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Abstract

The development of 3D in vitro models capable of recapitulating native tumor microenvironments
could improve the translatability of potential anticancer drugs and treatments. Here, 3D
bioprinting techniques are used to build tumor constructs via precise placement of living cells,
functional biomaterials, and programmable release capsules. This enables the spatiotemporal
control of signaling molecular gradients, thereby dynamically modulating cellular behaviors at a
local level. Vascularized tumor models are created to mimic key steps of cancer dissemination
(invasion, intravasation and angiogenesis), based on guided migration of tumor cells and
endothelial cells in the context of stromal cells and growth factors. The utility of the metastatic
models for drug screening is demonstrated by evaluating the anticancer efficacy of immunotoxins.
These 3D vascularized tumor tissues provide a proof-of-concept platform to i) fundamentally
explore the molecular mechanisms of tumor progression and metastasis, and ii) preclinically
identify therapeutic agents and screen anticancer drugs.
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Graphical Abstract

A migration-inducing, vascularized tumor model platform is created via 3D bioprinting of
cells, natural hydrogels, and programmable release capsules. These cell-laden architectures are
designed to recapitulate the primary characteristics of metastasis. The 3D models both physically
and chemically reconstruct the tumor microenvironments with high spatiotemporal resolution,
offering a tool to bridge the gap between monolayer cell culture and animal models.
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A major challenge in the clinical translation of potential anti-cancer drugs and treatments is
the discrepancy in the in vitro to in vivo efficacy of candidates.l!] Indeed, models using
conventional 2D cell culture monolayers on flat surfaces often have difficulty in accurately
recapitulating the characteristics of native tumor microenvironments.[2:3] To better capture
the specificity and complexity of living tissues, 3D culture platforms have been developed to
re-establish physiological cell-cell and cell-extracellular matrix (ECM) interactions.[2~7]
Recent studies have demonstrated that 3D cultured tumor cells, typically cell spheroids and
hydrogel scaffolds, more closely mimic their natural behaviors in vivo at both phenotypic
and genotypic levels, and in their response to anticancer drugs.[>-191 However, other
components, including stromal cells,[*1] endothelial cells,[*2] and immune cells, 23] also
significantly contribute to tumor development and progression. 3D coculture of tumor cells
and fibroblasts has further improved the overall biological relevance of in vitro models.
[14-16] The introduction of microfluidic systems as vascularized models has provided
valuable insights into tumor invasion, intravasation and extravasation.[17-20] Many
challenges still remain in reconstructing microenvironments, where tumors originate, with
precise spatial placement and arrangement of numerous critical components. More critically,
the metastatic nature of cancer remains a major prognostic and therapeutic challengel?!] and
these physical translocations of tumor cells are regulated by various chemical signals.[22]
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Engineering a migration-inducing chemical microenvironment is indispensable for the
creation of a feasible in vitro platform to address metastatic studies,[3:221 which has not yet
been achieved by current tumor models. Hence, there is a need to develop more precise
models that incorporate these elements of tumor microenvironments for the study of
multilevel interactions that occur at adjacent and distant sites.[23]

3D bioprinting provides a novel approach to the design and fabrication of complex tissue
constructs in vitro.[24-281 |t allows for the integration of numerous combinations of living
cells and supporting matrices with precise spatial control, resulting in the engineering of
numerous tissues with promising biomedical applications.[2%-37] The bioprinting technique
has been demonstrated to offer new possibilities in advancing cancer research by creating
vascularized tissues[26:33:38.39] and positioning tumor cell-laden hydrogels.[4041] 3D printing
has also been used to construct dynamic chemical environments: biomolecular gradients can
be created and manipulated within matrices via the programmable release of 3D printed
stimuli-responsive core/shell capsules.[42] These capsules are comprised of an aqueous core
with a payload of functional molecular factors and a biocompatible polymer shell containing
plasmonic gold nanorods (AuNRs). The aqueous cores maintain the activities of the
biomolecular payloads, while the photothermal response of the AUNRS permits selective
rupturing of the capsules when irradiated with a resonant laser wavelength determined by the
aspect ratio of the nanorods. This approach allows for both spatial (via the 3D printing) and
temporal (via the triggered release) generation of chemical cues in 3D matrices, enabling
postprint dynamic regulation of cellular behaviors at a local level. Combining these 3D
printing approaches with 3D cellular bioprinting may provide a promising combination of
tools to create complex tumor constructs accompanied by multiplexed chemical signals, with
high spatiotemporal resolution,[43] beyond what is possible with conventional fabrication
technologies.

In this study, our objective was to design and construct in vitro tumor models via physical
and chemical means to approximate the tumor microenvironment properties critical to
several key components of metastatic dissemination, including invasion, intravasation and
angiogenesis. By taking advantage of 3D bioprinting, clusters of tumor cells, stromal cells,
and infused vascular cells were precisely placed according to their physiological functions.
Meanwhile, extracellular chemical gradients were dynamically manipulated via 3D printed,
nanomaterial-functionalized, stimuli-responsive capsules containing growth factors, enabling
postprint cellular modulation. As a proof of concept, we demonstrate that these vascularized
constructs can serve as versatile preclinical tools for high-throughput anticancer drug
screening.

The conceptual design of the metastatic models is illustrated in Scheme 1. First, extracellular
biomolecular gradients are dynamically generated within 3D hydrogel matrices via
controllable release of 3D printed stimuli-responsive microcapsules, mimicking chemical
environments in tumor tissues and directing cell migration. Second, perfusable vessels are
introduced to provide vascular conduits, allowing for the study of tumor cell intravasation
through an endothelial barrier, thus resulting in circulating tumor cells (CTCs). Finally,
multiple chemotactic pathways are programmed to guide both tumor cell invasion and
angiogenesis, creating a metastatic model to recapitulate the initiation of cancer spreading.
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The concept of modularity was utilized to construct these models. Individual bioprinted
modules with specific physiological functions were assembled to reconstruct tumor
microenvironments (Scheme 1), which included i) the tumor cell droplet as the primary
tumor, ii) the endothelialized microchannel as the vascular conduit, iii) the fibroblast-laden
natural hydrogel as the tumor stroma, and iv) 3D printed programmable release capsules as
the sources of chemical signal gradients.

3D printed programmable release capsules triggered by laser irradiation (Figure 1a),[42]
developed in our previous work, were used to both temporally and spatially create gradients
of chemotactic agents. In order to simulate the dynamic chemical environment of tumor
tissue, the stimuli-responsive core/shell capsules were designed to meet the following
criteria: i) the biomolecular release and gradient maintenance should match the timescale of
cellular activities; ii) the stimulation that triggers payload release should not affect the
viability of cells; and iii) activities of biomolecular payloads should be retained both before
and after laser-triggered release.

To match the timescale of potential cellular activities in this study, rather than using a
viscous aqueous solution, the crosslinked gelatin methacrylate (GelMA) hydrogel was
chosen as the supporting material for cores, owing to its previously demonstrated application
in controlled drug release.[3444] Meanwhile, poly(lactic-co-glycolic) acid (PLGA) shells
were functionalized by AuNRs as photothermal agents with absorption at 700 nm, in order
to respond to a near-infrared (NIR) laser of wavelength 783 nm. This mismatch of
wavelength is attributed to the redshift of the localized surface plasmon resonance (LSPR)
peak, ranging from ~50 t0100 nm, when AuNRs are incorporated into a polymer film with a
refractive index greater than aqueous solutions.[42] The utilization of a NIR laser and the
localized heating arising from absorption in the AUNRS are expected to minimize any side
effects of irradiation on cell viability and activity of biomolecular payloads.[4245] Natural
fibrin hydrogel was chosen as the 3D matrix, serving as a main component of the stroma in
the tumor models due to its biocompatibility and biodegradability, allowing cells to remodel
their own extracellular microenvironments.[46]

Epidermal growth factor (EGF), a well-known chemoattractant of carcinoma cells involved
in tumor progression,[47] was encapsulated to test the feasibility of spatiotemporal control of
payload release from the core/shell capsules. The laser-triggered progression of gradual EGF
(Texas red-labeled) release from a single capsule over a 2-day period within the fibrin gel is
shown in Figure 1b and quantitated by the time-dependent decrease of fluorescence intensity
within the capsule (Figure 1c, red curve). As expected, the capsules preserved growth factor
payload within the polymer shell before laser rupture (black curve). Compared to payload
release from bare cores (blue curve), a low level of passive leakage was detected from
capsules, which may be due to slow hydrolysis of PLGA within the hydrogel matrix. To
demonstrate spatial control with the capsules, we printed arrays of cores containing varying
volumes. Figure 1d shows a representative linear array of EGF capsules with 750 pm center-
to-center spacing covered by a fibrin gel. The volumes of the printed capsules were
controlled with nanoliter resolution via tuning the dispensing time. Capsules were
sequentially ruptured using a NIR laser. Fluorescence (Figure 1d) and brightfield (Figure
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S1la, Supporting Information) images show that individual capsules could be precisely
triggered, demonstrating high-resolution spatial control over payload release.

Next, we investigated whether released growth factors could form and retain a chemical
gradient within a 3D fibrin gel. Due to the impracticality of noninvasively performing an
accurate assessment of molecular concentration within a hydrogel matrix, we instead
designed two built-in chambers (I and 1) located at each end of the fibrin gel, allowing us to
independently measure the levels of EGF that collected in the culture medium contained in
the chambers. The relative locations of chambers are depicted in the inset of Figure 1e, and
the design of the entire test chamber is shown in Figure S1b (Supporting Information). As
shown in Figure 1e, the level of EGF detected in Chamber | (closer to the capsule) was
always higher than in Chamber 11 (further away), after laser-rupturing the printed capsule. A
significant difference could be observed 6 h following release of EGF and was maintained
until at least 48 h (Figure Slc, Supporting Information), which indicated the generation of
an EGF gradient within the fibrin gel. Both progressive molecule release at a moderate rate
and relatively slow diffusion within the gel may contribute to the retention of this gradient.
Thus, by combining the advantages of both temporal and spatial manipulation of molecular
gradients, these 3D bioprinted programmable release capsules provide an approach to
chemically reconstruct dynamic extracellular microenvironments in 3D hydrogel matrices.

We next determined whether the EGF gradients generated by programmable release capsules
could be used to guide tumor cell migration, the most critical step in metastasis.[48] As
shown in Figure 2a, a droplet of fibrin loaded with green fluorescent protein (GFP)-A549
lung cancer cells (carcinoma) was printed between linear arrays of chemoattractant capsules
(right) and blank control capsules (left), within a designed culture chamber (Figure 2b). The
linear array was aligned to induce one-way cell migration. The 3D printed chamber allowed
us to test five groups of migration samples in parallel under identical conditions. In a typical
configuration, the printed droplet defined the primary site of the tumor cells. To generate a
long-lasting EGF gradient, capsules were ruptured sequentially at 2-day intervals, starting
with the capsule closest to the cell droplet. Concomitantly, a corresponding control capsule
was also ruptured. It should be mentioned that PLGA shells undergo slow hydrolysis within
the hydrogel, causing limited passive release of payloads. The capsule array design (Figure
2a) using increasing volumes overcomes this potential influence on the gradient formation.

Panoramic fluorescence images (Figure 2¢, Movie S1, Figure S2a in the Supporting
Information showing mono field of view images) show the distributions of A549s over a 10-
day period after rupturing the first pair of EGF and control capsules. By comparing the cell
distributions at each time point (Figure 2c), there are three observations to describe the
cellular activities: i) increased proliferation; ii) expansion in space; and iii) directional
movement. Most of the escaped cells were only found in the EGF capsule region and
increased in number as more EGF capsules were ruptured, demonstrating guided cell
migration. A parallel control experiment without laser rupture revealed that most of the
A549s remained within the original site without any directional migratory behavior (Figure
S2b, Supporting Information).

Adv Mater. Author manuscript; available in PMC 2020 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Meng et al.

Page 6

The cellular growth rates were quantitatively compared between samples with and without
laser-triggered release of EGF by directly analyzing the fluorescence intensity of GFP-
expressing cells. As shown in Figure 2d, the growth of tumor cells was accelerated in
response to released EGF, consistent with previous reports.[9] The migratory behavior was
further quantified by tracking the positions of individual A549 cells or clusters (Figure S2c¢
and Movie S2, Supporting Information). To show that the migration was guided and
directional, the horizontal travel distance of leading cells over time was calculated (Figure
2e). Under the guidance of EGF cues, the maximum cell velocity was 15.48 + 1.05 pm h™1,
in contrast with control capsules which exhibited random movement of cells with a
maximum velocity of 1.21 + 0.57 pm h~1 (approximately one order of magnitude slower).
These results strongly suggest that EGF released from the 3D printed capsules not only
actively promoted the proliferation of A549 cells, but also guided their migration.

To demonstrate the versatility and selectivity of this platform, in parallel we monitored the
activities of GFP-expressing M4A4 cells (a melanoma cell line), as well as red fluorescent
protein (RFP)-expressing human umbilical vein endothelial cells (HUVECS, a vascular
endothelial cell line), in response to EGF capsules sequentially ruptured over 10 days
(Figure S2d,e, Supporting Information). Figure 2f shows that although M4Ad4s could travel
further due to their more aggressive nature, these cells also exhibited directional movement,
supporting the versatility of our model. Specificity was confirmed by the negative migratory
response of HUVECs to EGF gradients. These results confirm that the migration of tumor
cells was effectively guided by using 3D printed programmable release capsules as dynamic
chemoattractant sources.

Together with the dynamic chemical environment, the vascular path, a common route of
metastasis, is another key component of a biomimetic tumor model, as illustrated in Scheme
1. A microchannel created using the pin-molding technique with the support of a designed
culture chamber (Figure 3a) was endothelialized by direct injection of HUVEC suspensions
via capillary action (Figure 3b), and the patency of the vessel lumen was demonstrated by
perfusion of a fluorescent dye-labeled fluid (tuned to a viscosity similar to blood by adding
glycerol) and the absence of instantaneous leakage into the surrounding matrix (Figure 3c).

To mimic the metastatic cascade in the context of cell types relevant to the tumor
microenvironment, we functionalized the vascularized 3D matrix to include spatiotemporal
control over both tumor cell invasion and angiogenesis as illustrated in Scheme 1. By taking
advantage of 3D printing in terms of spatial control, a droplet of A549-laden fibrin,
simulating primary tumor, was placed 1 mm away from the vessel between microcapsule
arrays, while fibroblasts were integrated into the surrounding hydrogel as supporting stromal
cells, promoting the remodeling of extracellular matrix. Figure 3d presents a typical
bioprinted tumor model. The viability of A459s and HUVECs after printing and injection,
respectively, was analyzed (postfabricated viability > 93%; Figure S3, Supporting
Information), suggesting that the fabrication processes minimally impact cells within
bioprinted models.

In addition to tumor cell-attracting EGF, vascular endothelial growth factor (VEGF), a well-
known angiogenic mediator,[47] was also introduced to promote and direct the formation of a
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vascular network from a pre-existing uniaxial vessel, as illustrated in Scheme 1. The images
in Figure 3e (Figure S4a—d in the Supporting Information shows mono field of view images)
show the sprouting process from an existing vessel. Via laser-triggered release of VEGF,
numerous endothelial cells sprouted from the vessel. The sprouts extended with longer
culture time and as more VEGF capsules were ruptured, and the formed vasculature could
be maintained for ~2 weeks. These daughter vessels were only observed on the side of the
mother vessel where VEGF capsules were printed, consistent with the angiogenic process
being guided by VEGF gradients generated from the capsules. To further confirm this
conclusion, we directly mixed VEGF in the gel without the formation of molecular
gradients, and sprouts were found to randomly distribute on either side of the mother vessel
(Figure S4e, Supporting Information).

Since it is possible that the tumor cells and endothelial cells may cross-signal to each other
through cell-secreted mediators, we first verified the source of the growth factors. We
confirmed by quantitative polymerase chain reaction (QPCR) that HUVECs within fibrin
gels did not express EGF when cultured alone or in coculture with A549s (Figure 3f). Tumor
cells are known to secrete proangiogenic factors, such as VEGF, to activate endothelial cells
of pre-existing blood vessels.[5% When cultured alone, A549s expressed VEGF, but the
expression was not enhanced with the introduction of HUVECs. The protein concentrations
of the growth factors secreted from the cells were also measured, and the results were
consistent with gene expression analysis. EGF protein concentration was below the limit of
detection in all samples, whereas 12.8 + 0.3 and 5.1 + 2.4 pg mL~1 VEGF were detected in
3D monocultured A549s and 3D cocultured A549s/HUVECS, respectively. The measured
levels of VEGF were significantly lower than previously reported concentrations that were
shown to induce endothelial sprouts in vitro,[5] and also at least two orders of magnitude
lower than the level of growth factor released from a single printed capsule. These results all
suggest that the capsules are necessary to maintain the chemical gradient for the in vitro
models. Furthermore, the introduction of both growth factors (VEGF and EGF) to
cocultured samples caused the increase of VEGF receptor (VEGFR) expression in HUVECS,
and EGF receptor (EGFR) expression in A549s (comparing red and blue bars in Figure 3f),
indicating the active responses of the cells to the applied factors. Similar results were seen
when M4Ad4s were used in place of A549s, confirming that the results are not specific to the
cancer cell line (Figure S5, Supporting Information).

To initiate metastatic dissemination in the model, EGF capsules were sequentially ruptured
to guide tumor cell invasion and migration, while VEGF was released to modulate sprouting
angiogenesis, via NIR laser irradiation with high spatial control (see the Supporting Note in
the Supporting Information for a discussion on the safety concerns of laser irradiation).
Figure 3g shows the cellular migration patterns in response to these growth factors over time
and demonstrates that both tumor cell invasion and angiogenesis were directed toward one
another. With time, more A549s migrated into the fibroblast-laden fibrin between the tumor
cell droplet and the formed vasculature, while a few tumor cells were found in the main
vessel, indicating their intravasation (days 9 and 12) and spread. It should be noted that these
guided behaviors of tumor and endothelial cells were also seen when fibroblasts were not
incorporated within the surrounding fibrin gel (Figure S6, Supporting Information), further
confirming the critical function of released growth factors in the process. Although there is
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no direct evidence to clarify whether fibroblasts mediated tumor cell intravasation in this
study, these stromal cells did contribute to maintaining the hydrogel matrix, as fibrin gel
could be gradually degraded by tumor cells, especially in the M4A4 model.

Interestingly, the tumor cells that intravasated into the main vascular conduit started to travel
with fluidic flow as CTCs and could be collected within an independent chamber (Figure
3h). This metastatic cell collection chamber was designed to access one end of the main
vessel, which was separated from the main chamber of the structured cell-laden gel by an
impermeable silicone wall (relative chamber positions in Figure 3a and Figure S7 in the
Supporting Information). Since these two chambers could only communicate through the
endothelialized microchannel, the observation of A549s within the collection chamber
further confirmed the intravasation of tumor cells originating from the primary bioprinted
tumor droplet. Figure 3h shows that the number of disseminated tumor cells positively
correlated to tissue culture time. This is likely due to both the metastasis and subsequent
proliferation of disseminated cells, identifying an enriched population of metastatic cells that
can be analyzed for specific CTC characteristics. To verify that the collected A549 cells
were consistent with metastatic cells, the expression of vimentin and N-cadherin—known
markers of carcinoma progression-was analyzed by gPCR.[5253] To demonstrate this
progression, as shown in the bar chart of Figure 3h (inset), both vimentin and N-cadherin of
A549s in bioprinted tumor droplets were upregulated in response to EGF released from
capsules (comparing blue bars to gray bars), indicating the potential of EGF-responsive cells
for increased malignancy.[®#] The expression of the two metastatic markers in disseminated
Ab549s within the collection chambers was significantly increased further (red bars)
compared to the EGF-exposed cells remaining in the gel, confirming that the EGF-induced
relocation of tumor cells resembled metastatic dissemination and enrichment of CTCs. Thus,
this model dynamically mimics the processes of invasion and intravasation, suggesting a
promising tool to explore potential targets for future therapies.

We further tested the feasibility of our in vitro metastatic 3D models as preclinical testbeds.
Since the tumor models are vascularized, in vivo drug delivery can be mimicked by
introducing drugs through the built-in vessel. We tested two immunotoxins that were
developed in previous studies,[®>-57] to demonstrate the screening ability for targeted
therapy. The two drugs were designed to share the same toxin fragments but target different
cell types. The first ligand-directed toxin, EGFAKDEL, consists of EGF and truncated
Pseudomonas exotoxin with a C-terminus of Lys-Asp-Glu-Leu (KDEL) cloned as a single-
chain molecule and targets EGFR-overexpressing A549s. Following the introduction of
EGF4KDEL through the main vessel, the growth of tumor cells was significantly reduced
compared to no drug treatment, and neither guided invasion nor migration was observed
(Figure 4a). The former demonstrates the potency of the engineered drug, while the latter
exhibits the competition between the EGF-linked toxin and the EGF released from printed
capsules, both suggesting that the tumor progression was impeded, consistent with the
previous in vivo animal studies.[5:56] Another ligand-directed toxin, CD22KDEL, was used
as an off-target control. In CD22KDEL, the targeting domain is an anti-CD22 single-chain
variable fragment that binds to the transmembrane protein CD22 specific to B cells. Since
Ab49s do not express CD22, they were not affected by CD22KDEL, similar to the no
treatment control, showing fast proliferation and guided invasion as expected (Figure 4a).
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Growth curves shown in Figure 4b were generated by quantitatively analyzing the
fluorescence intensity of A549s, while tumor cell invasions were quantified by tracking the
leading cells (Figure S8a, Supporting Information). The potency and targeting of anticancer
drugs could be compared over time, as shown in Figure 4c and Figure S8b (Supporting
Information). These results all support the feasibility of using 3D bioprinted tumor models
as preclinical tools for drug screening.

To highlight the advantage of the 3D tumor models in simulating in vivo microenvironments
for target cells, we compared the anticancer effects of the immunotoxin in the 3D bioprinted
tumor model (Figure 4a) to 2D monolayer cultured A549s (Figure S9a, Supporting
Information). The plots in Figure 4d show relative tumor cell viability with the introduction
of EGFAKDEL. Intriguingly, the death rate of tumor cells in the 3D models was lower,
compared to 2D cultured cells on a flat plastic substrate. This observation is consistent with
previous reports on the effect of dimensionality.[®10] However, our model introduces an
endothelial barrier as well as stromal cells. As shown in Figure 4d and Figures S9b,c
(Supporting Information), tumor cells in the presence of fibroblasts exhibited lower
proliferation and lower sensitivity to targeting toxins. This implies a slower diffusion rate
and/or potential binding of drugs by fibroblasts when incorporated in the gel (acting as a
sink). Therefore, these 3D tumor models could provide more meaningful insights into the in
vivo cellular response to drugs—including cell-cell and cell-ECM interactions, endothelial
permeability of drugs, and the influence of stroma—compared to conventional 2D monolayer
culture.

In this study, we have demonstrated the utility of a 3D tumor model platform created by
bioprinting methods, with the incorporation of a functional vasculature and stromal
elements. Guided cell migration and angiogenesis through programmed release capsules
provide a system to dynamically study metastatic processes, while functional vasculature
enables the introduction of tumor-targeting agents, rendering the platform amenable to drug-
screening applications. The incorporation of collection chambers into the design allows for
the study of CTCs that “self-select” in the metastatic process.

Compared to conventional 2D monolayer culture, our 3D bioprinted metastatic tumor
models retain the advantages of other 3D cell culture systems while adding other unique
features. First, the introduction of fibroblasts can facilitate matrix remodeling.[*1] Second,
the built-in vessel offers a tool to study transendothelial behaviors of tumor cells and allows
for the introduction of drug candidates through an endothelial barrier, mimicking in vivo
drug delivery.[58] Third, the model design enables the collection of CTCs that self-select to
intravasate. Finally, cell-cell interactions can be actively guided via biochemical cues
generated at a local level. When compared to other reported vascularized tumor models,
[17-20] the model presented here exhibits several notable advantages. The first is the
development of vasculatures from the guided sprouting angiogenesis of a main vessel with a
diameter of several hundred micrometers to enable a multiscale network, ranging from
venules to capillaries. Second, in terms of parenchyma, tumor cells were printed as cell
cluster droplets, which can spatially define primary sites and yield more insights into
dynamic processes of tumor progression. Third, different from microfabrication-based
techniques, 3D (bio)printing avoids harsh chemicals and thus is more amenable to materials
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and geometry, in order to construct complex tumor tissues with irregular structures. Finally,
the integration of programmable release capsules imbues the capability of postfabricated
modification of 3D printed tumor models via the chemotaxis of cells. This effectively adds a
fourth dimension (temporal control) to 3D tumor models. Even though these printed tumor
models are simplified and cannot fully recapitulate the complexity of the in vivo tumor
microenvironment, they show the potential to provide valuable insights into clinical
translatability beyond traditional laboratory animals:~4.5% in the following aspects: i) the in
vitro models are totally comprised of human cells; ii) simplified chemical environments,
especially the capsule system, allow for the reduction to a few isolated chemical factors,
making it more convenient to define molecular mechanisms, iii) the vasculatures within
these models are uniaxial with a length less than 1 cm, wherein drugs can rapidly target
tumor cells; and iv) ethical issues are minimized by using in vitro models for toxicity assays.

It is well known that the tumor environment is a complex system with multilevel interactions
between numerous components. In addition to tumor parenchymal cells, fibroblasts, and
blood vessels, which have been incorporated within our current models, important
constituents, such as innate and adaptive immune cells, lymphatic vessels, pericytes, and
other stromal cells, also contribute to these microenvironments.[13] Although the simplicity
of the current printed tumor model favorably identifies fundamental problems in the
preclinical setting as mentioned above, rational, stepwise integration of more constituents
will enable improvements in the optimization of the heterogeneity within a tumor-simulating
model. The flexibility to add functional materials in our extrusion-based 3D printing process
may provide possible solutions, as does the ability to precisely place different combinations
of tumor-relevant cells and hydrogel matrices. Moreover, owing to this flexibility in
materials and cells, these in vitro models can be customized with patient-specific designs
and functionalities by directly using cells collected from individuals.

In summary, we report a new 3D bioprinting-mediated method for the creation of migration-
inducing, vascularized tumor models, aiming to bridge the gap between 2D monolayer cell
culture and animal models. These 3D cell-laden architectures were fabricated to capture the
primary characteristics of the metastatic translocation of tumor cells in vitro. The preclinical
application was demonstrated by the effective screening of targeting immunotoxins with
anticancer efficacy. The 3D engineered models both physically and chemically reconstruct
the microenvironments of tumors with high spatiotemporal resolution, which offer tools to i)
advance 3D tissue engineering for dynamic mimicking of the in vivo natural microsystem
with capabilities of postfabricated modulation, ii) further understand the mechanisms of
metastatic dissemination, iii) screen novel anticancer drugs, and iv) test patient-specific
strategies for diagnosis and therapeutics.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Growth factor gradients generated by 3D printed programmable release capsules within a

fibrin gel. a) Schematic images of laser-triggered release of growth factors from a printed
core/shell capsule (core: growth factor-loaded GelMA hydrogel, shell: AuNR-functionalized
PLGA film), when cultured at 37 °C. b) Time-lapse fluorescence images showing gradual
release of Texas red-labeled EGF from a single capsule within the fibrin gel before and after
laser irradiation. c) Plots showing release of EGF from a bare core (blue), a ruptured capsule
(red) and a non-ruptured capsule (black), demonstrating the capability of temporal control
over the payload release (100% was defined by the intensity of a blank capsule in the
absence of Texas red-labeled EGF, mean * standard deviation (s.d.), 7= 6 per group). d)
Panoramic fluorescence images of a linear array of Texas Red-EGF capsules with a center-
to-center spacing of 750 um and incremental size before (upper panel) and 6 h after (lower
panel) laser irradiation. e) Plots of EGF concentration measured in Chamber I (3 mm to the
EGF capsule, red) and 1l (9 mm to the EGF capsule, black) versus time, showing a gradient
generated via laser-triggered release of an EGF capsule (mean * s.d., 7= 4 per group, inset:
schematic images showing the relative positions between the capsule and chambers). Scale
bar: 500 um
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Figure 2.

Guided tumor cell migration with an EGF capsule array. a) Schematic image illustrating the
directional migration of tumor cells under the guidance of EGF gradients generated by 3D
printed capsules. b) Photo of a 3D printed culture chamber for tests of guided cell migration.
c) Panoramic fluorescence images showing the distribution of GFP-expressing A549 cells
over time, demonstrating the guided migration (red circles: EGF capsules; white circle:
control capsule without growth factor loading; and cross lines: laser rupture pathways). d)
Plots of cellular fluorescence intensity of A549s (normalized by intensity at day 0 before
capsules were ruptured) versus time with (red) and without (black) EGF release,
demonstrating the influence of EGF to cellular proliferation (mean + s.d., 7= 4 per group).
e) Plots of the displacement of leading A549 cells (only the distance in the x-direction was
measured) toward the EGF capsule direction (red) and control capsule direction (black)
(mean £ s.d., 7= 4 per group). f) Bar chart of distributions of GFP-A549s (red), GFP-
M4Ad4s (blue), and RFP-HUVECS (gray) on day 10, showing the selective directed
migration of tumor cells but not HUVECs (mean + s.d., 7= 4 per group). Scale bar: 500 pm
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Figure 3.
Metastatic tumor model. a) Photo of a 3D printed culture chamber for tests of guided tumor

cell dissemination. b) Confocal images of the top view (upper panel) and cross section
(lower panel) of a representative microchannel lined by HUVECs within a fibrin gel,
showing the lumen of the vessel. c) Fluorescence images showing a vessel perfused by
fluorescent fluid (blue, recolored from poly(fluorescein isothiocyanate allylamine
hydrochloride)). d) Composite image showing a representative tumor model before laser-
triggered rupture of EGF and VEGF capsules (green fluorescence: GFP-expressing A549s,
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red fluorescence: RFP-expressing HUVECs, bright field: fibroblasts). ) Panoramic
fluorescence images showing sprouts generated from a main vessel and their extension
toward a single direction over time, indicating guided sprouting angiogenesis by VEGF
capsules. f) Bar chart showing the expression of EGF, VEGF, EGFR and VEGFR of A549s
(upper panel) and HUVECs (lower panel) when mono cell-cultured (gray) and co-cell-
cultured without (blue) and with (red) EGF and VEGF within fibrin gels (normalized by the
levels of each mono cell-cultured samples, mean + s.d., 7= 3 per group, N.D.:
nondetectable). g) Fluorescence images of a metastatic model on days 3, 6, 9 and 12,
showing that A549s approach and enter the vasculature through the fibroblast-laden fibrin
gel (green channel: GFP-expressing A549s, red channel: RFP-expressing HUVECS). h)
Plots of the population of disseminated A549s detected in the collection chamber versus
time. (mean + s.d., 7= 3 per group) Inset photos: fluorescence images showing the
disseminated A549s in the collection chamber, with the red dash frame showing the vessel
position. Inset bar chart: expression of vimentin and N-cadherin of 3D bioprinted A549s in
tumor models without (gray) and with (blue) EGF release, and metastatic tumor cells (red)
harvested in collection chambers (normalized by the levels of each untreated tumor model,
mean + s.d., 7= 4-6 per group, R.Q.: relative quantification). Scale bar: 500 pm
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Figure 4.

Anti-cancer drug screening using the 3D metastatic models. a) Fluorescence images of
printed A549s after immunotoxins were injected though a vessel within a fibroblast-laden
fibrin gel, showing the effect of the drug over time. b) Plots of cellular fluorescence intensity
of A549s (normalized by intensity at day 0 before immunotoxins were added) versus time
without (black) and with treatment of toxins (red: target, blue: off-target), demonstrating the
effect of drugs on cell viability (mean + s.d., red: 7= 5, blue and black: 7= 3 on each day).
c) Bar graph comparing the anticancer effect of immunotoxins over time, showing the drug
screening application of the model (mean + s.d., red: 7= 5, blue: 7= 3 on each day, *p <
0.05, day 3: p=0.002, day 6: p=0.025, day 9: p=0.023, unpaired, two-tailed Student’s t-
test). d) Plots of relative cell viability (calculated by the ratio between the fluorescence
intensity of treated models and parallel negative controls) of A549s versus time, showing the
influence of the microenvironment on drug screening (mean = s.d., red and black: n=5,
blue: 7= 3 on each day). Scale bar: 500 pm
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Scheme 1.
3D printed in vitro tumor models mimicking metastatic dissemination. Schematic image of

the integration of tumor cells, endothelial cell-lined vascular conduits, and biochemical
signals within a fibroblast-laden fibrin gel to reconstruct tumor microenvironments. Tumor
cell invasion of the surrounding matrix and intravasation into the vasculature are mediated
by EGF and VEGF gradients, which are dynamically generated by 3D printed
programmable release capsules (EGF: epidermal growth factor; VEGF: vascular endothelial
growth factor; EGFR: EGF receptor; and VEGFR: VEGF receptor).
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