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Abstract

Current /n vitro anti-tumor drug screening strategies are insufficiently portrayed lacking true
perfusion and draining microcirculation systems, which may post significant limitation in
reproducing the transport kinetics of cancer therapeutics explicitly. Herein, we report the
fabrication of an improved tumor model consisting of bioprinted hollow blood vessel and
lymphatic vessel pair, hosted in a three-dimensional (3D) tumor microenvironment-mimetic
hydrogel matrix, termed as the tumor-on-a-chip with bioprinted blood and lymphatic vessel pair
(TOC-BBL). The bioprinted blood vessel was perfusable channel with opening on both ends while
the bioprinted lymphatic vessel was blinded on one end, both of which were embedded in a
hydrogel tumor mass, with vessel permeability individually tunable through optimization of the
composition of the bioinks. We demonstrated that systems with different combinations of these
bioprinted blood/lymphatic vessels exhibited varying levels of diffusion profiles for biomolecules
and anti-cancer drugs. Our TOC-BBL platform mimicking the natural pathway of drug-tumor
interactions would have the drug introduced through the perfusable blood vessel, cross the
vascular wall into the tumor tissue v7a diffusion, and eventually drained into the lymphatic vessel
along with the carrier flow. Our results suggested that this unique 77 vitro tumor model containing
the bioprinted blood/lymphatic vessel pair may have the capacity of simulating the complex
transport mechanisms of certain pharmaceutical compounds inside the tumor microenvironment,
potentially providing improved accuracy in future cancer drug screening.

Graphical Abstract
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1. Introduction

The two-dimensional (2D) cancer cell cultures are restricted in serving as adequate models
for drug screening and drug development!!: 21 due to challenges associated with for
example, hypersensitivity to anti-cancer drugs!®], and inability to recapitulate the complex
intricate interactions within a tumor microenvironment (TME)[4]. The TME is capable of
acting as both a potential barrier and facilitator of tumor proliferation by affecting various
processes including local growth resistance, immune system interactions, and the formation
of distant metastases[®]. During cancer drug screening, 2D cell models sometimes fail to
assist when exposed to harsh microenvironments for prolonged durations(8l. To address the
limitations of 2D monolayer cell cultures, there has been an increasing interest in developing
three-dimensional (3D) cancer models, which replicate the natural physiology of tumors
more effectively with higher precision in predicting drug efficacy. Earlier examples were
primarily based on tumor spheroids, which were inadequate due to their simplicity and
reproducibilityl”]. More recently, tumor cells have been seeded within 3D scaffolds or
matrices, and similar to an /7 vivo tumor, they freely extend!8], polarizel®], migrate, and
clusterl10. 111 within the matrix. Moreover, these 3D tumor models display advantages in re-
establishing cell functions[*2], signaling pathways[*3: 141, and drugs responses(°] as
compared to traditional 2D cultivation models, hence becoming more favorable in screening
of pharmaceutical compounds[6-18]. For example, we and colleagues have reported an
approach to generate a glioblastoma microenvironment featuring a co-culture of
macrophages and glioblastoma cells in a mini-brain model, where it was shown that the
glioblastoma cells were able to actively recruit the macrophages and then prime them to
glioma-associated macrophages (GAMs), similar to the i vivo-scenariol]. Nevertheless,
while these enhanced models reproduce the complex structures of the tumor masses to a
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large extent, they typically lack the dynamic microenvironments that the tumors experience,
such as the blood flows that carry the drug molecules to the tumor sites.

To this end, numerous microfluidics-enabled 3D systems, namely the organ-on-a-chip
systems, have been developed in the past couple decades to introduce the dynamic
microenvironmental cues besides the 3D structures of engineered tissue models, including
the tumor models[20-22], While the integration of perfusable blood vessels are becoming
increasingly common[23-251, to date only few /7 vitro models have been reported to
simultaneously re-establish both blood and lymphatic vessels within the tumor masses. In
fact, the need for lymphatic drainage is an important yet overlooked aspect in designing such
tumor models. In the mammalian body, the lymphatic vessels function in facilitating
lymphatic collection and eventual removal of desired substances[?8]. In addition,
homeostasis of the interstitial fluid is maintained by the microcirculation system, based on
permeation from the blood vessels and subsequent absorption by the lymphatic vesselst27],
More relevant to cancer, the lymphatic draining system not only plays a critical role in
metastasis[?8], but it also provides a preferential recycling route to most administered anti-
tumor drugs in vivd?®l. Therefore, designing an /n vitro tumor model exhibiting the
microcirculation network to represent the functions of blood vessels as well as lymphatic
vessels, is indispensable. Such models tend to provide useful information regarding the role
of lymphatics in cancer (or chronic inflammation pathological conditions) and to further
support the development of new and improved therapeutic strategies!3°.

To this end, numerous reports have been focused on uncovering the active roles of lymphatic
endothelium in tumor cell transport and modulation of antitumor immune responses31-331,
Kamm and co-authors modeled tumorigenesis featuring both lymphatic angiogenesis and
vascular angiogenesis[34l. Jeon and co-authors described a microfluidic platform for the
reconstitution of lymphangiogenesis on-chip to achieve drug screening[35]. While such
expositions have successful modeled the /n vivo scenarios, the sole reliance on self-
sprouting to generate the vessels inevitably prolongs the time needed for constructing the
devices. Among the various strategies to generate the hollow vessel-like structures, 3D
bioprinting is perhaps one that allows precise yet convenient control over the deposition of
hydrogel biomaterials to obtain complex biomimetic patterns otherwise not attainable by
traditional microfabrication techniques[36]. Indeed, 3D bioprinting has provided a set of
enabling tools for tissue biofabrication in tissue modeling and related applications[37: 38,
Here we report the establishment of a tumor-on-a-chip platform possessing the blood and
lymph vessel pair, embedded in a microfluidic bioreactor controlled by a micro-flow system,
to achieve a dynamic microenvironment for cultured MCF-7 breast cancer cells in a 3D
hydrogel matrix based on gelatin methacryloyl (GelMA)[39. 401, The perfusable hollow blood
vessel and the one end-blinded hollow lymph vessel were bioprinted separately with
individually tunable permeability profiles matching those of their native counterparts.

Anti-cancer drug transport profiles were subsequently investigated with regard to different
combinations of the blood and lymphatic vessels and tumor cell arrangements. It is
anticipated that this unique approach will likely provide a viable /n vitro platform to analyze
the dynamics and interactions between blood and lymph vessels in a tumor
microenvironment during anti-cancer drug screening.
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Although 2D models have been extensively applied for drug screening[#1l, it is not
straightforward to estimate the transport of drug molecules in bulk tissues and interpolate to
in vivo conditions due to the complex TME (Figure 1A). Even with the majority of the
existing 3D models, it is still difficult to recapitulate the drug diffusion effects without
integrating a microcirculation system containing not only perfusable blood vessels but also
importantly, the draining lymphatic vessels[42l. As a result, many /n vitro false positive-
screened compounds are proceeded for clinical trials leading to a high dropout rate, further
causing unnecessary waste of capital and time[43]. Consequently, several chip-based systems
have been reported containing such blood/lymphatic vessel pairl44-4¢1 which generally are
not conveniently tunable in vascular parameters such as their permeability.

Alternatively, we have designed a bioprinting-enabled system featuring a pair of perfusable
hollow blood vessel and single-outlet lymphatic vessel, with the tumor cells seeded within a
hydrogel niche in between the microcirculation network (Figure 1B), termed as the tumor-
on-a-chip with bioprinted blood and lymphatic vessel pair (TOC-BBL, Figure 1C). The
TOC-BBL comprised of four layers, 7.e., the two polydimethylsiloxane (PDMS) layers in the
middle and the two external poly(methyl methacrylate) (PMMA) layers tightened using
screw/bolt sets to ensure sealing. The chamber of the lower PDMS layer was used to house
the bioprinted vascular/lymphatic vessels and the tumor cells in a GelMA matrix, while the
chamber of the upper PDMS layer served as the reservoir of tumor cell culture medium.
Within the bioprinter, curve-shaped hollow vascular (perfusable) and lymphatic (one end-
blinded) tubes were precisely deposited, which were intended to emulate the complex
geometry of their native counterparts as compared to the models generated using simple
methods such as needle templating[47: 48]. The fabricated bioreactor was connected to a
peristaltic pump to generate different flow rates for the vascular and lymphatic vessels.

After systemic administration in a patient, the drug first reaches the tumor v7a blood-borne
circulation along the blood vessel, diffuse (or in some cases be actively transported) across
the vascular wall, go through interstitial transport across the tumor mass, and is picked by
the tumor cells[49: 501, The excessive drug may be further drained to lymphatic vessels and in
return, the presence of lymphatic vessels with constant drainage may affect the transport rate
of the drug molecules in the tumor tissue. Indeed, the microfluidic technology has enabled
precise control of flow at microscales!>!], and our developed TOC-BBL platform featuring
the pair of bioprinted perfusable blood vessel and drainage lymphatic vessel, could be
potentially analogous to the vital /7 vivo conditions and structures. However, its
physiological relevance in comparison with the /n vivo diffusion profiles remains to be
carefully examined.

2.2 Fabrication and characterization of bioprinted vessel constructs

In human body, the permeability of lymphatic vessels is much higher than that of the blood
vessels. As reported, the typical permeability values of bovine serum albumin (BSA) for
blood vessels in a tumor region are in the range of 1-8x 10~7 cm-s~152-55] \while 0.1-5x
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1076 cm-s™ for lymphatic vessels[>6-58], To obtain different permeability to match that of
the blood and lymphatic vessels, we fabricated these vessels with meticulously optimized
bioinks. In our previous studies, it was reported that the increased branching of polyethylene
glycol (PEG) molecules could improve bimolecular diffusion and pore size of the hydrogels
when compared with linear PEG®: 601, Therefore, PEG molecules with straight and
branched structures were adopted as the bioink components to tune the permeability of pir
bioprinted vessels.

Specifically, we included PEG diacrylate (PEGDA) and 8-arm polyethylene glycol-
octaacrylate (PEGOA) to formulate blood vessels and lymphatic vessels, respectively, in our
basic bioink containing GelMA, photoinitiator (P1), and alginate (Figure 1D)[>9. 61-66],
Bioink flow was dispensed from the middle layer of the coaxial nozzle and calcium chloride
(CaCly) solution from both the inner and outer needles, inducing immediate physical
crosslinking of the alginate component within the bioink modeling hollow tubular vessel
structures!67] (Figure 1E).

The bioprinted hollow microfibers were further photocrosslinked for the GeIMA and
PEGDA/PEGOA components under UV exposurel®8l. In particular, the lymphatic vessels
were obtained by discontinuing the flow of CaCls, in the inner needle upon bioprinting,
while the CaCl, flow was maintained continuous from the outer needle to facilitate the
crosslinking of the bioink as well as maintaining a smooth exterior surface of the vessels. As
such, our bioprinting method utilizing the multi-layered coaxial, concentric nozzle could
easily allow the fabrication of perfusable hollow tubes and one end-blinded tubes having
different wall thicknesses by adjusting the flow rates of both the bioink phase and the CaCl,
phase (Figure S1). Finally, GelMA hydrogel containing MCF-7 breast tumor cells was added
into the chamber enclosing the bioprinted vessel pair, and the stromal GelMA was
photocrosslinked forming the TOC-BBL system (Figure 1F).

2.3 Mechanical properties of bioinks and bioprinted structures

To optimize the mechanical properties of the bioink, various aspects of GelIMA, alginate,
and PEGA/PEGOA were examined, including the printability, elastic modulus, and
rheological behaviors. Evaluation of the printability of the bioinks of different compositions
was performed by a continuous flow of fluids using coaxial nozzles. Briefly, 2% w/v or 3%
w/v alginate combined with 5% wi/v or 7% wi/v of GelMA could be bioprinted smoothly
(Figure 2A). The hollow tubes could be bioprinted continuously when the flow rate of the
inner CaCl, solution (0.3 M) was 1.5 folds (35 pL-min~1) that of the middle bioink phase
(52.5 pL-min~1), while the flow rate of the outer CaCl, solution was set at half (17.5 pL-min

_:I_)l

The viscosities of the bioinks were further analyzed by rheological measurements (Figure
2C). The results showed that the bioink viscosities increased with higher concentration of
alginate, and higher concentration of PEGDA/PEGOA also made the bioink more viscous.
Moreover, the viscosities of the bioinks decreased when the shear rate increased indicating
their shear-thinning properties, which is comparable to our earlier studies®.
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To measure the mechanical properties of the crosslinked bioinks, the compression tests were
performed. Air bubbles trapped inside the bioink were removed by vacuum decompression
before crosslinking, as entrapped air could create defects[®]. The results showed that the
compressive moduli of the crosslinked bioinks were enhanced by increased concentration of
PEGDA or PEGOA (Figure 2B). The enhanced mechanical properties of the hydrogels
could sufficiently support perfusable hollow or one end-blinded tubular constructs when
internal and external pressures are applied.

Based on the mechanical tests, we selected 7% w/v GelMA together with 3% w/v alginate,
and <4% w/v PEGDA/PEGOA as the bioink for bioprinting the vessels in subsequent
experiments.

2.4 Permeability evaluations of the bioprinted hollow tubes

2.5

The permeability of blood and lymphatic vessels inside a tumor tissue is a fundamental
property that affects drug transport and efficacyl’%-72]. The perfusable tubes were bioprinted
in a microfluidic bioreactor and embedded in the GelMA matrix (Figure 3A), and different
formulations of the bioinks and the GelMA matrices were examined. The permeability of
the vessels was measured by FITC-BSA diffusion at different times. The diffusional
permeability of BSA (Pgsa) of bioprinted hollow tubes made with bioinks containing
PEGDA or PEGOA were calculated (Figure 4A). We observed that for the bioink
formulation containing 4% w/v PEGDA, 3% w/v alginate, and 7% w/v GelMA, while 5%
w/v GelMA in the tumor chamber, the Pgga was calculated as 5.07 + 0.407 x 10~/ cm-s™1,
Contrarily, for the bioink having 4% w/v PEGOA, 3% w/v alginate, and 5 % w/v GelMA,
with 5% w/v GelMA in the chamber, the Pgga Was 1.76 + 0.623 x 1078 cm-s~1 (Figure 4B).
Based on these results with permeability values matching those of the native blood and
lymphatic vessels that had been previously measured in viva8l, we selected the bioink
containing 3% w/v alginate, 4% w/v PEGDA, and 7% w/v GelMA to for bioprinting the
perfusable blood vessels, the bioink made of 3% alginate, 4% w/v PEGOA, and 5% w/v
GelMA to bioprint one end-blinded lymphatic vessels, and 5% w/v pure GelMA as the
tumor matrix for the subsequent experiments. However, it should be noted that these
permeability values represent those in the bioprinted hollow channels only and not when
encapsulated in the hydrogel matrices. The permeability of the latter can be directly
calculated using our recently developed model[73].

Integration with tumor cells

The structure of the TOC-BBL model and its operational procedures are shown in Figure
3B. TOC-BBL was designed to be a microfluidic platform with two types of fluid flows, 7.e.,
those in the blood vessel (perfusable tube) and the lymphatic vessel (one end-blinded).
These microchannels were configured in a 3D geometry by embedding the bioprinted vessel
pair in a GeIMA matrix inoculated with MCF-7 breast cancer cells. In Figure 3B, the red
channel in the schematic indicates the perfusable tube simulating the blood vessel (GelMA/
alginate/PEGDA; Pgsa = 5.07 + 0.407 x 10~/ cm-s~1), while the yellow channel represents
the lymphatic vessel (GelMA/alginate/PEGOA, Pgsa = 1.76 x 0.623 1076 cm-s™1).
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2.6 Transport of drug molecules in the TOC-BBL system

2.7 Effects

One of our primary aims was to develop an /n vitro anti-tumor drug screening system
reproducing the /n vivo physiology of the tumor microenvironment for cancer research and
drug development. We first compared the diffusion of fluorescein isothiocyanate (FITC) in
one- and two-channel configurations with or without cells to examine the drug transport
rates at different times in our TOC-BBL (Figure 5). It was observed that when the TOC-
BBL tumor chamber contained the MCF-7 (5x 107 cells-mL™1) cells encapsulated in GelMA
for 3 days, the transport of FITC was slower as compared to the tumor chamber only having
pure GelMA without cells. The delayed transport of FITC was possibly due to the high
density of tumor cells (MCF-7) in the chamber slowing down the transport of drugs, and
perhaps also uptake of the molecules by the cells[74]. Indeed, it was revealed that increased
density of the cells in the GelMA matrix further induced monotomic decrease in the
transport of FITC. Meanwhile, the microcirculation system containing not only the blood
vessel but also the draining lymphatic vessel accelerated the diffusion of FITC (M, =
389.38 D).

To better understand the performance of our TOC-BBL, we further examined molecules
with different molecular weights to observe their differential permeability. Moreover,
diffusion profiles of FITC-BSA (M,, ~68 kDa) and FITC-dextran (M, ~10 kDa) in the
TOC-BBL platforms were monitored for 24 h (Figure 6A). Doxorubicin (DOX, My, =
579.98 Da) diffusion was further evaluated, to verify the performance of the TOC-BBL
system in anti-cancer drug transport, where we experimented different conditions in one-/
two-channel configurations with/without tumor cells (Figure 6B). The diffusion rate of these
molecules and drugs showed that the TOC-BBL platform could serve as an effective /n vitro
drug screening model. Analyzing the results, we noticed much faster DOX accumulation
than FITC-dextran under similar conditions (£<0.05). The diffusion profiles in the one-
channel (only blood vessel) configuration were quite different from the TOC-BBL systems
encompassing the blood vessel-and-lymph drainage microcirculation system, where the
diffusion rates were much higher for all molecules/drugs assessed as compared to those
when the chips only contained single blood vessels (Figure 6C). Drug diffusion in vivo
depends on the following three aspects: physical and chemical properties of drugs(’®] and
the structure and physiological function of the absorptive sitesl’6]. Therefore, it is very
important to study drug diffusion behaviors in a biomimetic tumor model where the various
microenvironmental properties can be precisely controlled!””]. To this end, we bioprinted the
hollow tubular blood and lymphatic vessels with different permeability by adjusting the
proportions of PEGDA/PEGOA in the bioink and embedded in the TOC-BBL platform
containing well-defined GeIMA matrix, to tune the diffusion coefficients for various
biomolecules and drugs using a purely biomaterials approach by effectively regulating the
density of the hydrogelsl78l.

of DOX delivery on cell viability

The effects of DOX perfusion on the MCF-7 breast cancer cells embedded in the GelMA
matrix in the TOC-BBL platform was investigated at different time intervals. The cell
viability was then assessed using live/dead staining. As shown in Figure 7A and B, post-
cultivation in the bioreactor the viability of the MCF-7 cell was more than 90% measured at
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all time points. Cytochemical analysis with F-actin/4’, 6-diamidine-2-phenylindole (DAPI)
staining was conducted to observe spreading and proliferation of the encapsulated cells at
different times (Figure 7A), where confluence of the cells was achieved at Day 5.

We further compared the therapeutic effects of DOX delivery on the cells in cases of one
channel (blood vessel-only) or two channels (blood and lymphatic vessel pair) in our TOC-
BBL. Similar to the dye molecules, we found a comparatively reduced transport rate of DOX
in the presence of MCF-7 cells compared to when there were no cells in the GeIMA
hydrogel matrix (P<0.01, Figure 7C, D), indicating the possibly blockage and uptake of the
DOX by the cells on the path. Moreover, the cell viability was greatly increased in the
presence of two channels (blood/lymphatic) in comparison with only one (blood) channel
(Figure 7C, D). The high cell viability in the two-channel system might be attributed to the
timely elimination of DOX by the lymph drainage system, while in the case of only single
perfusable channel the drug molecules would accumulate in the tumor mass, causing higher
dosage. The dose-response curves for 2D/3D cultured MCF-7 cells are shown in Figure 7C,
and the ICgq values of DOX in MCF-7 were 0.30 uM in 2D while 6.2 uM in 3D. The dose-
responses and morphologies of cells presented the significant differences between 2D and
3D cell cultures (Figure 7E, F). The diffusion profiles of these molecules and drugs showed
that the TOC-BBL platform could potentially serve as an effective in vitro drug screening
model in the future with further optimizations. Our results indicated the importance of
including a draining lymphatic vessel in the TOC-BBL system to tune the transport profiles
of anti-cancer drugs, and by varying the bioink composition the permeability values could be
easily modulated possibly relating to that of different vessel types inside a tumor volume.

Furthermore, we studied the potential effects of cells on drug transport behaviors.
Specifically, human umbilical vein endothelial cells (HUVECS) and human lymphatic
endothelial cells (HLECs) were seeded onto the surfaces of the bioprinted blood vessels and
lymphatic vessels, respectively. It was shown that both of the two types of endothelial layers
could be formed with cells strongly expressing junction biomarker CD31 (Figure S2). We
subsequently compared the diffusion rates in groups with and without these endothelial
cells. We found that, as anticipated, the diffusion rates in the groups containing HUVECs
and HLECs were slower than the respective groups without cells (Figure S3), potentially due
to the formation of tight junctions by these cells that served as another layer of barriers on
top of those formed by the materials themselves. Indeed, the inclusion of the endothelial
cells would make the model more biologically relevant; however, the improved barrier
function, as brought by these cells, could still be realized through adjustment our bioink
formulations, while the latter is more convenient to achieve.

3. Conclusions

We have reported the bioprinting of blood and lymph vessel pair in a TOC-BBL platform
reproducing the microcirculation featuring both delivery and drainage routes to better mimic
the transport kinetics of biomolecules and drugs. The platform although in its current form is
not high-throughput, it could still offer a convenient way for in vitro drug screening by
taking into consideration the microcirculation based on the bioprinted blood and lymphatic
vessel pair. In addition, while both the perfusable blood vessels and lymphatic vessels we
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utilized in the current work were cell-free and lacked endothelial cell lining and active
transport capacity, our TOC-BBL is anticipated to provide understanding of the kinetics of
drug and biomolecule transport when diffusion is the primary factor. We observed that the
permeability parameters of the bioprinted blood and lymphatic vessels could be controlled
by precisely tuning the composition of the bioink, which could meet the different biological
needs for delivery and drainage channels under various scenarios. Nevertheless, studies on
tumor metastasis might be limited using our platform, due to the need for denser materials
for tuning the permeability of our bioprinted vessels. Moreover, since in the present study
only one pair of relatively simple blood and lymph vessels was analyzed, extensive research
using more complex network of blood and lymphatic vessels may be required to delineate
explicit knowledge of drug diffusion and removal phenomenon in the complex tumor
microenvironments featuring hierarchically arranged blood and lymphatic vessels. Further
research using more complex ECM protein compositions and various stromal cells is also
required.

4. Experimental Section

Cells and materials

MCF-7 human breast cancer cells (HTB-22, ATCC, USA) were cultured using Dulbecco’s
modified Eagle medium (DMEM, ThermoFisher, MA, USA) supplemented with 10% v/v
fetal bovine serum (FBS, ThermoFisher). HUVECs (cAP-0001, Angio-Proteomie, USA)
and HLECs (CC-2810, Lonza) were cultured in their respective recommended media by the
vendors. CaCl,, ethylene diamine tetraacetic acid (EDTA), and Pl (2-hydroxy-4’-(2-
hydroxyethoxyethoxy)-2-methypropiophenone), FITC, FITC-BSA, and FITC-dextran were
purchased from Sigma-Aldrich (USA). PEGDA and PEGOA were purchased from JenKem
Technology, USA. Phosphate-buffer saline (PBS), paraformaldehyde (PFA), Live/Dead
Viability/ Cytotoxicity kit, Alexa 488-phalloidin, and DAPI were purchased from
ThermoFisher, USA. Ultrapure water with an electrical resistivity of 18.2 mQ was obtained
from the Mili-Q purification system (Millipore Corporation, USA). Needles of different
sizes (14G, 18G, and 25G) were purchased from BD Biosciences, USA.

Preparation of GelMA

GelMA with moderate degree of methacryloyl substitution was synthesized as reported
previously[®9]. To determine the degree of functionalization (DoF) value, we obtained the 1H
NMR spectra of GelMA in D,0. 3-(Trimethylsilyl)-1-propanesulfonic acid sodium salt was
used as the internal standard with a known concentration (20 mg mL™1) and pristine gelatin
was used as the control. Two peaks at chemical shifts & of ~5.4 and ~5.6 ppm were
attributed to the protons in the methacryloyl groups, while & = 0 ppm showed the -CH3
groups in the trimethylsilyl group (Figure S4). Based on the integral area of these peaks, we
could calculate the DoF value of GelMA as 39%. The fluoroaldehyde assay method showed
a similar value that was comparable to that obtained from the 1H NMR spectra.

Preparation of bioinks and the bioprinting procedure

The bioinks were prepared by mixing different concentrations of GelMA, alginate, and
PEGDA or PEGOA in ultrapure water, finally 0.5% w/v Pl was also added in the prepared
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solution. Later, all the solutions were filtrated with 0.2 um syringe filters, kept at 4 °C (for
storage), while warmed at 37 °C for 0.5 h prior using.

A custom-made coaxial nozzle device containing three injection channels with different
needle sizes was manufactured (Figure 1E). Briefly, needles of 25G, 18G, and 14G were
utilized for making inner core, middle layer, and outer sheath, respectively. Junction points
were sealed permanently using epoxy glue (Devcon, USA). A commercial bioprinter (Allevi
2, Philadelphia, PA, USA) was utilized to host this custom-made nozzle device for
bioprinting. The needles were connected to three separate pumps for extrusion via polyvinyl
chloride (PVC) tubes. The bioink was delivered at 35 uL-min~1 through the middle layer
(20-50 pL-mL~1) while the CaCl, solutions (0.3 M) were ejected from both the inner (52.5
uL-min~1) and outer (17.5 pL-min1) layers to immediately crosslink the alginate
(component within the bioink) and to obtain the tubular structures. UV light was illuminated
6.9 mW-cm~2 of UV light for 40 s at the outlet of the nozzle device for covalent crosslinking
of the GeIMA and PEGDA/PEDTA components, followed by immersion in a 20 mM EDTA
solution for 5 min to remove the alginatel’®]. Alginate in the bioink served as a sacrificial
ingredient, removed later on, and hence afford more permeable hydrogel.

The bioink optimization: mechanical properties

The mechanical properties of the bioinks were determined via printability, rheology, and
compress tests. The measurement of printability of bioinks is based on if the bioinks could
be smoothly extruded to form uniform tubular structures via the coaxial nozzle. The
measurement of printability was based on if the bioinks could be smoothly extruded to form
uniform tubular structures via the coaxial nozzle. To prepare the test samples, different
concentrations of GelMA (3% wi/v, 5% w/v, and 7% wi/v), alginate (1% w/v, 2% wi/v, 3%
wiv, and 4% wi/v), and PEGOA or PEGDA (1% w/v, 3% wi/v, 5% w/v, 7% wi/v, and 10%
wi/v) were dissolved in ultrapure water. The different formulations of bioinks were extruded,
and the bioprinted tubular structures were analyzed.

The rheological properties of bioink with different components were measured using a
rotational rheometer (Anton Paar RHEOPLUS-32, USA). Various concentrations of GeIMA,
PEG, and alginate in the blend bioink was measured as reported in previous studies!8%: 811,

For the compression test of the samples, bioink was both ionically and photo crosslinked.
The bioink was pipetted to a prepared cubic PDMS mold (4 x 4 x 4 mm?3) and soaked in 0.3
M CaCls solution for 2 min, followed by exposing to 6.9 mW-cm=2 of UV light for 40 s,
immersion with 20 mM EDTA solution for 5 min, and washing with ultrapure water for
three time at 37 °C before testing. During the testing, the compressive strength of the
samples was assessed at a cross speed of 30 mm-s~t and a 60% strain level according to
previously reported procedures®8] using a mechanical testing machine (Instron model 5542,
Norwood, MA, USA) at 37 °C.

The Bioink optimization: permeability of the hollow tubes

Permeability was tested in the microfluidic bioreactor (Figure 3A). The designed bioreactor
consisted of two hemi-chambers and arranged by a pair of rigid supports made of PMMA
and two complementary PDMS micro-fabricated gaskets. Both PMMA layers were
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rectangular in shape (5 x 1.5 x 0.4 cm?3) and contained 4 clearance holes, allowing
mechanical sealing of PDMS (5 x 1.5 x 0.8 cmS3), sandwiched in between using sets of
screw and nuts guaranteeing the hydraulic tightness, resulted thickness of the bioreactor
chamber was 1.6 cm. The main chamber of the bioreactor was squared (4 x 4 mm?),
tightened sets of screws fixed the hydrogel and the bioprinted vessel pair in place. The inlet
and outlet channels of the bioprinted blood/lymphatic vessels were connected with steel
connectors (27G, 0.4 mm in diameter) and these connectors further connected with PVC
tubes to aid flow of the drugs into the vessels or to drain the interstitial liquid. After
perfusable vessel was bioprinted in the bioreactor, 0.2 ml of 5% w/v GelMA having 0.5%
wi/v Pl was added in the chamber embedding perfusable bioprinted vessel, and crosslinked
under 500 mW-cm~2 of UV light for 30 s. FITC and FITC-BSA (50 pg-mL™1) were
introduced through the perfusable tube by peristaltic pump at 1 uL-s™1. Fluorescence images
were taken at different times in the bioreactor at 37 °C using a Ti-U microscope (Japan).
Effect diffusional permeability coefficients (Pq4) were calculated by the following equation:

Py = (1/A1)(81/5t)(d/4). Eq.1

, where Al is the difference in averaged intensities of the 60 min and background images, 8l
is the difference between 55 min and 60 min images, 6t is 5 min, and d is the diameter of the
tubel®2]. Standard curves verified that the fluorescence signal was proportional to
fluorophore concentration in the range of 0.2-50 pg-mL™1.

Fabrication of one end-blinded vessels using bioprinting

To mimic the structure of lymphatic vessels, CaCl, flow was controlled and discontinued
through the inner layer of coaxial nozzle device to form channels with one end closed and
crosslinked with lymphatic vessel bioink to form hollow or solid tubes.

Construction of TOC-BBL

The coaxial nozzle was attached to bioprinter to control the precise assembly of the vessels.
The bioreactor was partly modified from the bioreactor used for measurement of
permeability. The main chamber contained two pairs of inlet and outlet channels for
connecting the bioprinted blood and lymphatic vessel. For biomolecule/drug delivery within
the blood vessel, both inlet and outlet were connected, while in the case of lymphatic vessel,
only the open end was connected for applying the draining pressure to ensure the removal of
the drugs. Then, 5% w/v GelMA containing different initial concentrations of MCF-7 cells
(1% 108, 5% 10%, 1 x 107, 5x 107 cells-mL~1) was added into the main chamber (to perform
different biological assays) after the tubes were bioprinted and connected.

Calculation of drug transport metrics

The transport of FITC-BSA (50 ug-mL™1), FITC-dextran (50 pug-mL™1), and DOX (0.5 pM)
in TOC-BBL was calculated by Fick’s Law:

M/M, = 4(Det/n62) Eq. 2
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, where M is the concentration of related solution at time, M, is the concentration of
solution at infinite time, M{/M is the fractional release, Dy is the effective diffusion
coefficient, zis time, and & is half of the hydrogel thickness. From Fick’s equation, it follows
that M/Mc is directly proportional to t*2 and a plot of My/Mco Versus t*2 would give D [83].
A mass balance was performed to find My, which can be can be calculated from the intensity
of fluorescence according to the standard curvel84-891. All the experiments were refined until
the diffusion of three sequentially refined models differed by <1%.

To create biologically relevant vessels, HUVECs and HLECs were seed in the interior
surfaces of the bioprinted blood and lymphatic vessels, respectively, at 1x 107 cells-mL™1,
After 4 days of culture, both of the vessels were stained with anti-CD-31 (ab24590, 1:200)
and incubated with Alexa Fluor-588 goat anti-mouse 1gG (1:500), and nuclei was counter-
stained with DAPI (1:500). Images were obtained using a confocal laser scanning
microscope (LSM880, Zeiss). Both of the endothelialized vessels were assembled as in the
case without the cells to form the TOC-BBL, where the transport of DOX (0.5 uM) was
calculated.

Post-treatment viability assay and dose-responses of DOX

A Live/Dead Cell Viability Kit was used to assess cell viability at different time points
(Days 1, 3, 5, and 7), by following the manufacturer instructions. For F-actin staining, the
samples were fixed on different days (Day 1, 3, 5, and 7) with 4% w/v PFA for 1 h at room
temperature, and soaked in 0.1% w/v Triton X-100 in PBS for 30 min, while non-specific
binding was inhibited using 10% wi/v bovine serum albumin (BSA) for 1 h at room
temperature. Samples were then incubated with F-actin at 1:40 dilution in 10% w/v BSA and
1x PBS solution, overnight at 4 °C. Nuclei of the cells were stained by DAPI, and images
were observed using a fluorescence microscopel®0.

For 2D monolayer culture, 1000 cells per well were seeded in to 96-well microplates.
Following a 24-h incubation, the cells were exposed to DOX and incubated for 6 days. A
dose-response curve for DOX was obtained with final concentrations per well between 0.2
nM and 200 pM (12-point dose-response curve). At the conclusions of both 2D/3D assays, a
final concentration of 600-uM PrestoBlue cell viability reagent (Thermofisher) was added to
each well and incubated for 4-6 h at 37°C. The intensity was detected using a microplate
reader (570 nm, INFINITE M PLEX, Tecan). In addition, 3D cell cultures were also
measured for viability at the conclusions of the assays with the addition of 2 uM calcein AM
dye (Life Technologies).

Statistical analysis

T-test was used to compare between two groups. Statistical significance was determined at
£<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic showing the biomimetic /n vitro model of tumor-on-chip with bioprinted blood
and lymphatic vessel pair (TOC-BBL). A) The complex tumor in vivo structure. B) The
simplified model of blood and lymphatic vessel pair in the tumor microenvironment. C)
Schematic of the TOC-BBL containing the pair of bioprinted blood/lymphatic vessel pair.
The red-colored perfusable hollow tube was bioprinted to privide blood fluid flow, the
yellow-colored one end-blinded hollow tube was bioprinted to enable lymphatic drain flow,
and the chamber was seeded with tumor cells embedded in an ECM-like hydrogel. D) The
composition of the bioinks used for bioprinting the blood vessel and the lymphatic vessel. E)
The setup of a multi-layer, concentric, coaxial nozzle for co-delivery of the bioink and the
crosslinking agent. F) The bioprinting of the two different hollow tubes using the perfusable
hollow tube mimicking the blood vessel and the one end-blinded hollow tube mimicking the
lymphatic vessel.
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Figure2.

The mechanical properties of the bioinks. A) Printability mapping of the bioinks; o:
printable, x : non-printable. B) Elastic moduli of bioinks composed of 3, 5, and 7% w/v
GelMA, 2 and 3 % w/v alginate, as well as the different concentration of PEGDA/PEGOA.
C) Viscosity measurements and rheological behaviors of 5% w/v GelMA, 3% w/v alginate,
and 4% w/v PEGDA/PEGOA alone, and the blend bioink at various concentrations. All
measurements were performed at room temperature.
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Perfusable

Figure 3.
The chip design for perfusable detection. A) Schematic diagrams of the permeability test.

The perfusable hollow tube was bioprinted and embedded in the chamber, and the chamber
was filled with GelMA and crosslinked under UV. After the two middle PDMS layers and
the two outside PMMA layers were fixed with screws and nuts, the test molecule solution
was injected by a syringe pump at 1 ml min~1, and the time-lapse images were acquired
under fluorescence microscope and analyzed for fluorescence intensities. B) Schematic
diagram of the diffusion test. The bioprinted perfusable blood vessel (red) and the one end-
blinded lymphatic vessel (yellow) were embedded in GeIMA with/without tumor cells in the
lower half of the chamber. The medium for the tumor cells was filled in the upper half of the
chamber. After the device was assembled, a solution of fluorescent molecules or DOX was
perfused by a peristaltic pump from the blood vessel and diffusion measured at the different
times, in the presence or absence of the lymphatic vessel. When the lymphatic vessel was
present, a draining flow was applied.
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Figure 4.

The permeability of BSA in different vessels. A) Fluorescence images of BSA-FITC
perfused in the hollow tubes bioprinted with different bioinks at different time points. B)
The different permeability of BSA measured for the hollow tubes bioprinted using bioinks
containing various concentrations of PEGDA/PEGOA and different concentrations of
GelMA as the embedding matrix.
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FITC transport in the TOC-BBL. A) Diffusions of FITC were examined in one-/two-channel
configurations with different concentrations of tumor cells. B) The comparisons of diffusion

constants of various biomolecules and DOX measured in the TOC-BBL. * P<0.05.
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Figure®6.
Biomolecule and drug transport in the TOC-BBL. A) FITC with different molecular weights

were examined for their diffusion profiles in the TOC-BBL under the two-channel
configuration. B) The diffusions of DOX were examined in one-/two-channel configurations
in the TOC-BBL. C) The comparisons of diffusion constants of various biomolecules and
DOX measured in the TOC-BBL. * P<0.01.
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Figure 7.

Anti-cancer drug effects in the TOC-BBL. Anti-cancer drug effects in the TOC-BBL. A)
Fluorescence micrographs showing viability and spreading of MCF-7 cells in the GeIMA
matrix in the TOC-BBL at different time points. B) Quantification of cell viability in the
TOC-BBL. C) Fluorescence micrographs showing cell viability in the TOC-BBL after DOX
delivery (0.5 uM) at 24 h in one-/two-channel configurations. D) Quantification of cell
viability. E) Dose-response curves of 2D and 3D-cultured MCF-7 cells to DOX. F)
Fluorescent micrographs showing viability of 2D- and 3D-cultured MCF-7 at different
concentrations of DOX. * P<0.01.
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