diabetes in 2010 and more than 366 million are projected to have this disease
by 2030 [1][2]. DFUs affect 15-34% of all diabetic patients within their lifetime [1][2][3][4], resulting
in 84% of all lower-leg amputations worldwide [2][3][5][6][7][8]. This translates into a leg being
amputated every 30 seconds around the world [1]. Most alarming is the 44% mortality rate within
the first year after an amputation [9], which becomes 30-50% within 3 years [10], and 77% within
5 years [9][7]. In addition to the high burden of medical expenses [1]. The cost for the management
of DFUs in the U.S. is between $9-13 billion annually [8]. Current treatment modalities consist of

offloading devices and artificial skin substitutes.

2.2 Wound Management Practices for DFUs

2.2.1 Offloading Devices

Total contact casts (TCCs) and removable cast walkers (RCWs) are the most commonly
used offloading devices used for the treatment of DFUs. TCCs are universally recognized as the
gold standard devices for the treatment of DFUs [11][12][13][14][15][16][8]; however, patient usage
compliance is relatively low. Armstrong et al. [11] monitored DFU patients being treated with a
RCW device for seven days and found a 28% compliance rate. Reasons for poor compliance
among patients include, impaired daily activities such as sleeping or showering and worsening
postural instability [12]. Crews et al. [16] found that postural instability was strongly associated
with poor offloading treatment compliance due to the device being bulky and heavy and having
forced fixation, resulting in changes with the patient’s normal gait. They note that even among
healthy individuals, gait, balance, and reaching functionality are all affected when an offloading

boot is worn. Thus, in comparison to diabetic patients who suffer from neuropathy-related changes,
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the challenges observed among healthy individuals might be more pronounced in DFU patients
who wear these offloading devices [16]. Not only is compliance low among patients, but clinicians
are not implementing their use, which is concerning. Among 901 clinics in 48 states and D.C.,
only 1.7% used TCCs for the treatment of DFUs; 15.2% used RWCs; 2.6% used other devices
such as therapeutic shoes; and 12.3% used complete non-weight-bearing (NWB) devices such as
crutches and wheelchairs. Interestingly, 58.1% did not consider TCCs as the golf standard of
treatment for DFUs and 45.5% did not use TCCs as an offloading device [12]. The authors conclude
that in reality, clinicians understand that reducing pressure, shear, and repetitive injury do
dramatically affect the outcomes of DFU treatments; however, when it comes to TCCs, their
application requires skill, they are labor intensive, and the procedure is time consuming [8] and
clinics may not have the necessary manpower available [12]. Also, the low percentage use of RCWs
might be related to issues of cost and lack of reimbursement in the U.S. For these reasons clinicians
tend to use other offloading methods for the treatment of DFUs [12] and/or make use of advanced

wound care technologies such as artificial skin substitutes.

2.2.2 Tissue Engineered Skin Substitutes

Artificial skin substitutes were developed to assist in the treatment of superficial wounds.
These skin substitutes are divided into two groups: allogenic cell-containing constructs, such as
Apligraf and Dermagraft, and acellular matrices like Oasis and MatriStem [17]. In a systematic
review for the treatment of DFUs with skin substitutes, researchers concluded that compared to
treatment alone, additional treatment with skin substitutes, could reduce the healing time of DFUs
and decrease the need for amputations [18]. However, skin substitutes are relatively expensive,
especially since treatment of a DFU lasts several months and numerous skin substitute applications
are needed ($5,000 for cell-containing constructs vs $2,000 for acellular matrices for the same
length of time to heal a DFU). Interestingly, the authors found no conclusive evidence for the

effectiveness between the two types of skin substitutes in the treatment of DFUs [17].



While these skin substitutes provide the adequate wound healing parameters (e.g. low pH,
moisture, antimicrobial ingredients, etc.), they do not provide the angiogenic properties required
for proper wound healing. Key proangiogenic factors include fibroblast growth factor 2 (FGF-2),
interleukin 8 (IL-8), platelet-derived growth factor (PDGF), placental growth factor (PIGF),

transforming growth factor-3, and vascular endothelial growth factor (VEGF) [19].

2.3 Wound Healing

The wound healing process occurs in four major steps: a) hemostatic, b) inflammatory, c)
proliferative, and d) remodeling [20]. Granulation tissue, which forms during the proliferative
stage, is the hallmark of a positive wound healing response. It is during this step that fibrovascular
tissue containing fibroblasts, capillaries, and collagen is formed [21]. Not only is angiogenesis
critical for the formation of granulation tissue [20][21][22][23], but it is also necessary to transfer
of nutrients and oxygen in addition to removing waste metabolites from the wounded area as it

promotes the regeneration of new tissue [21][22].

2.4 Tissue Engineering Challenge: Angiogenesis

Current tissue engineering strategies for the induction of angiogenesis include scaffold
design such as sacrificial constructs, material functionalization, microfabrication, and bioreactors.
Additionally, genetic manipulation strategies through stem cells, miRNA induction, and synthetic
polymers have demonstrate great strides in vascularization efforts [24]. Despite all this progress,
the challenges of architecture, biological control, bioavailability, biodegradability, host immune
responses, stem cell fate, and the understanding of biomolecular signaling pathways of angiogenic
induction remain. Comprehensive reviews on all these different approaches have been recently

published [25][261[27][24].



Chapter 3: Thermal Inkjet Bioprinting (TIB): A Promising Approach to Angiogenic
Induction

3.1 TIB Technology

Bioprinting is the process of depositing cells with the help of a modified printer. More
specifically, thermal inkjet bioprinting (TIB) technology has the ability to deliver cells, growth
factors, and biomaterial scaffolds to create various shapes and thickness with digital control [6].
The thermal inkjet printer is one of the oldest printing technologies using drop-on-demand (DOD)
technology patented in 1951 [28]. In 2003, Cris Wilson and Thomas Boland were the first pioneers
to modify an HP 660C desktop thermal inkjet printer for the purposes of printing proteins and cells
for drug screening and tissue engineering applications [29]. Furthermore, Boland et al., 2003,
demonstrated that 3D layer by layer constructs could be developed using a thermosensitive gel
with the use of TIB technology [30].

The printing process of TIB can be conceptualized in three steps as depicted in Figure 1:
1) the heating of thermal actuator or resistor inside the chamber of a modified ink cartridge heats
up to approximately 300 °C for 2 microseconds [6]; 2) a bioink bubble forms on the surface of the
resistor which will eventually produce enough pressure to overcome the surface tension; and 3)
bioink droplets are ejected out of the cartridge nozzles as bubbles collapse inside the chamber [28].
This process repeats throughout the bioprinting process in pulses of 10 pus. Modeling experiments
demonstrate that the initial 300 °C heat of the resistor actually disperses into the bioink and its
kinetic energy resulting in an actual temperature between 4 and 10 degrees above the ambient
temperature thus useful for bioprinting applications [6][31].

Figure 2 illustrates this process further, demonstrating a compilation of high-speed
photographic images of ejected droplets from an DOD inkjet printer. Briefly, when the ink droplet
first exits the nozzle, it forms a jet (Figure 2A). Secondly, while the droplet is still attached to the

nozzle, it deforms as a stretched-out tail or ligament, characteristic of inkjet droplets, Figure 2B.



Finally, while part of the drop returns to the nozzle, the complete tail joins the ejected drop and

may break up into small satellite drops, Figure 2C [32].
Heating

/ Element

<— Bioink
1)
Vapor

Bubbles

L a.

Figure 1. Mechanism behind the TIB technology.

1) Vapor bubbles develop on the heating element. 2) Formation of a larger vapor bubble. 3) The
vapor bubble collapses and a single drop of ink is ejected.



M & CAMBRIDGE
Figure 2. High speed photographs showing droplets ejected from drop-on-demand inkjet nozzles
(Reproduced and rearranged from the original images to demonstrate the sequence
of events while retaining the original content from a PowerPoint attachment from
Dr. Ian Hutchings, Institute of Manufacturing at The University of Cambridge via
email correspondence).

A) Jet of ink stretching out from an inkjet nozzle. B) Elongated tail of droplet connected to the
inkjet nozzle. C) Midair inkjet droplets demonstrating the elongated tails attached to the droplets
and formation of smaller satellite drops.
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Fig{Jre 3. Demonstration of TIB droplets.

A) TIB droplets on a Petri dish. B) TIB-ECs on an alginate construct. ECs appear in blue due to
DAPI staining. Notice that almost every bioink droplet contained a single cell as well as the
impressions from smaller satellite droplets. C) Topology of a TIB alginate construct demonstrating
droplet impressions.

For the purposes of this entire project, a more complete description of the thermal inkjet
printer developed in our laboratory can be found in De Maria, C., et al. 2010 [33]. Table 1 depicts

the typical range parameters for thermal inkjet printers.



Table 1. Thermal inkjet printer parameters.

Parameters Typical Range
Cartridge size HP 20, 26
Number of nozzles on cartridge 54

Nozzle size of cartridge 40-100 um
Operating frequency 3-25kHz
Printed droplet volume 50-500 pL
Heating temperature 300 °C
Pulse rate 2-10 ps
Refractory rate 200 ps
Temperature of bioink 46 °C
Printing droplet velocity 3-15ms-1

3.2 In Vitro Microvasculature Fabrication using TIB Technology

According to Cui, X. and Boland, T. (2009), a three-dimensional channel lined with human
microvascular endothelial cells (HMVECs) was made possible with the use of TIB technology. In
their study, they describe the creation of a tubular structure with the use of fibrin construct laden
with TIB-ECs. Their microvascular structure demonstrated EC integrity at 14 days, but a much
richer confluency at day 21 [34][6]. These findings demonstrate that TIB technology could be used
for the fabrication of microvasculature structures in tissue engineering or regenerative medicine

applications.

3.3 TIB Technology Induces Angiogenesis

Our lab has been developing TIB cell laden collage-fibrin and alginate-gelatin hydrogel
constructs for over a decade and have grafted and implanted these constructs in/on mice for in vivo
studies. We hypothesize that constructs containing TIB-ECs induce microvascular networks in
vivo due to the heat and mechanical forces of the TIB process. Yanez, M. et al., (2015), developed
a TIB artificial bi-layered skin graft comprised of collagen, fibrin, HMVECs, fibroblasts, and
keratinocytes. Interestingly, not only did her bi-layered skin graft accelerate wound healing much

faster (wound contraction was significantly lower after 4 and 6 weeks, p <0.05) than a commercial



dressing, but she discovered HMVEC capillary-like networks in the TIB-graft mouse model [35].
The investigators note that it was unknown if the HMVECs anastomosed with the vascularity of
the mouse model or if the human endothelial cells were recruited as the wound was healing,
however, it is compelling that TIB technology possibly induced the induction of angiogenesis in
Vivo.

Additionally, TIB-HMVEC: in alginate-gelatin constructs were subcutaneously implanted
in SCID mice for 4 weeks. As a result, TIB-HMVECs had a nine-fold increase of capillary-like
structures as compared to the control groups (manuscript in progress). One year later, the same
TIB-HMVEC alginate/gelatin constructs protocol was carried out and implanted in a humanized
mouse model. Again, similar findings were demonstrated among TIB-HMVEC constructs as
compared to control groups (data collection in progress).

3.4 Materials and Methods

Cell Culture

Pancreatic mouse beta cells, PTC-6 (ATCC® CRL-11506TM), were cultured in DMEM
(Cellgro) supplemented with 1% pen/strep (HyClone) and 15% FBS (Seradigm). Human
Microvascular Endothelial Cells (HMVECs) (Lonza) were grown in EBM-2 supplemented with
the EGM-2 Bullet Kit (Lonza). Both cell types were subcultured and maintained at 37 °C in a 5%
CO; environment.

Preparation of alginate mixtures and cell-containing hydrogels

Alginic acid powder (Acros Organics) and gelatin type B (Fisher Scientific) were both
dissolved at 2% and 5% w/v in respective concentrations in PBS and sterilized via autoclave. Five

alginate/gelatin constructs or scaffolds were prepared as follows: 1) Bioprinted HMVECs; 2)



Bioprinted HMVECs and BTC-6 cells; 3) Manually pipetted HMVECs; 4) Manually pipetted
HMVECs and BTC-6 cells; and 5) Scaffold without any cells served as a negative control.

TIB constructs

HMVECs were trypsinized, counted, and mixed in a bioink solution of 0.15 M CaCl: in
milli-Q water at a concentration of 2x10° cells/ml. Four hundred microliters of pre-crosslinked
alginate/gelatin solution were spread out evenly on a microscope slide using the side of the pipette
tip and placed on the deposition plate the thermal inkjet printer. Two hundred microliters of bioink
were loaded inside a modified printer cartridge and bioprinted in a layer-by-layer approach. The
same process was repeated for BTC-6 cells and for the combination of the two cell types. After
printing, the slide was dipped in a 100 x 15 mm petri dish containing 0.15 M CaCl and allowed
to crosslink for 10 minutes at room temperature. Once crosslinked the hydrogels were cut into 1 x
1 cm pieces with a scalpel and placed in a 60 x 15 mm petri dish with corresponding complete
media. Co-culture media consisted of 50%/50% corresponding media. Complete constructs were
maintained at 37 °C in a 5% COz environment 1 hour before implantation.

Manually pipetted constructs

2x10° HMVECs were mixed in 400ul of the pre-crosslinked alginate/gelation solution and
spread out evenly on a microscope slide as stated before. The same process was repeated as stated
above for BTC-6 cells, combined cells, crossliking, cutting, and maintenance prior to implantation.

Surgical implantations of constructs

All bioengineered constructs were subcutaneously implanted in the dorsal cranial cervical
area of 24 female B-17SCID mice following an approved animal protocol by the Institutional
Animal Care and Use Committee (IACUC) at UTEP. The B-17SCID mice were purchased from

the Jackson Laboratory and housed in The Border Biomedical Research Center (BBRC) at UTEP.
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NOTE: The surgical implantation procedure, tissue excision, and histological analysis were
performed by graduate and undergraduate students as part of a BME course taught by Beu
Oropeza, a lab member in our laboratory. Students were divided into groups of 3-4 and were given
3 mice per group. Table 2 lists the eight different groups and the describes the types of constructs
that were implanted by treatment group.

Briefly, on the day of the surgery, the mice were given an initial subcutaneous injection
using buprenorphine (0.05-1.0 mg/kg) and maintained with vaporized isoflurane (4-5%) in an
induction chamber. The animals were then placed on a warmed heating platform while maintaining
the administration of isoflurane (1-3%) in oxygen via a nose cone and a precision vaporizer. A 1-
1.5 cm full thickness skin incision penetrating down to the subcutaneous tissue was created on the
dorsal cranial cervical area of each mice. The implant was placed in the pocket of the prepared site
and closed with a 5-0 monofilament nylon suture using a simple interrupted pattern. Mice were
continuously monitored until the return the of the righting reflex under thermal support. Soon after
they were placed in sterilized cages containing sterilized surgical bedding. Post-operatively, the
mice were placed on antibiotic feed for three days and the sutures were removed after seven day.
Finally, the mice were monitored until the completion of the four weeks, at which point the animals
were humanly euthanized for tissue collection via vaporized isoflurane (5%) in an induction
chamber.

Table 2. List of treatment groups and type of implanted construct.

Treatment Groups | Type of Implanted Construct
Group #1 TIB-HMVECs

Group #2 TIB-BTC-6 cells

Group #3 TIB-HMVECs & BTC-6 cells
Group #4 Empty Construct (No cells)
Group #5 MP-HMVECs

Group #6 MP-BTC-6 cells

Group #7 MP-HMVECs & BTC-6 cells
Group #8 Empty Construct (No cells)
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Histology

The harvested tissue samples were processed using a Spin Tissue Processor (Micro STP-
120, Thermo Scientific). The dehydration process was performed by immersing tissue samples in
different concentrations of ethanol (starting with 70%, 95%, 100%), followed by the clearing
process where samples were immersed in xylene two times and finally infiltrated in paraffin.
Paraffin embedded samples were then sectioned to 4 pm using a Sandon Finesse ® E/ME
microtome. All samples were deparaffinized in three xylene washes then rehydrated in decreasing
concentrations of ethanol (100%, 95%, 70%, 50%). Afterwards, tissue samples were stained with
hematoxylin and eosin (H&E) staining.

3.5 Results and Discussion

Histology

Representative H&E stained tissue sections of the different excised constructs are shown
in Figure 4. Figure 4A demonstrates the empty construct (control) with very few capillary-like
structures within it. Interestingly, Figure 4B, the construct with TIB-ECs revealed a vast number
of capillary-like structures as compared to the other treatment groups. The construct with MP-ECs
on the other hand, had very few vessels in comparison (Figure 4C). Finally, the construct
containing TIB-B-TC-6-C cells, Figure 4D, also shows very few vessels similar to the control
group. A comparative analysis of all the eight treatment groups is displayed by a bar graph in
Figure 5. As shown in the graph, TIB-ECs had the most growth of capillary-like structures and
was significantly higher (p = 0.009) as compared to MP-ECs. We believe that this vast formation

of vessels is possibly due to the heat and mechanical forces of the TIB process [36].
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Figure 4. Histological analysis of excised subcutaneous tissue samples demonstrating the
differences in capillary-like structures by treatment group.

A) The empty construct (control), demonstrated few capillary-like structures or vessels
throughout the tissue section. B) TIB-EC construct, histological staining shows a high number
of vessels at the implant site. C) MP-ECs implant, histological staining demonstrates a low
number of vessels in and around the implant area. D) Beta-TC-6 implant showing few vessels
similar to the control group.
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Figure 5. Bar graph demonstrating the mean number of vessels by implant type.

The bar graph demonstrates the mean number of vessels among the experimental groups while
comparing constructs containing TIB-ECs and MP-ECs. Constructs with TIB-ECs had a
significantly higher number of capillary-like structures as compared to constructs with MP-ECs at
the end of 4 weeks (p =0.009). HMVEC-D = Dermal human microvascular endothelial cells, Beta-
TC-6 = pancreatic beta cells.
3.6 Conclusion

The histological results of our in vivo study showed a vast formation microvasculature
among the excised bioengineered constructs containing TIB-ECs. These preliminary data provide
compelling evidence that the TIB process is somehow inducing angiogenesis. Understanding the
mechanism of how the TIB process causes the observed angiogenic transformation will help to fill

a gap in knowledge about vascularization methods and potentially alter the wound dressing

paradigm.
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Chapter 4: TIB Elicits Morphological Changes, Cytokine Expression, and Kinase
Activation In Vitro

4.1 Introduction

Bioprinters are advantageous in that they deposit cells and biomaterials in precise spatial
arrangements to enhance cell-cell communication, decrease cell migration time in populating a
tissue construct, and allow for the creation of artificial structures that closely resemble in vivo
tissues and organs [37]. The three main types of bioprinters are inkjet, microextrusion, and laser-
assisted printing. Comprehensive reviews on these bioprinters have been recently published
[38][39][40][41][42]. Most, if not all of the printing modalities involve heat generation, be it via laser,
heated nozzles, or friction as cells are forced through narrow orifices. Little is known, however,
about the direct effects that bioprinting inflicts on cells. In Chapter 2, we demonstrated that TIB-
ECs were recruited or otherwise involved in the formation of microvasculature in host animals
[35][43]. Cross-species grafting markers such as stains that specifically stain for human cells nuclei
were used to detect ECs in immunocompromised mice verified the connection of vascular
structures between graft and host, also known as anastomoses [44]. Additionally, histological
analysis of subcutaneous implants showed a significant higher number of capillary-like structures
among constructs with TIB-ECs as compared to the controls.

While it is important to conduct studies that characterize the interaction between host and
implanted bioprinted constructs, it is also important to understand the effects of the printing
process in order to improve the engineering design of these tissues or to improve printer designs.
Cells are fast adapting to their environment and they change intracellular structures, proliferation,
movement, and differentiation in response to external mechanical stimuli [37][45]. In addition,
changes in cell morphology due to mechanical injury may cause changes in downstream cellular
development [37][46]. We hypothesize that the heat and mechanical forces experienced by the cells
during the TIB process could have longer lasting effects on the cells ready to be transplanted. For

these reasons, we sought to investigate whether TIB-ECs are being activated to secrete cytokines
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in their supernatant and/or to phosphorylate kinases intracellularly. The heat or mechanical forces
from the TIB process may cause HMVECs to release and activate specific angiogenic cytokines
and kinases resulting in the vast formation of microvascular networks we observed. It has been
demonstrated that HSP27 and other heat shock proteins regulate and induce angiogenesis,
especially tumor angiogenesis [47][48]. Eighteen HSP90 inhibitors have recently entered the clinic
as anti-cancer drugs [49], and HSP70 antagonists are explored as adjuvants [50]. However, in the
field of tissue engineering and particularly bioprinting, the induction of angiogenesis via HSPs
may be the desired response as vascularization and host integration of implants remains a

considerable challenge.

4.2 Materials and Methods

Cell Culture: Primary adult human dermal microvascular endothelial cells (HMVECs:)
(Lonza) were cultured in EBM-2 media supplemented with an EGM-2 growth factor kit (Lonza)
containing 10 ml FBS; 0.2 ml hydrocortisone; 0.2 ml hFGF-B; 0.5 ml VEGF; 0.5 ml R3-IGF-1;
0.5 ml ascorbic acid; 0.5 ml hEGF; 0.5 ml GA-1000; and 0.5 ml heparin. Cell cultures were
maintained at 37 °C in a 5% CO; environment. Cells were passaged at 80% confluency and were
used up to passage nine for the present experiments.

Bioink and Bioprinting Preparation: With the use of a thermal inkjet printer developed in
our laboratory [51], a corresponding bioink solution was made with 0.13 M CaCl: in milli-Q water
and sterilized via syringe filtration giving a final osmolality concentration of 300 mOsm/kg.
HMVECs were trypsinized, counted, and mixed in the bioink solution to obtain a final
concentration of 2 x 10° cells in 800 pl. One hundred microliters of the CaCl,/HMVECs solution
was loaded inside a modified printer cartridge and printed into the corresponding petri dish pre-
filled with 6 ml of complete EBM-2 media.

Cell morphology analysis: Cell morphology of TIB and manually pipetted (MP) cells were

observed using an Olympus IX71 at 10x (bright field) and 20x (phase contrast) after a 24-hour
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incubation period. Images were taken with an Olympus DP72 digital camera with a 12.5
Megapixel resolution. Images were further processed on PowerPoint with a color tone of 6500 K,
100% color saturation, 0% brightness and contrast and a 50% sharpness.

Annexin 'V  apoptosis analysis: An Annexin A5 fluorescein isothiocyanate
(FITC)/propidium iodide (PI) Kit (Beckman Coulter) was used for detection of externalized
phosphatidylserine (an early event of apoptosis induction) on TIB and MP cells after a 24-hour
incubation period. HMVECs in complete media with 1 mM H>O; used as positive control. Briefly,
2 x 10° cells were TIB and MP into 60 x 15 mm Petri dishes containing 6 ml of complete EBM-
2/EGM2 media and incubated for 24 hours. After 24 hours, the supernatant with the floating dead
cells was collected, the live attached cells were trypsinized, collected, and added to the initial
supernatant containing the dead cells. Cells were washed with ice-cold 1X PBS and resuspended
into a 106 pl from a 1060 pl master mix (1,000 pl binding buffer, 10 pl Annexin A5-FITC, and
50 ul PI) before a 15 minutes incubation in the dark. Finally, 300 ul of the kit’s binding buffer was
added to each tube and flow cytometric analysis was conducted within 30 minutes. Samples were
analyzed in triplicates on a GALLIOS flow cytometer (Beckman Coulter). Debris was excluded
by applying gates on side scatter vs. forward scatter histograms (data not shown). For all assays
10,000 events (cells) were acquired. The total percentage of apoptotic cells is demarcated as the
sum of both early and late apoptotic subpopulations percentages; annexin V-FITC positive cells
[52][53]. All flow cytometric data were analyzed using Kaluza software (Beckman Coulter).

Cell viability propidium iodide exclusion assay: HMVEC viability percentages were
quantified in triplicates by a GALLIOS flow cytometer (Beckman Coulter) with the use of a
propidium iodide (PI) exclusion assay [54][55]. Briefly, HMVECs were TIB and MP into a 6-well
plate at a final seeding density of 40,000 cells/well in 6ml of EBM-2/EGM-2 complete media. Cell
viability was then determined after a 3- and 7-day incubation period. At each incubation period,
the supernatant containing all floating dead cells were collected. Live cells were then trypsinized
and collected together with the initial supernatant. The complete cell samples were then stained

with 5 um/ml of PI, incubated for 15 minutes in the dark and analyzed via flow cytometry.
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Unstained cells were used as controls to fine-tune the voltages for the FL1 and FL2 detectors, and
to modify the compensation values resulting in a gated ovoid shape of living cells. For all assays,
10,000 events (cells) were acquired per sample and analyzed using the Kaluza software (Beckman
Coulter).

Milliplex cytokine analysis: Multiplex magnetic bead immunoassays were performed on
0, 6, 12, and 24-hour supernatants collected from TIB and MP HMVECs from 60 x 15 ml Petri
dishes containing 6 ml of complete media. HMVECs left in the CaCl; bioink for 1 hour at room
temperature were used as a control and heat-shocked HMVECs passed through a Pasteur pipette
heated with a soldering iron at 300 °C to mimic the bioprinting process were used as a negative
control. Conditioned media was centrifuged for 5 minutes at 10,000 x g on a tabletop
microcentrifuge at room temperature and divided into aliquots of 1.0 ml for storage at -4 °C until
analysis. Supernatants were analyzed with the Milliplex Human Sepsis Panel 2 Magnetic Bead
Panel with HSP70, IL-1a, and IL-8. Supernatants were also examined with the Milliplex Map
Human Angiogenesis/Growth Factor Magnetic Bead Panel 1 with Ang-2, FGF-1, and VEGF-A
(Millipore Sigma) according to the manufacturer's protocol with the use of the Luminex
technology [56]. These six cytokines were selected due to their key angiogenic roles and their
availability among the Milliplex magnetic bead panel products. Briefly, in a 96-well plate, 200 ul
of Assay Buffer was added, the plate was shaken for 10 minutes, and the buffer was discarded.
Twenty-five microliters of the standards, 25 pl of the Assay Buffer, 25 pul of stock solution, 25 pl
of supernatant from cells into the corresponding wells, and 25 pl of the bead mixture were added.
The plate was foil-wrapped and incubated overnight with shaking at 4 °C (Milliplex Human Sepsis
Panel 2 was incubated for 2 hours at room temperature). The supernatant was removed and washed
three times (washed twice for the Human Sepsis Panel 2) with 200 pul of wash buffer. Next, 25 ul
of the detection antibodies were added, the plate was foil-wrapped, and incubated for 1 hour at
room temperature with shaking. Without aspirating the supernatant, 25 pl of streptavidin-
phycoerythrin was added, the plate was foil-wrapped, and incubated at room temperature for 30

minutes. The contents were discarded and washed three times (twice for the Human Sepsis Panel

18



2) with 200 pl of the wash buffer. Finally, 100 pul of the sheath fluid was added and the plate was
read on a MAGPIX Instrument. Median fluorescent intensity (MFI) data using a 5-parameter
curve-fitting method was used to measure analyte concentrations. The results from the samples
were analyzed using the Luminex XPONENT Software Version 4.2 Build 1324.

Proteome phospho-kinase array: HMVECs from three T-75 flasks at ~80% confluency
were TIB and manually (pipetted) seeded into a 100 x 15 mm Petri dish and incubated for 12 hours
at 37 °C, 5% CO,. Then, cells were washed with PBS, lysed in the presence of 1 mM
phenylmethylsulfonyl fluoride, 5 pg/ml aprotinin, 2 pg/ml leupeptin, and 1 pg/ml pepstatin A
proteases inhibitors and the resulting supernatant was clarified by centrifugation (14,000 x g, 5
minutes, 4 °C). Protein concentration was determined by the bicinchoninic acid method
(Pierce). Equal concentrations of protein were analyzed using the Proteome Profiler Human
Phospho-Kinase Array Kit (R&D Systems #ARY003B) according to the manufacturer’s protocol.
In this array, phosphorylation of 43 kinases and 2 related proteins were examined. Analytes and
phosphorylation sites included: p38a (T180/Y182), extracellular signal regulated kinase 1/2
(ERK1/2) (T202/Y204, T185/Y187), jun N-terminal kinase 1/2/3 (JNK 1/2/3) (T183/Y185,
T221/Y223), glycogen synthase kinase 3o/ (GSK-30/B) (S21/S9), p53 (S392), epidermal growth
factor receptor (EGF R) (Y1086), mitogen- and stress-activated protein kinase 1/2 (MSK1/2)
(S376/S360), adenosine monophosphate-activated protein kinase al (AMPKal) (T183), protein
kinase B 1/2/3 (AKT 1/2/3) (S473), protein kinase 1/2/3 AKT 1/2/3 (T308), p53 (S46), mammalian
target of rapamycin (mTOR) (52448), cAMP response element-binding protein (CREB) (S133),
heat-shock protein 27 (HSP27) (S78/S82), adenosine monophosphate-activated protein kinase o2
(AMPKa2) (T172), B-Catenin, p70 S6 Kinase (T389), p53 (S15), protein kinase c-Jun (c-Jun)
(S63), protein kinase Src (Src) (Y419), protein kinase Lyn (Lyn) (Y397), protein kinase Lck (Lck)
(Y394), signal transducer and activator of transcription protein 2 (STAT2) (Y689), signal
transducer and activator of transcription protein Sa (STATS5a) (Y694), p70 S6 Kinase (T421/S424),
ribosomal s6 kinase 1/2/3 (RSK1/2/3) (S380/S386/S377), endothelial nitric oxide synthase

(eNOS) (S1177), protein kinase Fyn (Fyn) (Y420), protein kinase Yes (Yes) (Y426), protein
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kinase Fgr (Fgr) (Y412), signal transducer and activator of transcription protein 6 (STAT6)
(Y641), signal transducer and activator of transcription proteins 5b (STAT5b) (Y699), signal
transducer and activator of transcription protein 3 (STAT3) (Y705), p27 (T198), phospholipase C-
v1 (PLC-y1) (Y783), protein kinase Hck (Hck) (Y411), checkpoint kinase-2 (Chk-2) (T68), protein
kinase FAK (FAK) (Y397), platelet-derived growth factor receptor f (PDGF Rp) (Y751), signal
transducer and activator of transcription protein a/b (STAT5a/b) (Y694/Y 699), signal transducer
and activator of transcription protein 3 (STAT3) (S727), lysine deficient protein kinase 1 (WNK1)
(T60), proline-rich tyrosine kinase 2 (PYK2) (Y402), proline-rich AKT substrate (PRAS40)
(T246), and heat-shock protein 60 (HSP60). Nitrocellulose membranes were visualized by
enhanced chemiluminescence and X-ray film (Phenix). Densitometric analysis was performed
using Image Studio Lite version 5.2.

Statistical analysis: All values are displayed as the average of triplicate, with their
corresponding standard deviations. Statistical significance between two different samples was
determined through two-tailed paired Student’s #-tests, and a P value of less than 0.05 was

considered statistically significant.

4.3 Results and Discussion

TIB-HMVECs demonstrate elongating characteristics: In order to determine
distinguishing differences between TIB and MP cells, cell morphology between the two treatment
groups was visualized. After a 24-hour incubation period, bright field microscopy images revealed
that TIB-HMVECs demonstrate thin and long protuberances as compared to the MP-HMVECs
(Figure 5). TIB-HMVEC:s are thin and elongated at 2-3 times longer than the MP. In both 10x and
20x images, one TIB-HMVEC is approximately 5-6 times the size of an MP-HMVEC (Figure 5(a)
and (c)). Manually pipetted HMVECs, however, convey a thick, short, diamond-shaped body at
both 10x and 20x magnification (Figure 5(b) and (d)). The elongation process among TIB cells

might be due to the activation of these cells. Figure 9 illustrates that the TIB process had a
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significant overexpression of VEGF-A and other angiogenic heat-shock proteins and cytokines as
compared to MP cells. This response may be due to the heat and shear stress from the TIB process
[57].

TIB-HMVECs MP-HMVECs

CNEN {

Figure 6. Cell morphology between TIB and MP HMVEC:s after a 24-hour incubation period.

(a) and (c) demonstrate TIB-HMVECs at 10x and 20x, respectively. Arrows indicate elongated
cells. Images (b) and (d) show MP-HMVECs at 10x and 20x, respectively. Their appearance is
almost diamond-shaped with some cells demonstrating minor elongation. TIB = thermal inkjet
bioprinted. MP = manually pipetted, HMVECs = human microvascular endothelial cells, Scale
bar 10x = 100 um and 20x = 200 pm.

TIB induces cell apoptosis: To ensure that cells were viable after TIB, cell death was
assessed by an apoptosis/necrosis protocol through the Annexin AS-FITC/PI assay analyzed via
flow cytometry. In cells undergoing apoptosis, phosphatidylserine (PtdSer) is translocated to the
outer leaflet of the plasma membrane facing the extracellular space [58][59][60][61]. Annexin, which

has a high affinity for PtdSer, allows for the accurate detection of its externalization via flow
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cytometry with the aid of FITC. A bar graph and the flow cytometer dot plots of the results are
depicted in Figure 7. After a 24-hour incubation period, approximately 75% of TIB-HMVECs
were apoptotic as compared to 22% of the MP cells (Figure 7(a), (b), and (c)). Note that HMVECs
are very sensitive to manipulation and generally exhibit a lower viability than
immortal/transformed cell lines (MP cells in Figure 7(a) and (¢)). This sensitivity may be because
these HMVECs are primary cells and thus short lived. However, in previous studies, TIB-Chinese
Hamster Ovary (CHO) cells had a cell viability of 89% [57]. Additionally, the apoptotic
percentages reported in Figure 7 were determined by the sum of the dead cells floating in the
supernatant as well as the viable cells that were attached to the Petri dish after a 24-hour incubation
period. Hydrogen peroxide (H20.), which is a broadly effective inducer of apoptosis (depending
on the concentration) [62], was used as a positive control and as expected, it resulted in a strong
PtdSer externalization of 86% (Figure 7(d)). Apoptosis induction among TIB-HMVECs may seem
relatively high, however, as noted in Figure 7(b), HMVECs are very sensitive primary cells
resulting in a 67% viability with just trypsinizing and manipulation alone. Thus, findings suggest

that the thermal inkjet bioprinting technology elicits apoptosis in HMVEC:s.
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Figure 7. Flow cytometry analysis demonstrating phophatidylserine (PtdSer) externalization for
TIB and MP HMVEC:s after a 24-hour incubation period.

F1 quadrant represents necrotic cells (PI positive and annexin negative). F2 quadrant represents
cells that are in late apoptosis (both PI and annexin positive). F3 quadrant represents viable cells
(both annexin and PI negative). F4 represents cells in early apoptosis (annexin positive and PI
negative). (a) Bar graph demonstrating the differences in percentage rates of apoptosis and necrotic
cells among TIB and MP HMVECs. The total percent of apoptotic cells is expressed as the sum
of the early and late stages of apoptosis (white bars), as determined by the percentage of annexin
V-FITC positive cells. Each bar represents the average of three independent measurements and the
error bars represent their corresponding standard deviations. Dot plots show ratios of apoptosis
among TIB-HMVEC:s. (b) Dot plots show ratios of apoptosis in TIB-HMVEC:s. (¢) Dot plots show
ratios of apoptosis in MP-HMVEC:s. (d) Dot plots show apoptosis of positive control (HMVECs
in I mM Hx0O3). TIB = thermal inkjet bioprinted, MP = manually pipetted, HMVECs = human
microvascular endothelial cells. *****P < (0.00001.

Effects of TIB on cell viability: Cell viability was measured after a 3 and 7-day incubation
period with a PI exclusion assay and analyzed via flow cytometry. PI is impermeable to cells with
intact cell membranes, however, in cells with ruptured membranes, the PI binds to the DNA
rendering the dead cells highly fluorescent [63]. Displayed in Figure 8 are a bar graph and dot plots
of the results. Figure 8(a) and (c) shows that after a 3-day incubation period, TIB-HMVEC’s
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viability was significantly higher in comparison to MP-HMVECs (92% vs 86% cell viability,
respectively). After a 7-day incubation period, however, there was no significant difference in cell
viability between TIB and MP cells, Figure 8(a) and (d). Figure 8(b) is a dot plot of untreated
HMVECs without PI used as a control to determine the gate of viable cells. The reason we see a
higher cell viability among TIB-HMVECs might be due to increased secretion of VEGF-A, Figure
10(c). VEGF is a potent mitogen that regulates endothelial cell proliferation [64][65]. At 7 days,
these VEGF values might equilibrate to those similar to MP-HMVECs that we see in Figure 8(a)
and (d). Overall, the high cell viability shown by TIB-HMVECs after a one-week incubation
period demonstrates their potential incorporation into tissue engineering and regenerative

medicine applications.
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Figure 8. Flow cytometry analysis of a PI exclusion assay demonstrating cell viability
percentages between TIB and MP-HMVEC:s at 3 and 7-day incubation periods.

(a) Bar graph depicting the differences in cell viability by percent among TIB and MP-HMVECs.
Each bar represents the average of three independent measurements and the error bars represent
their corresponding standard deviations. (b) Flow cytometric dot plot of untreated HMVECs
without PI used to demark the gate of viable cells. (¢) Dot plots demonstrating the differences in
cell viability by percent between TIB and MP-HMVEC:s at a 3-day incubation period. (d) Dot plot
showing the differences in cell viability by percent between TIB and MP-HMVECs at a 7-day
incubation period. PI = propidium iodide, TIB = thermal inkjet bioprinted, MP = manually
pipetted, HMVECs = human microvascular endothelial cells, ns = no significant difference. *P <
0.05.

TIB induces the expression of cytokines: The 6-panel multiplexed magnetic bead assay
categorized the differences in cytokine expression between TIB and MP-HMVECs. Bar graphs in
Figure 10 show the median fluorescent intensity (MFI) as it corresponds to the comparative
expression levels of six specifically selected cytokines, including heat-shock protein 70 (HSP70),
interleukin 1 (IL-la), vascular endothelial growth factor A (VEGF-A), interleukin 8 (IL-8),
fibroblast growth factor 1 (FGF-1), and angiopoietin 2 (Ang-2), between TIB and MP-HMVECs.

The MFI values for IL-10 and FGF-1 may appear low and insignificant in comparison to the other
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four cytokines, however, when we took MFI readings of the EBM-2 media supplemented with an
EGM-2 growth factor kit (Lonza), we found similar trends in their MFI values: 1L-8, 12.5; IL-1a,
38.5; FGF-1, 106.75; Ang-2, 163; HSP70, 306; and VEGF-A, 6623. As noted, media alone (devoid
of cells) contains great amounts of VEGF-A and low levels of IL-1a, IL-8, FGF-1, Ang-2, and
HSP70. Interestingly, the amount of HSP70 found in the EMB-2/EGM-2 complete media alone
was surpassed by over 7 times among TIB cells and was almost doubled in the MP cells. As a
result, HSP70 was significantly overexpressed among TIB-HMVECs as compared to the MP cells
(Figure 10(a)). This confirms that the TIB process is eliciting a heat shock response resulting in
the production of HSP70. Additionally, IL-1a increased over three times the amount in media
alone among TIB cells and increased slightly among MP cells with an overall significant
overexpression between both treatment groups (Figure 10(b)). This further confirms the cell-based
injury from TIB. IL-1a is a well-known inflammatory cytokine that is expressed in response to
trauma [66]. Moreover, IL-1a has been shown to promote the production of HSP70 family proteins
[67]. This also proves that pipetting cells manually causes minor cellular damage. The expression
of VEGF-A in Figure 10(c) was more than doubled among TIB cells in comparison to their EBM-
2/EGM-2 complete media values and may have been consumed by the MP cells. The observed
VEGF-A expression may not only be due to the shear stress from the printing process [68], but also
from the protective effects that HSP70 has on VEGF production. Kisher, A. et al., 2013,
demonstrated that in cells recovering from heat shock, VEGF mRNA degradation decreased
simultaneously as HSP70 expression levels increased [69]. Figure 10(d) shows the expression of
IL-8 which was almost 700 times fold for TIB and over 400 times fold for MP cells in comparison
to their complete media values. Furthermore, IL-8 was significantly overexpressed among TIB
cells in comparison to MP cells.

Interleukin-8, another pro-angiogenic cytokine [67], increases proliferation, migration, and
angiogenesis among ECs [70][71] by inducing VEGF secretion [72]. The expression of FGF-1
among TIB cells was similar to the value in the complete media, however, among MP cells, FGF-

1 was completely depleted (Figure 10(e)). Also, FGF-1 was overexpressed significantly in TIB
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cells in comparison to MP cells. Finally, the expression of Ang-2 among TIB cells was seven times
the complete media values and over four times among the MP cells (Figure 10(f)). However, there
were no significant differences in expression between both treatment groups. It may be possible
that Ang-2 may have a synergistic effect with VEGF-A in our experiment [73][74]. It has been
demonstrated that Ang-1 is the key angiopoietin in EC migration, survival, and vessel development
and Ang-2 is its antagonist, however, along with VEGF, Ang-2 has proven to elicit angiogenic
effects [75].

Altogether, another possible explanation for the observed effects could be due to the
mechanical stretching of the cells as they are being bioprinted. As previously described in Figure
1, the mechanism behind the ejection of a bioink droplet is due to bursting or collapsing of bubbles
formed by a heating element inside the cartridge. As can be seen from Figure 2, the ejected drops
are oblong in shape with very long tails compared to their diameter. As the drops are ejected
through the air, the surface tension of the liquid tends to pull the tails back into the main drop.
Sometimes the tails are pinched off and small satellite drops are formed. It is possible that when
the cells are mixed within this liquid phase, their membranes will be stretched if they are on the
tail region of the drop. If the pinching occurs, the membrane will rupture, and cell will die. We
attribute the cell death seen in our results to this pinching off and satellite drop formation. Cells
that are largely in the bulk of the drop, may only experience some stretching of their membranes
due to the tail. One would expect many of these to survive but having somewhat leaky membranes
at first.

According to Cui X. et al., 2010 who performed cell damage evaluation on TIB Chinese
hamster ovary (CHO) cells, transient cell membrane pores were created among TIB-CHO cells.
By averaging the Stokes diameters of dextran molecules that penetrated CHO cell membranes,
they estimated that the average pore size was 105 A at 25 minutes after being TIB, then 37 A after
one hour, and eventually disappeared at two hours [57]. The formation of these pores might
possibly due to the stretching of their cell membranes. According to Pedrigi, R.M. et al., 2017,

ECs are extremely sensitive to mechanical stimulation and numerous studies have demonstrated
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that shear stress and stretching have activated the expression of proliferation, migration, and
angiogenic mediators [76]. Similarly, Jufri, N.F. et al., 2015, found HSP70, VEGF, FGF, PDGF,
and Ang-2 expression due to mechanical stretching of ECs [77], further supporting our findings.
Thus, although these cells are exposed to a heating element that heats up to 300 °C, the actual
temperature of the bioink is approximately 4-10 °C degrees above ambient temperature [31][6] or
around 46°C [57] and lasts for about 10 ps before the cell is ejected [78], we firmly believe that
the reason for our observed results is due to the mechanical forces that causes EC stretching as
they are being bioprinted [79].

In a previous experiment, cytokine expression was assessed at 0, 6, 12, and 24-hour periods
and found that the most VEGF-A, IL-8 and FGF-1 expression occurred at 12 hours. For this reason,
the 12-hour incubation period was chosen for the present experiment. Figure 4 demonstrates the
differences of expression among the six afore mentioned cytokines consisting of TIB, MP, cells
left in bioink (Bioink), and heat shocked (HS) cells within a 24-hour time course period. To test if
the CaCl; bioink had any effect on the expression of these cytokines, a control group consisting of
HMVEC:s left in the bioink for an hour at room temperature was examined. As expected, minimal
values of cytokine expression were lower than their EBM-2/EGM-2 complete media (Figure 9(a)-
(f)). Additionally, to examine if cell contents from ruptured HMVECs were releasing vast amounts
of the selected cytokines, a negative control consisting of heat shocked HMVECs ejected from a
Pasteur pipette heated with a solder iron to 300 °C resulting in complete cell death was included.
Once again, minimal values of cytokine expression were detected in comparison to their EBM-
2/EGM-2 complete media (Figure 9(a)-(f)). This test proved that cytokine expression is an active

and not a passive process.
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Figure 9. Time course expression of six specifically selected cytokines by treatment group.

(a) HSP70 demonstrated increased expression with time, with HS cells having the most expression.
(b) IL-1a demonstrated a steady expression with time and was most noticeable among TIB cells.
(¢) VEGF-A showed the most expression at 12 hours by MP and TIB cells. (d) IL-8 expression
peaked at 12 hours and decreased slightly at 24 hours among MP, Bioink, and TIB cells. (e) FGF-
1 expression peaked at 12 hours and plateaued afterwards for TIB cells. (f) Ang-2 was expression
was most noticeable at 24 hours among MP and Bioink cells.

We are confident that the TIB process activates or promotes angiogenic signals in
HMVECs. We purposely selected these six cytokines due to their potent angiogenic effects.
HSP70-1A, a member of the HSP70 family, binds to the surface of endothelial cells (ECs),
activates HUVEC migration and tube formation in vitro, and promotes vascularity formation in
vivo [80], and is required for IL-5 induced angiogenic responses [81]. FGF-1 regulates cell

differentiation, proliferation, survival, and angiogenesis [82]. To date, VEGF-A is the most potent
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pro-angiogenic cytokine. It promotes proliferation, tube formation, and sprouting of ECs [83][84].
Our TIB process did induce the expression of six potent angiogenic cytokines and these may be
the reason behind the differences in morphological differences between the TIB and MP-HMVECs

as depicted in Figure 6.
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Figure 10. In vitro Milliplex magnetic bead panel analysis of six specifically selected cytokines
after a 12-hour incubation period.

(a) HSP70 was significantly overexpressed in TIB-HMVECs as compared to MP-HMVEC:s. (b)
IL-1a was significantly overexpressed among TIB-HMVECs in comparison to MP-HMVEC:s. (¢)
VEGF-A was significantly overexpressed in TIB-HMVECs as compared to MP-HMVEC:s. (d) IL-
8 was significantly overexpressed in TIB-HMVECs as compared to MP-HMVEC:s. (e) FGF-1 was
significantly overexpressed among TIB-HMVECs in comparison to MP-HMVECs. (f) Ang-2
demonstrated no significant differences in expression between TIB and MP-HMVECs. HSP70 =
heat shock protein 70, IL-1a = interleukin 1o, VEGF-A = vascular endothelial growth factor A,
IL-8 = interleukin 8, FGF-1 = fibroblast growth factor 1, Ang-2 = Angiopoietin 2, TIB = thermal
inkjet bioprinted, MP = manually pipetted, HMVECs = human microvascular endothelial cells,
MFI = median fluorescent intensity, ns = no significant difference. *P < 0.05; **P < 0.01; ***P <
0.001; ****p <(.0001.

TIB activates the phosphorylation of kinases: To determine the molecular mechanism by

which TIB activates HMVECs, we performed a proteome phospho-kinase array of 43 kinases and
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two proteins. The bar graph depicted in Figure 11(a) demonstrates that STAT3, Fyn, mTOR, and
AKT1/2/3 were significantly under activated in TIB cells as compared to MP cells. Similarly, the
bar graph in Figure 11(b), shows that Yes, CREB, Src, Chk2, AMPKal, c-Jun, FAK, GSK-30/8,
JNK1/2/3 were under activated significantly in TIB-ECs as compared to the MP cells.

Grouped together, the non-receptor tyrosine kinases Fyn, Yes, Src, and FAK are involved
in survival, proliferation, migration, and angiogenesis [85][86][87]. Similarly, the serine/threonine
kinases, AKT1/2/3, mTOR, GSK-3a/B, and JNK1/2/3, are also involved in the regulation of
apoptosis, survival, proliferation, migration, angiogenesis [88][89][90][91], cellular homeostasis
(AMPKal/2) [92], and a cell division checkpoint (Chk2) [93]. Finally, the CREB, c-JUN, and
STATS3 transcription factors are also involved in survival, proliferation, and angiogenesis
[94][95][87]. The grouping of each type of kinase, protein, transcription factor, and heat shock
protein are listed in Table 3 along with their individual function. Additionally, Figure 12 depicts
an illustration detailing where the kinases and proteins play a role among the different signaling
pathways. Altogether, our findings suggest that TIB-ECs were not proliferating as compared to
the MP cells. Possibly, TIB-ECs have an entered a nonproliferative state due to a state of shock
after the harsh TIB process which resulted in a 25% viability as seen in Figure 7. Perhaps growth-
arrest genes were activated due to the mechanical stretching stress induced by the TIB process.
This is further supported by Chien, S., (2007) who confirmed that ECs under the effects of shear

stress demonstrated a nonproliferaive state as compared to cells without shear stress in vitro [96].
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Figure 11. In vitro Human phosphor-kinase array analysis of the activation of 43 kinases and two
proteins after a 12-hour incubation period.

(a) STAT3, Fyn, TOR, AKT 1/2/3 were significantly overactivated among MP-HMVECs as
compared to TIB-HMVECs.(b) Yes, CREB, Src, Chk-2, AMPKal, c-JUN, FAK, GSK-3a/B, and
JNK 1/2/3 were significantly overactivated among MP-HMVECs as compared to TIB-HIMVECs
while HSP27 and HSP60 were overactivated significantly in TIB-HMVECs in comparison MP-
HMVECs. STAT = signal transducer and activator of transcription proteins, EGF R = epidermal
growth factor receptor, PDGF R = platelet-derived growth factor receptor, AKT = protein kinase
B, PYK-2 = proline-rich tyrosine kinase 2, CREB = cAMP response element-binding protein,
WNKI1 = lysine deficient protein kinase 1, AMPK = adenosine monophosphate-activated protein
kinase, eNOS = endothelial nitric oxide synthase, MSK = mitogen- and stress-activated protein
kinase, GSK = glycogen synthase kinase, JNK = Jun N-terminal kinase, PRAS = proline-rich AKT
substrate, HSP = heat-shock protein, TIB = thermal inkjet bioprinted, MP = manually pipetted,
HMVECs = human microvascular endothelial cells. *P < 0.05; **P < 0.01; ***P <0.001.
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Furthermore, TIB-ECs showed a significant over activation of HSP27 and HSP60 as
compared to MP cells, Figure 11 (b). Interestingly, both of these HSPs have been proven to play
angiogenic roles [97] and have been demonstrated to be activated by mechanical stretching
[98][99]. It is well established that the nuclear factor kappa-light-chain enhancer of activated B
cells (NF-«xB) activation from HSP27 leads to the secretion of IL-8 and VEGF [100]. Moreover,
HSP27 actives toll-like receptors (TLRs) on ECs to induce NF-kB activation, resulting in VEGF-
mediated EC migration and angiogenesis [101]. Similarly, HSP60 has also been shown to promote
angiogenesis [102]. HSP60 has been shown to be localized in the mitochondria of unstressed
HUVECs, however, in stressed HUVECs, HSP60 was found in the cytoplasm and surface

membrane [103].

Table 3. List of kinases and proteins by category and function.
Serine/Threonine Kinases | Functions
AKT 1/2/3 Apoptosis regulation, survival, proliferation, migration,
angiogenesis, activated by mechanical stimuli, shear stress,
heat, and VEGF. Involved in AMPK, mTOR, NF-kB,
P13K/Akt, and PKC signaling. p70S6K involvement
AMPKal/2 Energy sensor activated with low ATP levels. Inhibits lipid,
protein, carbohydrates production. Inhibits cell growth and
proliferation. AMPK, insulin receptor, and mTOR signaling

Chk2 Apoptosis regulation, proliferation G1/S checkpoint, G2/M
DNA damage checkpoint
ERK 1/2 Apoptosis, survival, angiogenesis, response to mechanical

stimuli, growth and differentiation by MAPKs. mTOR
signaling, P70S6K involvement

GSK-3 o/p Survival, proliferation, angiogenesis, activated by heat, growth
and differentiation by MAPKs. mTOR, PI3K/Akt, NF-kB,
Wnt/B-Catenin signaling. P70S6K involvement

JNK 1/2/3 Apoptosis regulation, survival, proliferation, migration,
angiogenesis, activated by mechanical stimuli. NF-kB,
SAPK/INK, and Toll-Like Receptor signaling.

MSK 1/2 Survival, proliferation, growth and differentiation by MAPKSs.
NF-kB signaling, P38 MAPKSs regulation

P27 Regulator of cell cycle progression, inhibits CDK2 activity,
growth and differentiation by MAPKSs, PI3K/Akt signaling

P38a. Survival, proliferation, VEGF stimulus, angiogenesis,

inflammation, activated by heat. NF-kB, PLC, and Toll-Like
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Receptor signaling, P38 MAPKS regulation, p70S6K
involvement

p70S6K Survival, proliferation, angiogenesis. AMPK, mTOR,
PI3K/Akt, and PLC signaling

RSK 1/2/3 Survival, proliferation, GPCR signaling to MAPKSs, growth
and differentiation by MAPKs, mTOR and Toll-Like Receptor
signaling. p70S6K involvement

WNK-1 Electrolyte homeostasis, survival, proliferation

Phosphatidylinositol 3-
Kinase related Kinase

Functions

mTOR

Survival, metabolism, proliferation, migration, stress signals,
angiogenesis. AMPK, mTOR, and PI3K/Akt signaling.
p70S6K involvement

Proteins Functions

B-Catenin Cell adhesion, regulation of FGFR, NF-kB, and MAPK
signaling, regulation of angiogenesis, Wnt/BCatenin signaling

eNOS Angiogenesis, migration, AMPK and PI13K/Akt signaling

PLCy-1 Migration, angiogenesis, growth and differentiation by
MAPKS, phospholipase signaling. Activation by PDGFR,
FGFR, EGFR

PRAS40 Subunit of mTOR, survival, mTOR and PI3K/Akt signaling.

p70S6K involvement

Transcription Factors

Functions

c-JUN

Apoptosis regulation, proliferation, angiogenesis. SAPK/INK
signaling

CREB Survival, proliferation, angiogenesis, growth and
differentiation by MAPKSs, activation by PDGF, and P38
MAPKSs regulation

p53 Apoptosis regulation, proliferation, tumor suppressor, DNA
damage stimulus. AMPK, PI3K/Akt, SAPK/JNK signaling,
G1/S and G2/M checkpoints, P38 MAPKSs regulation

STAT1 Survival, inhibition of angiogenesis, endothelial cell
proliferation, and NF-kB signaling. JAK/STAT signaling

STAT2 Viral response, IFNa/b activation, JAK/STAT signaling

STAT3 Survival, proliferation, inflammation, angiogenesis, growth
and differentiation by MAPKs. SAPK/INK, NF-kB, and
JAK/STAT signaling

STATbSa/b Endothelial cell proliferation and migration, activation via
FGFR, JAK/STAT signaling

STAT6 Mammary gland morphogenesis, JAK/STAT signaling

Receptor Tyrosine Kinases

Functions

EGFR Angiogenesis, proliferation, migration, activated by
mechanical stimuli. PLC signaling
PDGFR Proliferation, migration, angiogenesis. MAPKSs and PI3K/Akt

signaling. Activates STAT1, STAT3, and STAT5A/B
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Non-Receptor Tyrosine
Kinases

Functions

FAK

Actin cytoskeleton, proliferation, migration, angiogenesis,
GPCR signaling to MAPKSs, growth and differentiation by
MAPKSs, PI3K/Akt signaling

Far

Src family, found in hematopoietic cells, immune response,
PI13K activity, cytokine secretion. GPCR signaling to MAPKSs

Fyn

Src family, actin remodeling, survival, proliferation, migration.
GPCR, growth and differentiation signaling by MAPKs

Hck

Src family, found on hematopoietic cells, survival,
proliferation, cell adhesion, migration, GPCR signaling to
MAPKSs

Lck

Src family, T-cell selection, maturation, and function in
thymus. GPCR signaling to MAPKs

Lyn

Src family, proliferation, migration, B-cell homeostasis. GPCR
signaling to MAPKSs and PI3K/AKkt signaling

Pyk2

FAK family, actin cytoskeleton, polarization, adhesion,
proliferation, migration, angiogenesis, response to mechanical
stimuli and shear stress, GPCR signaling to MAPKS, growth
and differentiation by MAPKs, PI3K/Akt signaling

Src

Actin and microtubule dynamics, survival, proliferation,
migration, angiogenesis, immune response, GPCR signaling to
MAPKSs, growth and differentiation by MAPKs, Wnt/p-
Catenin signaling

Yes

Survival, apoptosis regulation, cell adhesion, cytoskeleton
remodeling, migration, activated by EGFR, PDGFR, FGFR.
GPCR signaling to MAPKs

Heat-Shock Proteins

Functions

HSP27

Chaperone, survival, angiogenesis via VEGFR cascade and
VEGF mediated migration. P38 MAPKSs regulation

HSP60

Chaperonin, apoptosis via mitochondria, B and T cell activity,
MyD88-dependent Toll-like receptor cascade
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Figure 12. Molecular mechanisms involved in RTK, cytokine receptor, heat stress, integrin, and
GPCR signaling.

Simplified schematic of the signaling pathways involved in the activation of the CREB, c-JUN,
p53, STAT3, and STAT 5 transcription factors activated by a(n) RTK, cytokine receptor, heat
stress signal, integrin, and GPCR. CREB = Cyclin amp Response Element-Binding Protein, STAT
= Signal Transducer and Activator of Transcription, RTK = Receptor Tyrosine Kinase, GPCR =
G-Protein Coupled Receptor.
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The effects observed in our study may not only be specific to thermal inkjet printers but
might also occur in laser-based direct-write printing, electrospinning techniques for cell patterning
and possibly extrusion-based systems when small diameter nozzles are used. Laser-based direct-
write printing technologies include laser-induced forward transfer (LIFT), absorbing film-assisted
laser-induced forward transfer (AFA-LIFT), biological laser processing (BioLP), matrix-assisted
pulsed laser evaporation direct writing (MAPLE DW), and laser-guided direct writing (LG DW)
[104]. Cell electrospinning consists of electrospun cell-laden threads within a specific
biosuspension [105]. In laser-based direct-write cell patterning, the laser heats the laser absorption
layer, causing the formation of a bubble which collapses, resulting in the specified pattern. Cell
viability regarding cell acceleration and deceleration as the cell droplet forms and lands on the
substrate is discussed. However, there is no mention of the heat stress induced by the laser [104].
Regarding cell electrospinning, cell viability was found to be 25%, similar to other findings [106].
Among solid freeform fabrication-based direct cell writing, dispensing pressure and nozzle size
was found to induce mechanical cell membrane damage [37].

As we have documented, all these different cell manipulations or patterning techniques for
the purposes of biofabricating living systems induce some form of stress or significant cell death.
For this reason, we ought to characterize the expression and activation of various cytokines and
kinases among other biofabrication techniques to see if we are indeed creating the desired effects
upon implantation. There is also the possibility that the bioprinting process changes the
intracellular structures of the cells, leading to the physiological change of cells and possibly
inducing cell transformation or uncontrolled cell growth. In this case, the focus towards new
biofabricating modalities should involve designing novel cell manipulation techniques that
promote less heat and mechanical induced cellular trauma. Enlarging nozzle sizes or cell
encapsulating methods could also be implemented in order to minimize the downstream damaging

effects from the bioprinting process.
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4.4 Conclusion

In conclusion, we have demonstrated that TIB-ECs significantly overexpressed five
angiogenic cytokines and significantly over activated two HSPs that also play an angiogenic role.
Moreover, due to these observations and our supporting evidence, we now firmly believe that as
ECs are being ejected from the nozzles, they are being stretched out among the tails of the droplets.
In doing so, they become activated by a mechanical stress rather than a heat-stress as we previously
hypothesized. It is hoped that with further progress, our TIB technology could be used as a new
vascularization strategy since the formation of anastomosis and functional vascular networks

remains a tremendous challenge in the field of tissue engineering and regenerative medicine [107].
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Chapter 5: Conclusions, Limitations, and Future Work

Conclusions

In conclusion, we have demonstrated that constructs containing TIB-ECs offers an
alternative method to inducing microvascular networks in vivo. Our in vitro data also supports our
findings as they translate in vivo. In a recent separate in vivo study, performed on humanized mice,
while following the same protocol exhibited similar results to those we obtained (manuscript in
progress). Similarly, our in vitro observations also uphold our hypothesis that ECs are exposed to
mechanical stress inside the reservoir of the cartridge resulting in the stretching of these cells as
they are being bioprinted. The ability to create vast capillary networks, coupled with the fixed
printing parameters of our TIB technology (i.e. heat, pressure, nozzle size, droplet size, and
velocity) allows for versatile and repeatable means to create these constructs.

Limitations

A major limitation of this work mainly rested on the clogging of the modified printer
cartridges during the bioprinting process. We believe that the channels leading to the nozzles
become blocked by cellular sedimentation as well as cellular debris from the harsh heat and
mechanical forces associated with bioprinting. As a result, multiple to cartridges are needed to
carry out experiments, especially those that require a vast number of cells, such as the proteome
phosphorylation kinase array previously presented. Additionally, even though desktop inkjet
printers are still widely accessible, the original ink cartridges are difficult to acquire. The original
cartridges have become obsolete and are no longer in production. Among the original cartridges
we managed to purchase, we have observed corrosion of the outer electrical components due to
the ink that leaked during years of storage. Printing using replica cartridges was also limited as

they ejected few to no cells following the initial print. Efforts to unclog the few cartridges on hand
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include the use of sonication, forced pressure ejection (using a syringe), and boiling as well as
acetic acid, EDTA, and trypsin solutions. These methods have demonstrated some efficacy and
provide temporary use, but ultimately, they stop printing. Presently, the issue of cartridge
restoration continues to limit its bioprinting capacity.

Future Work

Future in vitro work with appropriate controls for mechanical stress or possibly printing
with the cartridge submerged within media to control for cellular stretching are recommended.
Also, in vivo work with diabetic or impaired wound healing models such as a diabetic foot ulcer
along with the afore mentioned controls are also suggested. Additionally, a comparative study
among different types of commercially available ECs and/or TIB modalities are also
recommended. Looking ahead, bioengineered constructs using our TIB technology may find

potential applications in organ on a chip, drug testing, and autonomic healing applications.
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Glossary

AKT Protein Kinase B

AMPK AMP-activated protein kinase

Ang Angiopoietin

Chk2 Cell Cycle Checkpoint Kinase 2
CREB Cyclic amp Response Element-Binding Protein
DFU Diabetic Foot Ulcer

DM Diabetes Mellitus

EC Endothelial Cell

EGFR Epidermal Growth Factor Receptor
eNOS Endothelial Nitric-Oxide Synthase
ERK Extracellular Signal-Regulated Kinase
FAK Focal Adhesion Kinase

FGF Fibroblast Growth Factor

FGFR Fibroblast Growth Factor Receptor
GPCR G-Protein Coupled Receptor

GSK Glycogen Synthase Kinase

HMVEC Human Microvascular Endothelial Cell

HS Heat Shocked

HSP Heat Shock Protein

IL Interleukin

JINK c-Jun N-terminal Kinase

MAPK Mitogen-activated Protein Kinase

MP Manually Pipetted

mTOR Mammalian Target of Rapamycin

NF-xB Nuclear Factor binding near the « light-chain gene in B cells
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PDGF Platelet Derived Growth Factor
PI3K Phosphoinositide 3-Kinase
PLC Phospholipase C

PRAS40 Proline-rich AKT substrate

Pyk Proline-rich Tyrosine Kinase

RCW Removable Cast Walker

RSK Ribosomal S6 Kinase

RTK Receptor Tyrosine Kinase

Src Sarcoma Tyrosine Kinase

STAT Signal Transducers and Activator of Transcription
TCC Total Contact Cast

TE Tissue Engineering

TIB Thermal Inkjet Bioprinter

TLR Toll-like Receptor

VEGF Vascular Endothelial Growth Factor

VEGFR Vascular Endothelial Growth Factor Receptor
WNK Lysine Deficient Protein Kinase
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