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Abstract

One biofabrication process that has gained tremendous momentum in the field of tissue
engineering and regenerative medicine is cell-printing or most commonly bioprinting. We have
shown that thermal inkjet bioprinted human microvascular endothelial cells were recruited or
otherwise involved in the formation of microvasculature to form graft-host anastomoses upon
implantation. The present study aims to quantify and characterize the expression and activation of
specific cytokines and kinases /n vitro. Morphological characteristics demonstrate elongated
protrusions of TIB-HMVECs at 5-6 times the size of manually pipetted cells. Moreover, annexin
V-FITC and propidium iodide apoptosis assay via flow cytometry demonstrated a 75% apoptosis
among printed cells as compared to among control cells. Cell viability at a 3 d incubation period
was significantly higher for printed cells as compared to control. Milliplex magnetic bead panels
confirmed significant overexpression of HSP70, IL-1a, VEGF-A, IL-8, and FGF-1 of printed cells
compared to control. In addition, a Human phospho-kinase array displayed a significant over
activation of the heat-shock proteins HSP27 and HSP60 of printed cells compared to the manually
seeded cells. Collectively, it is suggested that the massive appearance of capillary blood vessels
upon implantation that has been reported elsewhere may be due to the activation of the HSP-NF-
xB pathway to produce VEGF. This cell activation may be used as a new strategy for
vascularization of tissue engineered constructs which are in high demand in regenerative medicine
applications.
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Introduction

Tissue engineering is a multidisciplinary practice focusing on developing new ways to
repair, regenerate, or replace injured tissues and organs. Using a combination of cells,
growth factors, biomaterials, and engineering technologies, artificial tissues can be created
to replace their injured counterparts. One biofabrication process that has gained tremendous
momentum is cell-printing or bioprinting.

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 vivotissues and organs [1]. The three main types of bioprinters are inkjet,
microextrusion, and laser-assisted printing. Comprehensive reviews on these bioprinters
have been recently published [2—6]. 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 causes on cells,
e.g. heat-, shear-stress. Very few studies focused on analyzing the biochemical pathways that
may or may not be activated by this heat. In this paper, we study the effect of heat generated
from a thermal inkjet bioprinter that was developed in our laboratory [7]. In previous work,
thermal inkjet bioprinted (TIB) Chinese Hamster Ovary (CHO) cells had a viability of 89%
and interestingly the process also caused the formation of pores to appear on the cell
membrane [8]. We have also demonstrated that TIB-human microvascular endothelial cells
(HMVECs) were recruited or otherwise involved in the formation of microvasculature in
host animals [9, 10]. Markers for HMVECSs in immunocompromised mice verified
anastomoses of vascular structures between graft and host [11].

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 [1,
12]. In addition, changes in cell morphology due to mechanical injury may cause changes in
downstream cellular development [1, 13]. We hypothesize that the heat and the shear
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-HMVECs are being activated to secrete cytokines in their supernatant and/or to
phosphorylate kinases intracellularly. The heat from the TIB process may cause HMVECs to
release and activate specific angiogenic cytokines and kinases resulting in the massive
formation of capillary blood vessels upon implantation via a heat-shock protein (HSP)
regulated mechanism. It has been demonstrated that HSP27 and other HSPs regulate and
induce angiogenesis, especially tumor angiogenesis [14, 15]. Eighteen HSP90 inhibitors
have recently entered the clinic as anti-cancer drugs [16], and HSP70 antagonists are
explored as adjuvants [17]. However, in the field of tissue engineering and particularly
bioprinting, activation of the angiogenic pathway via HSP may be the desired response as
vascularization and host integration of implants remains a considerable challenge. In the
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present study, we demonstrate that TIB promotes the expression and activation of cytokines
and kinases. Additionally, HSPs appear to be involved in activating the angiogenic pathway.

Methods

2.1. Cell culture

Primary adult Human dermal microvascular endothelial cells (HMVECS) (Lonza) were
cultured in endothelial cell growth basal medium-2 (EBM-2, Lonza) supplemented with an
endothelial growth media (EGM-2, Lonza) kit containing 10 ml fetal bovine serum (FBS);
0.2 ml hydrocortisone; 0.2 ml basic Human fibroblast growth factor-basic (hFGF-B); 0.5 ml
vascular endothelial growth factor (VEGF); 0.5 ml of complete human insulin like growth
factor-1 with substitution of Arg for Glu3 (R3-IGF-1); 0.5 ml ascorbic acid; 0.5 ml Human
epidermal growth factor (REGF); 0.5 ml gentamicin sulfate-amphotericin (GA-100; and 0.5
ml heparin per 100 ml EBM-2). Cell cultures were maintained at 37 °C in a 5% CO,
environment. Passaged at 80% confluency and were used up to passage nine for the present
experiments.

2.2. Bioink and bioprinting preparation

With the use of a thermal inkjet printer developed in our laboratory [7], a corresponding
bioink solution was made with 0.13 M CaCl, in 18 mOhm deionized water (milli-Q) and
sterilized via syringe filtration giving a final osmolality concentration of 300 mOsm kg™1.
HMVECs were trypsinized, counted, and mixed in the bioink solution to obtain a final
concentration of 2 x 10° cells in 800 /4. 100 /4 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.

2.3. Cell morphology analysis

Cell morphology of TIB and manually pipetted (MP) cells were observed using an Olympus
IX71 micro-scope at 10x (bright field) and 20x (phase contrast) after a 24 h incubation
period. Images were taken with an Olympus DP72 digital camera with a 12.5 megapixel
resolution. Images were further processed using PowerPoint with a color tone of 6500 K,
100% color saturation, 0% brightness and contrast, and a 50% sharpness.

2.4. 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 h incubation period. HMVECs in
complete media with 1 mM H,0, 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 h. After 24 h, 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 ¢4 from
a 1060 z4 master mix (1000 ¢4 binding buffer, 10 ¢4 Annexin A5-FITC, and 50 /4 PI) before
a 15 min incubation in the dark. Finally, 300 g of the kit’s binding buffer was added to each
tube and flow cytometric analysis was conducted within 30 min. Samples were analyzed in
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triplicates on a GALLIOS flow cytometer (Beckman Coulter). Debris was excluded by
applying gates on side scatter versus 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 [18, 19]. All flow cytometric data were analyzed using Kaluza
software (Beckman Coulter).

2.5. 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 [20, 21]. Briefly,
HMVECs were TIB and MP into a 6-well plate at a final seeding density of 40 000 cells/
well in 6 ml of EBM-2/EGM-2 complete media. Cell viability was then determined after a 3
and 7 d 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 zm ml-1 of PI,
incubated for 15 min in the dark, and analyzed via flow cytometry. Unstained cells were
used as controls to fine-tune the detector voltages, 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).

2.6. Multiplex cytokine analysis

Multiplex magnetic bead immunoassays were performed on 0, 6, 12, and 24 h supernatants
collected from TIB and MP HMVECs from 60 x 15 ml Petri dishes containing 6 ml of
complete media. HMVEC:s left in the CaCl, bioink for 1 h 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 min at 4000 rpm 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, interleukin-1 alpha (IL-1a), and interleukin-8 (IL-8). Supernatants were also
examined with the Milliplex map Human angiogenesis/growth factor magnetic bead panel 1
with Angiopoietin-2 (Ang-2), FGF-1, and VEGF-A (Millipore Sigma) according to the
manufacturer’s protocol with the use of the Luminex xXMAP technology [22]. Briefly, in a
96-well plate, 200 /4 of Assay Buffer was added, the plate was shaken for 10 min, and the
buffer was discarded. Twenty-five microliters of the standards, 25 /4 of the Assay Buffer, 25
u of stock solution, 25 /4 of supernatant from cells into the corresponding wells, and 25 4
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 h at room
temperature). The supernatant was removed and washed three times (washed twice for the
Human sepsis panel 2) with 200 /4 of wash buffer. Next, 25 /4 of the detection antibodies
were added, the plate was foil-wrapped, and incubated for 1 h at room temperature with
shaking. Without aspirating the supernatant, 25 /4 of streptavidin-phycoerythrin was added,
the plate was foil-wrapped, and incubated at room temperature for 30 min. The contents
were discarded and washed three times (twice for the Human Sepsis Panel 2) with 200 /4 of
the wash buffer. Finally, 100 /4 of the sheath fluid was added and the plate was read on a
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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 h at 37 °C, 5% CO». Then, cells
were washed with PBS, lysed in the presence of 1 mM phenylmethylsulfonyl fluoride, 5 1g
ml~1 aprotinin, 2 g m1~1 leupeptin, and 1 zg mi~1 pepstatin A proteases inhibitors and the
resulting supernatant was clarified by centrifugation (14 000 rpm, 5 min, 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/Y 185,
T221/Y223), glycogen synthase kinase 3a/B (GSK-3a/p) (521/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), target of rapamycin (TOR) (S2448), cCAMP response element-binding protein
(CREB) (S133), heat-shock protein 27 (HSP27) (S78/S82), adenosine monophosphate-
activated protein kinase a2 (AMPKa?2) (T172), -Catenin, p70 S6 Kinase (T389), p53
(S15), protein kinase c-Jun (c-Jun) (S63), proto-oncogene tyrosine-protein kinase (Src)
(YY419), protein kinase Lyn (Lyn) (Y397), protein kinase Lck (Lck) ('Y394), signal
transducer and activator of transcription proteins 2 (STAT2) (Y689), signal transducer and
activator of transcription proteins 5a (STAT5a) (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
kinase Fgr (Fgr) (Y412), signal transducer and activator of transcription proteins 6 (STAT6)
(YY641), signal transducer and activator of transcription proteins 5b (STAT5b) (Y699), signal
transducer and activator of transcription proteins 3 (STAT3) (Y705), p27 (T198),
phospholipase C-y1 (PLC- 1) (Y783), protein kinase Hck (Hck) (Y411), checkpoint
kinase-2 (Chk-2) (T68), protein kinase FAK (FAK) (Y397), platelet-derived growth factor
receptor B8 (PDGF Rp) (Y751), signal transducer and activator of transcription proteins a/b
(STAT5a/b) (Y694/Y699), signal transducer and activator of transcription proteins 3
(STAT3) (S727), lysine deficient protein kinase 1 (WNKZ1) (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.

2.8. 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
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two-tailed paired Student’s £tests, and a p value of less than 0.05 was considered
statistically significant.

3. Results and discussion

3.1. TIB-HMVECs demonstrate elongating characteristics

After a 24 h incubation period, bright field microscopy images revealed that TIB-HMVECs
demonstrate thin and long protuberances as compared to the MP-HMVECs (figure 1). 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 (figures
1(a) and (c)). Manually pipetted HMVECSs, however, convey a thick, short, diamond-shaped
body at both 10x and 20x magnification (figures 1(b) and (d)). The elongation process
among TIB cells might be due to the activation of these cells. Figure 3 demonstrates that the
TIB process had a 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.

3.2. TIB induces cell apoptosis

The effects of the thermal inkjet bioprinting process were assessed by an apoptosis/necrosis
protocol through the annexin A5-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 [23-26]. Annexin, which has a high affinity
for PtdSer, allows for the accurate detection of its externalization via flow cytometry with
the aid of FITC. A bar graph and the flow cytometer dot plots of the results are depicted in
figure 2. After a 24 h incubation period, approximately 75% of TIB-HMVECs were
apoptotic as compared to 22% of the MP cells (figures 2(a)—(c)). Note that HMVECs are
very sensitive to manipulation and generally exhibit a lower viability than immortal/
transformed cell lines (MP cells in figures 2(a) and (c)). This sensitivity may be because
these HMVEC:s are primary cells and thus short lived. However, in previous studies, TIB-
Chinese Hamster Ovary (CHO) cells and neonatal human dermal fibroblasts had a cell
viability of 89% [8] and 68% (Data not published), respectively. Additionally, the apoptotic
percentages reported in figure 2 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 h
incubation period. Therefore, this analysis is an overall assessment of cell viability. Most
studies published to date show live-dead assays of cells attached to scaffolds and are not
reporting the percentage of cells that are not attaching. This is typically done because only
the scaffolds with bioprinted cells will be used for tissue engineering or other applications.
Hydrogen peroxide was used as a positive control for the induction of apoptosis and, as
expected, it resulted in a strong PtdSer externalization of 86% (figure 2(d)). Apoptosis
induction among TIB-HMVECs may seem relatively high, however, as noted in figure 2(b),
HMVEC:s 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 some apoptosis in HMVECs which will not attach to the scaffolds and that
this needs to be considered when printing scaffolds for tissue engineering or other
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applications. One would need to increase the cell concentration in the bioink for example or
overprint to achieve a desired cell concentration on the scaffold.

3.3. Effects of TIB on cell viability

Cell viability was also measured on day 3 and day 7 post printing with a Pl 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 [27]. Displayed in figure 3 are a bar graph and dot plots of these flow
cytometry results. Figures 3(a) and (c) shows that after a 3 d incubation period, TIB-
HMVEC’s viability was significantly higher in comparison to MP-HMVECs (92% versus
86% cell viability, respectively). After a 7 d incubation period, however, there was no
significant difference in cell viability between TIB and MP cells, figures 3(a) and (d). Figure
3(b) is a dot plot of untreated HMVECSs without Pl 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 4(c). VEGF is a potent mitogen that regulates
endothelial cell proliferation [28, 29]. At 7 d, these VEGF values might equilibrate to those
similar to MP-HMVECs that we see in figures 3(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. These results
are also similar to previous studies where only cells attached to scaffolds were analyzed with
respect to Pl permeability.

3.4. TIB induces the expression of cytokines

The 6-panel multiplexed magnetic bead assay categorized the differences in cytokine
expression between TIB and MP-HMVECs. The heating element in the inkjet cartridge will
heat to approximately 300 °C for 2 /s, then cool again for 200 £s. This heat creates a bubble
that then bursts resulting in the ejection of bioink droplets and the cells in the ink may be
exposed to an elevated temperature. However, the temperature of the ink droplets does not
exceed ten degrees above room temperature [30]. In addition to heat, cells are exposed to
mechanical forces as they are expelled through the nozzle orifices. Parameters for thermal
inkjet printers include a nozzle diameter of 40-100 wm, droplet volumes of 50-500 PL,
operating frequencies of 3-25 kHz, and droplet velocity of 3-15 ms™ [31]. The cytokine
expression was measured after a 12 h incubation period for both treatment groups.

Bar graphs in figure 3 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-1a), 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-HMVECSs. The MFI values for IL-1a and FGF-1 may appear low and
insignificant in comparison to the other 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: IL-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
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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-HMVECSs as compared to the MP
cells (figure 3(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 3(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 [32]. Moreover, IL-1a has been shown to promote the
production of HSP70 family proteins [33]. This also proves that pipetting cells manually
causes minor cellular damage. The expression of VEGF-A in figure 3(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 [34], but also from the protective effects
that HSP70 has on VEGF production [35]. Figure 3(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, 1L-8 was significantly overexpressed among TIB
cells in comparison to MP cells. IL-8, another pro-angiogenic cytokine [33], increases
proliferation, migration, and angiogenesis among ECs [36, 37] by inducing VEGF secretion
[38]. 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 3(e)). Also,
FGF-1 was overexpressed significantly in TIB 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 3(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 [39, 40]. 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
[41].

In a previous experiment, we measured cytokine expression at 0, 6, 12, and 24 h periods and
found that the most cytokine expression occurred at 12 h (data not shown). For this reason,
the 12 h incubation period was chosen for the present experiment. To test if the CaCl, bioink
had any effect on the expression of these cytokines, a control group consisting of HMVECs
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 (data
not shown). We also examined if the cell contents from ruptured HMVECs were releasing
vast amounts of the selected cytokines. To test for this, we included a negative control
consisting of heat shocked HMVECs ejected from a Pasteur pipette heated with a solder iron
to 300 °C that resulted in complete cell death. Once again, minimal values of cytokine
expression were detected in comparison to their EBM-2/EGM-2 complete media (data not
shown). This test proved that cytokine expression is an active and not a passive process.

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 /n vitro, promotes vascularity formation /n vivo[42],
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and is required for IL-5 induced angiogenic responses [43]. FGF-1 regulates cell
differentiation, proliferation, survival, and angiogenesis [44]. To date, VEGF-A is the most
potent pro-angiogenic cytokine. It promotes proliferation, tube formation, and sprouting of
ECs [45, 46]. The 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-HMVEC:s as depicted in figure 1.

3.5. TIB activates the phosphorylation of kinases

To determine the biological mechanism by which TIB activates HMVECs, a proteome
phospho-kinase array of 45 kinases involved in cell proliferation, survival, angiogenesis,
migration, and stress was performed. The bar graph depicted in figure 4(a) demonstrates that
signal transducers and activators of transcription 3 (STAT3), tyrosine-protein kinase (Fyn),
target of rapamycin (TOR), and protein kinase B (AKT1/2/3) were significantly over
activated in MP cells as compared to TIB cells. All four of these kinases are involved in
endothelial cell (EC) proliferation, migration, and regulation of angiogenesis by VEGF [47-
51]. Similarly, the bar graph in figure 4(b), shows that tyrosine-protein kinase (Yes), cyclic
amp response element-binding protein (CREB), Src, cell cycle checkpoint kinase 2 (Chk?2),
AMP-activated protein kinase (AMPKal), c-Jun, focal adhesion kinase (FAK), glycogen
synthase kinase (GSK-3a/g), and c-Jun N-terminal kinase (JNK1/2/3) were over activated
significantly in MP-HMVECS as compared to the TIB cells. Src and Yes are involved in
VEGF induced cell migration and mitogenic signaling [49, 52]. Chk2 mediates the cell cycle
and apoptosis [53], and AMPKal regulates metabolism and the expression of g-Catenin
[54]. CREB and GSK-3a/g are involved in cell proliferation [55, 56] while JNK 1/2/3 and c-
JUN are also involved in angiogenesis [57, 58].

Since angiogenesis is heavily determined by EC proliferation, elongation, and migration, it
might be interesting to determine if the TIB process influences any of these three angiogenic
processes. Straight vessels formed /n vitro were found to be the result of proliferating ECs
under strain [60]. The morphologic characteristics of the TIB-HMVECs seem to follow this
result as they also appear to be elongated in a straight form, figures 1(a) and (c). Tumors, on
the other hand, contain tortious blood vessels /n vivo due to the increased proliferation and
decreased migration of ECs [61]. Increased branching due to high EC proliferation, however,
results in anastomoses of nonfunctional blood vessels that eventually deteriorate [62]. As a
blood vessel forms, ECs proliferate according to their cell cycle. Cells at the end or tips of
developing vessels elongate as a sensing mechanism. The cells that remain in the middle of
the vessel form the stalk and deactivate or go into a quiescent mode. The same occurs when
vessels anastomose, the proliferating cells at the tip touch the stalk of a vessel and as they
fuse, the mature cells go into a quiescent mode [61]. This mechanism may be what we found
among the TIB-HMVECs. As these cells first become activated and elongate, they may fall
under the quiescent state, where they do not proliferate nor migrate anymore by turning off
their respective kinases as we show here in figures 4(a) and (b).

Most interestingly, and confirmed in the proteome array, the TIB process caused a
significant over activation of heat-shock protein 27 and 60 (figure 4(b)) which have also
been proven to play angiogenic roles [63]. It is well established that the nuclear factor
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kappa-light-chain enhancer of activated B cells (NF-xB) activation from HSP27 leads to the
secretion of IL-8 and VEGF [64]. In addition, HSP27 actives toll-like receptors (TLRs) on
ECs to induce NF-kB activation, resulting in VEGF-mediated EC migration and
angiogenesis [65]. HSP27 regulates p53 signaling and decreases cellular senescence [66].
This may be another reason for the elongated morphological characteristics from figure 1
and the spike of VEGF-A in figure 4. Similarly, HSP60 has also been shown to promote
angiogenesis [67]. HSP60 has been shown to be localized in the mitochondria of unstressed
HUVECs, however, in stressed HUVECs, HSP60 was found on the cytoplasm and surface
membrane [68]. We hypothesize that HSP27, HSP60, and HSP70 are being produced as a
result of stress induced from the TIB process causing an autocrine and paracrine effect on
ECs to produce VEGF-A. It is possible that as these HSPs get externalized via exosomes
[69-71], they bind their TLRs and possibly induce angiogenic pathways such as the NF-xB
to produce VEGF, however, this hypothesis remains to be proven. A schematic of how the
TIB process triggers the activation of the VEGF pathway is depicted in figure 6.

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) [75]. Cell electrospinning consists of electrospun
cell-laden threads within a specific biosuspension [76]. 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 [75]. Regarding cell electrospinning,
cell viability was found to be 25%, similar to other findings [77]. Among solid freeform
fabrication-based direct cell writing, dispensing pressure and nozzle size was found to
induce mechanical cell membrane damage [1].

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. As a result,
our focus towards new biofabricating methods should involve designing novel cell
manipulation techniques that promote less heat and mechanical induced cellular trauma and
developing heat-resistant bioinks or cell encapsulating methods in order to minimize the
downstream damaging effects from the bioprinting process.
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4. Conclusion

In conclusion, we have demonstrated that TIB-HMVECSs overexpressed and activated
specific cytokines and HSPs that may play an angiogenic role. This bioprinting process is a
repeatable, feasible, and inexpensive technique to develop angiogenic scaffolds. Due to the
significant progress in creating artificial tissues and constructs with geometric precision, the
formation of anastomosis and functional vascular networks remains a tremendous challenge
[78]. We believe that the TIB cell activation process may be used as a new strategy for
vascularization of tissue engineered constructs, which are in high demand in regenerative
medicine and drug testing applications. Our future work involves performing siRNA gene
knockdown experiments to confirm our observations and fine tuning our system to behave in
an angiogenic fashion. Additionally, we would like to perform a comparative analysis
between different cell patterning techniques and determine whether they have similar effects.
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TIB-HMVECs

-

Figure 1.
Cell morphology between TIB and MP HMVECs after a 24 h 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 zm and 20x = 200 zm.
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Flow cytometry analysis demonstrating phosphatidylserine (PtdSer) externalization for TIB
and MP HMVEC:s after a 24 h incubation period. F1 quadrant represents necrotic cells (Pl
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 Pl 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-HMVECs. (b) Dot plots show ratios of apoptosis in TIB-HMVECs.
(c) Dot plots show ratios of apoptosis in MP-HMVECSs. (d) Dot plots show apoptosis of
positive control (HMVECs in 1 mM H,05). TIB = thermal inkjet bioprinted, MP = manually
pipetted, HMVECs = human microvascular endothelial cells. *****p <(0.000 01.
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Figure 3.
Flow cytometry analysis of a Pl exclusion assay demonstrating cell viability percentages

between TIB and MP-HMVECs at 3 and 7 d 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. (c) Dot plots demonstrating the
differences in cell viability by percent between TIB and MP-HMVECs at a 3 d incubation
period. (d) Dot plot showing the differences in cell viability by percent between TIB and
MP-HMVECs at a 7 d incubation period. Pl = propidium iodide, TIB = thermal inkjet
bioprinted, MP = manually pipetted, HMVECs = human microvascular endothelial cells, ns
= no significant difference. *P <0.05.
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Figure4.

In vitro Milliplex magnetic bead panel analysis of 6 specifically selected cytokines after a 12
h incubation period. (a) HSP70 was significantly overexpressed in TIB-HMVECs as
compared to MP-HMVECSs. (b) IL-1a was significantly overexpressed among TIB-
HMVECs in comparison to MP-HMVECs. (¢) VEGF-A was significantly overexpressed in
TIB-HMVECs as compared to MP-HMVECs. (d) IL-8 was significantly overexpressed in
TIB-HMVECs as compared to MP-HMVECs. (e) FGF-1 was significantly overexpressed
among TIB-HMVECs in comparison to MP-HMVEGC:s. (f) Ang-2 demonstrated no
significant differences in expression between TIB and MP-HMVECs. HSP70 = heat-shock
protein 70, IL-1a =interleukin 1a, VEGF-A = vascular endothelial growth factor A, 1L-8 =
interleukin 8, FGF-1 = fibroblast growth factor 1, Ang-2 = Angiopoietin 2, TIB = thermal
inkjet bioprinted, MP = manually pipetted, HMVECs = human microvascular endothelial
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cells, MFI = median fluorescent intensity, ns = no significant difference. *£ <0.05; **P <
0.01; ***P <0.001; ****pP <0.0001.
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Figure5.
In vitro human phospho-kinase array analysis of the activation of 45 kinases in HMVECs

after a 12 h 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/g, 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, WNK1 =
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
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= manually pipetted, HMVECs = human microvascular endothelial cells. *P <0.05; **P <
0.01; ***P <0.001.
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Figure6.
Schematic of how thermal inkjet bioprinting triggers the activation of the VEGF pathway.

Heat from the printing process causes cellular heat stress leading to various pathways in
which extracellular heat-shock proteins play an angiogenic role. (a) The electric current
heats a heating element producing a bubble that collapses causing the ejection of droplets
containing cells. (b) VEGF-A binds VEGFR and either activates the AKT-eNOS-HSP90
pathway or promotes angiogenesis directly [72]. (¢c) HSP27 binds the TLR-3 activating the
NF-xB pathway to produce VEGF and induce angiogenesis [64]. (d) Mitochondrial HSP60
binds the TLR-4 [68] leading to the activation of angiogenesis [63, 73]. () HSP70 binds
TLR 2 and TLR-4 [71] leading to the activation of the NF-xB pathway to produce VEGF
and induce angiogenesis [64, 74]. HSP = heat-shock protein, VEGFR = vascular endothelial
growth factor receptor, eNOS = endothelial nitric oxide synthase, TLR = toll-like receptor,
NF-xB = nuclear factor kappa-light-chain-enhancer of activated B cells.
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