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ABSTRACT

Animal models are commonly used for drug screening before clinical trials. However, developing these models is time-consuming, and the results obtained from these
models may differ from clinical outcomes due to the differences between animals and humans. To this end, 3D bioprinting offers several advantages for drug
screening, such as high reproducibility and improved throughput, in addition to the human cells that can be used to generate these models. Here, we report the
development of an animal patient-derived in vitro breast cancer model for drug screening using digital light processing (DLP) bioprinting. These bioprinted models
demonstrated good cytocompatibility and preserved phenotypes of the cells. DLP enabled rapid fabrication with blood vessel-like channels to replicate, to a good
extent, the tumor microenvironment. Our findings suggested that the improved microenvironment, provided by vascular structures within the bioprinted models,
played a crucial role in reducing the chemoresistance of drugs. In addition, the correlation of the in vitro and in vivo drug-screening results was preliminarily per-

formed to evaluate the predictive feasibility of this bioprinted model, suggesting a potential strategy for the design of future drug-testing platforms.

1. Introduction

Due to the complexity of internal organs, animal models have long
been essential in drug testing [1,2], providing critical data on drug
safety, efficacy, and potential side effects before progressing to human
trials [3,4]. However, these models come with limitations, including
high costs, long timelines, biological variability, and ethical concerns
[5], which can make them difficult to predict how a drug will perform
across diverse populations, for example [6]. Additionally, the differ-
ences between animal and human physiology sometimes lead to unre-
liable results [7]. Recognizing these challenges, the United States Food
and Drug Administration (FDA) has recently reemphasized that certain
new drugs may no longer require traditional animal tests [8], reflecting
an effort to streamline drug-approval processes while maintaining

safety. In response, researchers have been exploring alternative methods
to provide more accurate and ethical platforms for drug testing, such as
3D cell cultures [9,10].

While 2D cultures fail to replicate the complex 3D architectures of
tissues [11,12], 3D models provide more realistic microenvironments,
allowing for better cell-cell and cell-matrix interactions [13,14]. How-
ever, conventional 3D culture methods, such as organoids and spher-
oids, typically involve combining cells in a relatively simple or
uncontrolled manner without adequately mimicking the intricate
structures and functions of actual organs [15]. To address this limita-
tion, new technologies such as 3D bioprinting have been extensively
studied for their abilities to create more precise tissue models [16,17].
Unlike organoids and spheroids, which rely on the self-organization of
cells, bioprinting enables precise control over the spatial arrangements
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of cells, allowing the creation of intricate tissue architectures [18].
While organoids and spheroids often suffer from batch-to-batch vari-
ability [19], bioprinted models, in contrast, offer consistency in pro-
duction, making them favorable for reproducible higher-throughput
drug screening [20]. Among these technologies, extrusion and digital
light processing (DLP)-based bioprinting methods have gained signifi-
cant attentions [21-23]. DLP, in particular, stands out for its high res-
olution and speed, which enable the fabrication of detailed, biomimetic
structures [24,25]. Different from extrusion-based bioprinting, which
plots materials to form constructs in a point-by-point manner, DLP uses
light to solidify bioinks directly layer-by-layer, resulting in smoother,
more accurate models in many scenarios [26,27]. With its high speed,
and resolution down to tens of micrometers when producing volumetric
patterns [28], DLP holds great promise in drug screening, where the
accurate replication of tissue structures is crucial for predicting how
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drugs would interact with real human organs [29,30].

In this work, we developed a 3D-bioprinted breast cancer model
platform that may contribute to personalizable anti-breast-cancer drug
screening. We first constructed an in vivo mouse tumor model, and then
extracted the animal patient-derived tumor cells to build the in vitro
models, hoping to replicate the original tumor characteristics to improve
the precise of drug screening results. Gelatin methacryloyl (GelMA) was
used for the preparation of bioink to preserve cell viability and pheno-
type. The in vitro models were built through DLP bioprinting, where
blood vessel-like channels were produced to simulate physiological
vascular structures. To evaluate the platform, we tested the responses of
the bioprinted tumor models to two FDA-approved anti-cancer drugs,
doxorubicin (DOX) and capecitabine (CAP). In addition, the in vitro
drug-screening results collected from the bioprinted models were pre-
liminarily cross-validated with the corresponding in vivo results from
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Fig. 1. Fabrication and characterizations of the bioprinted constructs. (A) Schematic showing the workflow including in vivo tumor model-building, breast
cancer model-bioprinting, as well as in vitro and in vivo drug screening. (B) CAD designs of the bioprinted tumor model with blood vessel-like channels. (C)
Photograph of the bioprinted breast cancer model with the channels. The size of the model was 7.5 x 5.5 x 2.5 (L x W x H) mm?. (D) Perfusion with a blue dye to
show the connectivity of the bioprinted channels. (E) The compressive stress-strain curves of the bioprinted constructs immersed within the culture medium for
different days. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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mice. The development of this platform enables the recreation of an 2. Results and discussion

individual patient’s tumor microenvironment, including blood vessel-

like channels, which may improve the accuracy of predicting drug ef- 2.1. Fabrication of in vitro breast cancer models with blood vessel-like
fects in the body for patient-specific anti-cancer drug screening in the structures using DLP bioprinting

future with further optimizations.
Fig. 1A illustrates the comprehensive workflow adopted in this
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Fig. 2. Cell viability and proliferation within bioprinted breast tumor models. (A) Photograph of the bioprinted tumor model incorporating MDA-MB-231 cells
isolated from the mouse tumor. (B) Optical micrographs showing cells within the bioprinted constructs. Right panel shows the enlarged image from the selected area
in the left image. (C) and (E) Live/dead staining of (C) MDA-MB-231 and (E) MCF-7 cells at 1, 3, 7, and 14 days of culture, where live cells were stained with green
fluorescence and dead cells with red fluorescence. (D) and (F) F-acting (green) staining for (D) MDA-MB-231 and (F) MCF-7 cells at 1, 3, 7, and 14 days of culture.
Nuclei of cells were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue). (G) and (H) MTS assay performed on (G) MDA-MB-231 and (H) MCF-7 cells cultured
for 1, 3, 7, and 14 days. n = 4, mean =+ SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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study. Starting from the creation of the in vivo tumor model in mice,
breast cancer cells were isolated to formulate the bioink for bioprinting
the in vitro models and subsequent drug screening. In the meanwhile, in
vivo drug screening was performed in parallel as a comparison. The
computer-aided design (CAD) in Fig. 1B depicts the blood vessel-like
structure embed in the bioprinted tumor model. DLP was employed to
bioprint the constructs with the channels being visible (Fig. 1C),
demonstrating the capability of the bioprinting process to create
channel-laden structures that are crucial for replicating the tumor
physiology potentially. To show the perfusion capability of the bio-
printed channel, a blue dye was injected from one end of the channel.
The successful perfusion of the bioprinted vascular pattern was observed
(Fig. 1D), indicating the patency and connectivity of the channels. Such
perfusion also revealed that the bioprinted vascular structures were
functional and capable of fluid-transport, which is essential for
mimicking the nutrient and waste-exchanges in living tissues [31].

To evaluate the printing fidelity, the angles of the printed constructs
were measured and compared to those from the CAD model (Fig. S1A).
Printing fidelity was quantified as the ratio of the printed construct
measurements relative to the CAD model, with a ratio of 100 % indi-
cating no deviation. As shown in Fig. S1B, all the six measured angles
revealed ratios close to 100 %, demonstrating high printability and fi-
delity. Since the bioprinted structures were planned to be further used
for longer-term cell culture, we tracked the mechanical property-change
of the bioprinted constructs for 7 days in cell culture medium. As shown
in Fig. 1E, the compressive stress-strain curves suggested that the stiff-
ness of GelMA decreased along with the culture time, which may facil-
itate the bioprinting process for structural construction in the beginning
and support the cell growth afterwards.

2.2. Cell survival and proliferation within bioprinted breast tumor models

As we have demonstrated the bioprinting of constructs with chan-
nels, tumor cells isolated from the mouse tumor tissues were further
utilized to bioprint the breast cancer models for drug screening. The
mouse tumor models were built first, and the tumors were harvested
after reaching a certain size (Figs. S2A and S2B). To isolate the cells for
bioprinting, the tumors were excised, minced, and digested with en-
zymes. Fig. 2A shows the bioprinted tumor model incorporating MDA-
MB-231 cells isolated from mouse tumors. The vascular channels were
still clearly visible. From the enlarged optical micrographs, the cells
were dispersed uniformly after bioprinting (Fig. 2B). To investigate the
cell viability within the bioprinted constructs, live/dead staining of cells
was conducted at different time points. The green fluorescence indicates
live cells, while the red fluorescence indicates dead cells. Fig. 2C shows
live/dead staining results of MDA-MB-231 cells over time within the
bioprinted models. Only a few dead cells (red) were observed, demon-
strating the suitability of the bioprinted environment for cell survival.
Fig. 2D displays MDA-MB-231 cells stained for F-actin (green) and nuclei
(blue) at 1, 3, 7, and 14 days of culture. The consistent staining patterns
indicated maintained cellular structure and integrity over the culture
period that we evaluated. Cell metabolic activities were measured using
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium (MTS) assay for 14 days. The data showed an
increase in metabolic activity over time (Fig. 2G), suggesting that the
cells were proliferating within the bioprinted constructs.

Similar results were observed with MCF-7 cell-laden bioprinted
model. The live/dead staining indicated that robust cell survival was
present (Fig. 2E). MCF-7 cells were growing well with good proliferation
behaviors within bioprinted constructs for 14 days as indicated by F-
actin staining (Fig. 2F) and MTS assay (Fig. 2H). As a comparison, the
proliferation of 2D-cultured cells in well plates was assessed (Fig. S3).
Unlike the 3D-bioprinted models, both MDA-MB-231 and MCF-7 cells
showed decreased proliferation from Day 7 to Day 14, likely due to the
limited available areas in well plates.
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2.3. Characterizations of mouse tumor cells within bioprinted models

After confirming the viability and proliferation of the cells after
bioprinting, immunostaining was performed to characterize the mouse
tumor-isolated cells within the bioprinted models. As shown in Fig. 3A
and B, the MDA-MB-231 cells exhibited poor cell-cell adhesion and
lacked expression of E-cadherin, which is a characteristic epithelial
marker [32]. In contrast, the MCF-7 cells expressed E-cadherin, consis-
tent with their features as differentiated mammary epithelial cells [33].
The staining results also demonstrated that the MDA-MB-231 cells
remained dual-positive for CK8 and CK5, while the MCF-7 cells were
CK8-positive and CK5-negative, which is in consistency with the char-
acteristics of reported protein-expressions for both cells [34]. These
findings confirmed that the bioprinting process did not alter the
phenotypic characteristics of the tumor cells, preserving the tumor mi-
croenvironments in vitro when isolated from the animal tumors.

In addition, immunofluorescence staining was performed on MDA-
MB-231 cells for Ki67, which is recognized as a proliferation marker for
cancer cells [35]. A significant proportion of cells within the bioprinted
constructs showed green signals in the nuclei (stained with DAPI)
(Fig. 3C), confirming the proliferation of cells and the active growth of
the tumor model. Ki67 was detected in MCF-7 cells as well (Fig. 3D),
implying that the cells were proliferative. The above results proved that
we successfully constructed the in vitro breast cancer models with two
different breast cancer cell types derived from respective animal tumors,
which maintained specific cancer cell markers and could be potentially
used for drug screening.

2.4. In vitro drug-screening studies

The in vitro drug screening was conducted in a well plate (Fig. 54),
which focused on evaluating the responses of bioprinted breast cancer
models to two commonly used anti-cancer drugs: DOX and CAP. The
effectiveness of these drugs was assessed by calculating the half-
maximal inhibitory concentration (ICsg) values, which represents the
concentration required to inhibit cell viability by 50 % [36]. The bio-
printed breast cancer models were subjected to different dosages of DOX
and CAP for ICsg calculations. As the control, constructs without the
channels were also fabricated to evaluate the drug responses. For the
MDA-MB-231 cell-laden model, ICsy values of DOX were calculated as
253.4 g mL ™! for the constructs with channels and 1171 pg mL™! for
the ones without channels (Fig. 4A). The ICsy values of CAP were
calculated as 218.8 pg mL ™! for the constructs with channels and 859.7
pg mL~! for the ones without channels (Fig. 4B). As for MCF-7 cell-based
model, ICsy values of DOX were calculated as 177.5 pg mL™! for the
constructs with channels and 208.6 pg mL~! for the ones without
channels (Fig. 4C). The ICsq values of CAP were calculated as 806.0 pg
mL~! for the constructs with channels and 1925 pg mL™! for the ones
without channels (Fig. 4D).

The lower ICs¢ values in constructs with channels suggested that
these models had less chemoresistance than those without channels to
both DOX and CAP [37]. These results supported that the inclusion of
channels would more closely mimic the physiological conditions, such
as nutrient-transport and waste-removal, which are critical components
of the tumor microenvironment. This improved modeling of in vivo
conditions likely could allow for more realistic drug diffusion and
cellular interactions, thereby making the cells more sensitive to the
drugs in the constructs with channels compared to those without.

2.5. In vivo drug screening studies and preliminary in vitro-in vivo
correlations

To explore the potential relevance of drug effects on the bioprinted in
vitro tumor models to the in vivo model, different dosages (1 mg mL ™!
and 0.5 mg mL™!) of DOX and CAP were also tested on mice carrying the
respective tumors through intravenous injection. These dosage-
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Fig. 3. Characterizations of mouse tumor cells within the bioprinted models. (A) and (B) Immunostaining characterizations of mouse tumor-isolated (A) MDA-
MB-231 and (B) MCF-7 cells within the bioprinted constructs. The cells were stained for E-cadherin (green), cytokeratin 5 (CK5) or cytokeratin 8 (CK8) (red), and
nuclei (blue). (C) and (D) Fluorescence micrographs of mouse tumor-isolated (C) MDA-MB-231 cells and (D) with Ki67 (green) immunostaining and DAPI staining for
nuclei (blue) at day 14. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

selections align with pharmacological profiles from previous animal
studies, ensuring translational relevance while managing side effects
effectively [38,39]. For DOX, 0.5 mg mL~! was chosen as it is a
well-established dose that has been shown to effectively suppress tumor
growth while minimizing cardiotoxicity. Similarly, for CAP, both 0.5
mg mL ! and 1 mg mL ! of doses were used to explore the dose-response
relationship. The dose at 0.5 mg mL ! served as a lower effective value
with reduced toxicity, whereas the dose at 1 mg mL™" allowed assess-
ment of the potential for enhanced efficacy at a higher concentration.

Fig. 5A presents tumor volume measurements after treatments with
different dosages of drugs on mice. For the control groups without in-
jection of drugs, the tumor volumes remained increasing within 7 days.
The tumor volumes of drug-treated groups decreased along with the
culture time. Specifically, the dosages here for the in vivo studies were 1
mg mL~! and 0.5 mg mL~}, which were 30 mg m 2 and 15 mg m 2,
respectively, when normalized to body surface area (BSA)-based dosages
[40].

As a comparison, the ICsq values calculated from our in vitro bio-
printed models were 908.2 mg m~2 for DOX on MDA-MB-231, 784.2 mg
m™2 for CAP on MDA-MB-231, 636.2 mg m ™2 for DOX on MCF-7, and

2888 mg m 2 for CAP on MCF-7. The comparison between in vitro
(bioprinted models) and in vivo (mouse models) responses to DOX and
CAP revealed significantly higher ICsq values in the bioprinted models.
For MDA-MB-231 cells, the ICs( for DOX was 30.3 times higher than the
in vivo dosage, and for CAP it was 26.1 times higher. For DOX on MCF-7
cells, the IC5y was 21.2 times higher than the in vivo dosage, while for
CAP it was 96.3 times higher, suggesting substantial resistance to CAP in
particular. A higher ICsy indicates reduced drug efficacy, meaning a
higher dosage is required to inhibit cancer cell growth. In the in vivo
models, a lower dosage effectively reduced tumor size, while the higher
dosage required in the in vitro models suggested that differences still
remained between the two systems, which likely arose from factors such
as the absence of in vivo metabolic clearance in the 3D-bioprinted
structures, and variations in microenvironmental conditions. This
resistance observed in the bioprinted models may mimic a more chal-
lenging tumor microenvironment, which could be advantageous for
testing higher drug doses or combination therapies but also underscores
the complexities in translating in vitro models to in vivo applications.
Fig. 5B further shows H&E staining of tumor sections from mice after
treatment, where hematoxylin stains cell nuclei purplish blue and eosin
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Fig. 4. Comparisons of the sensitivities of the bioprinted breast cancer models to different anticancer drugs. (A) and (B) Cell viability evaluations of MDA-
MB-231 cells within bioprinted models with or without channels in responses to (A) DOX and (B) CAP. (C) and (D) Cell viability evaluations of MCF-7 cells within
bioprinted models with or without channels in responses to (C) DOX and (D) CAP. n = 4, mean =+ SD.

stains the cytoplasm and extracellular matrix pink [41]. Significant
areas of necrosis were observed from the tumor sections, with tumor
cells displaying characteristic nuclear fragmentation, contraction, and
dissolution. The stained sections provided further histological evidence
of the drug effects on the tumor tissues, comparing to the tumor volume
changes.

3. Conclusions

In this work, we built in vitro breast cancer models through DLP
bioprinting, which were further used for drug screening. The cancer cells
used for bioprinting were collected from mice and the correlation of in
vitro and in vivo drug screening results were analyzed. We utilized
GelMA to produce the bioink for bioprinting, as it offers good cyto-
compatibility, which is an essential requirement for constructing a drug
screening system. As confirmed by immunostaining, these bioprinted
models allowed the cells to survive for up to 14 days that we tested,
while also sufficiently retaining their phenotypes. In terms of the
methodology, DLP provides benefits in bioprinting samples in large
quantities and repeatably. The speed and repeatability of fabrication are
crucial to further support higher-throughput drug screening, which also
becomes a prerequisite for relevant preclinical applications [42,43].
Another advantage brought by DLP is the ability in constructing fine
structures [44], for example blood vessel-like patterns shown in this
work. The improvement is not only the more realistic biological struc-
ture, but also the better function.

The presence of these channels was associated with decreased che-
moresistance, which was reflected on the drug screening results. Cancer
models with blood vessel-like channels exhibited more sensitivities to
both DOX and CAP comparing to those without channels (Fig. 4).
However, even with the channels, the dosages calculated from our
bioprinted models were significantly higher than those from in vivo
(Fig. 5). In addition, when comparing the in vitro ICsq values from those

of bioprinted models to clinical dosages, that is 40-75 mg m~2 (intra-
venous) for DOX [45,46] and 2500 mg m~2 (oral) for CAP [47], the ICsq
for DOX in MDA-MB-231 cells (908.2 mg m~2) was much higher than
the clinical range. Interestingly, the ICsq for CAP (2888 mg m~2) was
similar to the clinical oral dosage. This observation suggested that while
the bioprinted model may not fully replicate conditions for intravenous
injections, it may more closely mimic the tumor microenvironment that
is favorable for oral drug administration. Overall, the discrepancy be-
tween the higher ICsy values in the bioprinted models and the clinical
dosages underscores the challenges of replicating the in vivo tumor
microenvironment in vitro, which may result in differences in cell-to-cell
interactions, nutrient gradients, and drug metabolism [48-50]. Here,
the bioprinted models with channels partially simulated critical aspects
of the tumor microenvironment, while constructs without channels
showed even higher ICsy values, emphasizing that more simplified
models lacking these microenvironmental features would be less
representative of the in vivo conditions.

The current study, while demonstrating the potential of 3D-bio-
printed breast cancer models for drug screening, has several limita-
tions that should be considered. One primary limitation is the challenge
to fully replicate the complexity of the in vivo tumor microenvironments.
Although the integration of vascular-like channels in the bioprinted
models may improve nutrient and drug perfusion, it cannot fully mimic
the dynamic interactions between tumor cells, immune cells, and other
components in the presented configurations. Another limitation is the
observed discrepancy between the drug sensitivities of the in vitro and in
vivo models, as indicated by the higher ICsy values in the bioprinted
constructs compared to in vivo results. This difference likely resulted
from factors such as the lack of metabolic clearance mechanisms in the
bioprinted models, which are present in living organisms, and differ-
ences in drug distribution and diffusion between the two systems.
Additionally, the study focuses on a limited number of drug compounds,
specifically DOX and CAP, which may not entirely represent the
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Fig. 5. Invivo drug screening on animal models. (A) Tumor volume-changes of mice bearing the MDA-MB-231 or MCF-7 tumor. Mice were treated with DOX (0.5
mg mL 1) and CAP (0.5 mg mL 'and 1 mg mL™ D separately. n = 4, mean + SD. (B) Hematoxylin and eosin (H&E) staining of the sections collected from the mouse
tumors. The groups are listed as below: Mice bearing MDA-MB-231 tumor treated with (1) 0.5 mg mL~! DOX, (2) 0.5 mg mL~! CAP and (3) 1 mg mL! CAP; mice
bearing MCF-7 tumor treated with (4) 0.5 mg mL™! DOX, (5) 0.5 mg mL~! CAP and (6) 1 mg mL~! CAP.

diversity of therapeutic agents used in clinical settings. Expanding the
range of drugs tested could provide a more comprehensive evaluation of
the models’ predictive capabilities. Furthermore, despite that the study
suggested that the bioprinted models could potentially serve as a plat-
form for patient-specific drug testing, further validation with a larger
number of patient-derived samples would be needed to confirm their
predictive accuracies and applicability. Addressing these shortcomings
in future studies will enhance the models’ utilities in preclinical drug
screening and personalized medicine. Together, our results, although
still preliminary, highlighted the importance of modeling the tumor
microenvironment accurately to improve the predictive value of drug
responses, pointing to the need for continued refinement of these models
to better-match clinical outcomes in the future.
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