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Abstract

Biomedical field has been seeking a feasible standard drug screening system consisting of 3D tumor model array for drug
researching due to providing sufficient samples and simulating actual in vivo tumor growth situation, which is still a challenge
to rapidly and uniformly establish though. Here, we propose a novel drug screening system, namely 3D tumor array chip
with “layer cake” structure, for drug screening. Accurate gelatin methacryloyl hydrogel droplets (~ 0.1 wL) containing tumor
cells can be automatically deposited on demand with electrohydrodynamic 3D printing. Transparent conductive membrane
is introduced as a chip basement for preventing charges accumulation during fabricating and convenient observing during
screening. Culturing chambers formed by stainless steel and silicon interlayer is convenient to be assembled and recycled.
As this chip is compatible with the existing 96-well culturing plate, the drug screening protocols could keep the same as
convention. Important properties of this chip, namely printing stability, customizability, accuracy, microenvironment, tumor
functionalization, are detailly examined. As a demonstration, it is applied for screening of epirubicin and paclitaxel with
breast tumor cells to confirm the compatibility of the proposed screening system with the traditional screening methods. We
believe this chip will potentially play a significant role in drug evaluation in the future.
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Introduction

Together with surgery and radiotherapy, chemotherapy has
become one of the three most effective methods to treat
tumors [1]. Thousands of antitumor drugs are discovered
and analyzed every year. That brings big challenges to cur-
rent antitumor drug screening technology. In terms of tumor
model for drug screening, two requirements of great con-
cern are anticipated: (1) similar tumor morphology and
microenvironment to that in vivo and (2) precise and scal-
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able manufacturing method for the establishment of tumor
models.

Regarding requirement (1), currently, most of the drug
screening protocols are still based on two-dimensional (2D)
cultures of tumor cells, which cannot simulate the three-
dimensional (3D) tumor morphology in vivo, thus leading
to weak clinical drug performance [2, 3]. Recently, with the
development of microencapsulation [4-8], in vitro 3D tumor
models based on hydrogels have been developed to provide
a superior basis for antitumor drug screening [9, 10]. 3D
structure reproduces the obstruction effect on the diffusion
of drug molecules caused by extracellular matrix and outer
layer of cells. Furthermore, 3D microenvironment in vitro
can mimic the in vivo conditions [11] where the tumor cells
are strictly regulated by the surrounding cells, extracellular
matrix (ECM) molecules and biologic factors. These proper-
ties greatly increase the veracity of the tumor model and the
reliability of the outcomes of the drug evaluation.

Among all biomaterials, gelatin methacryloyl (GeIMA)
hydrogel has become a widely used material in biofabri-
cation [12-18], due to its capabilities of promoting cellu-
lar functionalization [19] and rapid crosslinking [20, 21].
This hydrogel is synthetized from the mammalian gelatin
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degraded from the collagen [22-25], which plays an impor-
tant role in guiding the metastasis and invade of tumor cells
in vivo. Importantly, the stereolithographic method is of short
duration and no residual curing conditions as enzyme and
chemical crosslinking approaches. Accordingly, GeIMA has
great potential to be used to build 3D tumor models.

Regarding requirement (2), precise and scalable method
for fabricating 3D tumor models is expected, which is the key
success factor to affect the actual drug effect from the exper-
imental data such as OD values. Furthermore, in the process
of drug screening, we need lots of tumor models for dif-
ferent drug concentrations and repeated groups. Therefore,
it is necessary to have appropriate method to establish 3D
tumor arrays, rather than discrete tumor models. For example,
microfluidic technology is capable to fabricate 3D models
such as microspheres and microfibers. However, this tech-
nology can only fabricate exclusive 3D models. After the
fabrication process, researchers have to transfer each tiny
microsphere or microfiber into each culturing chambers of
the culturing plates, respectively. It can be exceedingly incon-
venient and time-consuming. More seriously, it could make
the tumor cells stay outside the incubator for too long time.
Thus, the significance of 3D tumor array emerges.

Confronted with this requirement, currently, the establish-
ment of 3D cell-laden hydrogel array mainly depends on
three approaches, namely crosslinking hydrogel with masks
[26, 27], coating hydrogel on the prepatterned surface [28]
and piezoelectric or thermal inkjet printing. However, their
limitations cannot be ignored in actual applications. In the
first method, the crosslinking light could scatter due to the
Tyndall effect in the precursor solution, which leads to volu-
metric errors of the crosslinked models. Besides, the uncured
bioink remains around the models and is difficult to clear up.
In the second method, specifically manufactured membrane
is needed and it cannot realize on-demand array printing con-
veniently. In the third method, the cell damage results from
the instantaneous high pressure and temperature cannot be
ignored [29]. Therefore, it is of great importance to develop
an innovative strategy to establish reasonable in vitro 3D
tumor array system for drug research.

In this study, a pioneering strategy for building in vitro
3D tumor array chip (3D-TAC) with “layer cake” structure
is proposed (Fig. 1a, b, Fig. S2). The culturing chambers
formed by stainless steel and silicon interlayer are convenient
to be assembled and recycled. The printing units, GelMA
microdroplets mixing tumor cells, are produced by high-
voltage electric field force. The array distribution, size and
cellular quantity of per model can be easily controlled by
varying the route and duration program with upper computer.
The transparent conductive membrane, which is common
and inexpensive but never applied in chip establishment, is
introduced in this strategy. When GelM A microdroplets with
charges fall on it, the charges in droplets can be directly con-
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ducted away, avoiding charges to accumulate and droplets to
mutually repel. Moreover, the transparent feature makes it
easy to carry out a series of drug-testing items. To demon-
strate the feasibility of this strategy, the droplet-forming
process was fully analyzed. Three main factors, namely
building tumor array on demand precisely, providing suitable
microenvironment, containing tumor cell functionalization,
were detailly assessed. It is worth mentioning that the encap-
sulated MDA-MB-231 breast tumor cells showed essential
tumor characteristics, such as survival, spreading, metas-
tasis and different cell cycle in 3D microenvironment. As
a demonstration, we brought the novel 3D-TACs system
into practical drug screening process to acquire all-round
drug effect evaluation of epirubicin and paclitaxel, aiming
to show the compatibility of the proposed drug screening
system with the traditional screening methods, including
laser scanning confocal fluorescence microscopy (LSCFM)
observation (live/dead testing, tumor F-actin morphology),
enzyme-linked immunosorbent assay (ELISA) examination
(NAD+ examination for proliferation analysis, half maximal
inhibitory concentration (IC50), vascular endothelial growth
factor (VEGF) accumulative expression) and cellular apop-
tosis tested by flow cytometric (FCM) analysis. We conclude
that this strategy can play a significant role in drug screen-
ing and contribute to the advancement of the field of tumor
chemotherapy and other biomedical applications.

Materials and methods
Reagents and materials

High-voltage power (0-30 kV) was purchased from Dong-
wen, China. Stainless steel nozzles, 3D bioprinter, trans-
parent conductive membrane, blue light source (405 nm,
3 W), nanowaterproofing spray reagent for nozzle lyophobic
treatment, stainless steel plate and silicon interlayers were
manufactured by Suzhou Intelligent Manufacturing Institu-
tion, China.

GelMA prepolymer solution was prepared by dissolv-
ing the freeze-dried GelMA (Suzhou Intelligent Manu-
facturing Institution, China) in modified eagle medium
(DMEM, Hyclone, USA) at a concentration of 5% (w/v) con-
taining lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP, Suzhou Intelligent Manufacturing Institution, China)
at a concentration of 0.5% (w/v). The GeIMA prepolymer
solution was filtered through a 0.22-pm filter for sterility
before using. MDA-MB-231s breast tumor cell line, fluores-
cent staining kits and ELISA kits, fluorescein isothiocyanate-
conjugated dextran (FITC-dextran, 10 kDa), collagenase II,
fluorescent pellets, antitumor drugs (epirubicin and pacli-
taxel) were purchased from Tangpu, China. Dulbecco’s
phosphate-buffered saline (DPBS), trypsin (SH30042.01
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Fig. 1 Sketch of the pioneering strategy. a Inspiration of this strategy.
Layer cake structure is considered to be used to build a new kind of
3D drug screening system. b Sketch of the “layer cake” 3D tumor array

0.25%), penicillin—streptomycin (100) were purchased from
Hyclone, USA. Fetal bovine serum (FBS) was obtained from
Procell, China. Complete medium was prepared by mixing
DMEM, FBS (10% v/v) and penicillin—streptomycin (1%
vIv).

Rheometer (TA Instrument, USA), LSCFM (OLYM-
PUS FLUOVIEW FV3000), scanning electron microscopy
(SEM) and high-speed camera (pco. dimax S1), vacuum-
drying machine, compressing test machine were provided
by Suzhou Intelligent Manufacturing Institution, China.
Microplate reader, automatic snapping microscope system
and flow cytometer were supplied by Zhejiang University.

Printing device establishment and chip assembly

As illustrated in Fig. Ic, the metal plate on the 3D printer
was connected with positive pole of the high-voltage power
and the nozzle was grounded, forming high-voltage elec-
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tric field. The transparent conductive membrane was placed
on the metal plate. The environment was strictly controlled
as 30 °C and 50% humidity. GelMA bioink was fed by the
syringe pump on the 3D bioprinter. The 3D bioprinter was
connected with the upper computer so that the movement
of nozzle could be controlled. The 405-nm wavelength light
was used for the crosslinking of GelMA array on the chip.
After finishing the array fabricating and crosslinking, the
membrane was assembled with the stainless steel and sili-
con plates. The system was screwed up by bolts as shown in
Fig. 1d to form 3D-TAC for drug screening.

Droplet formation analysis

High-speed camera was used to record the formation process
of droplets and different printing states. The frame rate was
set at 100fps and the exposure time was 3227 ps. We set
two nozzle sizes: 28G, 32G and three flow rates: 10 pwL/min,
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Fig.2 Analysis of droplet formation process and 3D-TAC establish-
ment feasibility. A Different printing states happening in the dropping
process. (i) Microdripping. (ii) Taylor jetting. (iii) Multijetting. (iv)
Breakdown. B Voltage proportions of per state. The intersection of the
axes and parallel lines over data points is the proportions of the cor-
responding state. C Printing frequency and resolution and depositing
volume. D Volume minimum. E Linear regression analysis. The bars
above the line are R%. The bars below the line are the slopes acquir-
ing from linear regression analysis. F LSCFM images of 3D GelMA

50 pwL/min, 100 wL/min, to carry out orthogonal experiments
under continuously changing voltage. The proportion of dif-
ferent printing was calculated with the formula (Vboundary
was the exact voltage when state changed and Vieakdown Was
breakdown voltage.):

Vboundary

State proportion = x 100% 1)

breakdown

From the recorded video, the lengths of short axis (Ds)
and long axis (DI) of the elongated droplet (Fig. 2Ci) and
dropping frequency were measured by ImageJ software. The
depositing volumes were transformed by frequency data and
the corresponding flow rate. The depositing volume was cal-
culated with the formula below, and the linear relationship
between volume and voltage was analyzed with MATLAB
software. (Q was the flow rate of the prepared bioink, and f
was the generation frequency of the microdroplet.):

Depositing volume = % /f- 2)
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Examination of the manufacturing feasibility

On-demand array printing: Researchers can establish on-
demand arrays for specific goals with this method. On-
demand arrays were printed with GelMA bioink mixed with
fluorescent pellets. The arrays were fabricated by 32G nozzle
with 2.7 kV voltage and 10 pL/min flowrate. 3D shapes of
the GelMA unit and on-demand printing array were captured
with LSCFM.

Chamber sealing test: Propidium iodide (PI) solution was
added in every other chamber of the assembled chip (Fig. 3C).
After 96-h standing in dark place, the system was dried in
super clean bench for 24 h. The chambers were imaged with
LSCFM. The fluorescent intensity of the image was read and
converted to gray value with MATLAB software.

Cell quantity fluctuation percentage: Here, GeIMA bioink
mixed with MDA-MB-231s (2 x 10° cells/mL) was applied
to fabricate 4 x 4 3D-TACs under different voltage (0 kV,
2kV, 2.7kV) with 32G nozzle and 10 pwL/min flowrate. Cell
quantity in every sample can be reflected by optical den-
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Fig.3 GelMA ECM properties. A SEM images of GelMA array. (i)
GelMA array. (ii) Surface. (iii) Inside. B Stress—strain curve. C Pore
area distribution analyzed with GeIMA inside SEM images. The smaller
graph showed the pore areas of some larger pores. D Degradation pro-
file of GeIMA in 2U/mL collagenase II solution. E The sketch of the

sity (OD) values tested by CCK-8. The quantity fluctuating
percentage was calculated with the formula below and sum-
marized in heat maps (OD(sample) was the OD value of
sample. OD(blank) was the OD value of DMEM with CCK-
8. OD(average) was the average OD value of all samples):

Quantity fluctuating percentage (%)
OD (sample) — OD (average)

x 100%.
OD (average) — OD (blank) 0 3)

Characterization of GelMA-based ECM

Rheological examination. Here, we carried out the shear-
thinning feature, loss/storage modules varying with time
varying and temperature varying. The GelMA bioink tested
by 400-mm testing rotor was chosen. The shear-thinning test
was carried out at the temperature of 30 °C. The temperature-
varying examination was carried out at the temperature range

30min 10min 20min 30min
Diffusion Duration

1rrl|in 10min  20min
Diffusion Duration

diffusion experiment. F Testing of diffusion effect in different layers
and durations. (i) LSCFM images of FITC-dextran in GelMA unit. (ii)
The contour graphs of the gray value data. G Quantitative analysis of
the diffusion results. (i) The gray value averages of different layers and
durations. (ii) The diffusion areas of different layers and durations

of 1-31 °C. The time-varying examination was carried out
at the temperature of 30 °C, and the time range was 200 s.

SEM images of GelMA arrays: To examine the micro-
morphology of GelMA array, it was dried in vacuum-drying
machine at — 80 °C for 24 h. Then, samples were treated
with a metal spraying machine and observed under SEM.
The inner morphology images were imported into ImageJ
software, and the pore areas were analyzed. The area fre-
quency distribution and the normal distribution data were
calculated.

Compressing and degradation testing: Matrix elastic-
ity and degradation profiles can strongly affect the tumor
growth. Here, GelMA cylinders was fabricated by a #9 mm x
6.3 mm mold. Then, the crosslinked GeIMA was compressed
under a stress—strain curve testing machine. Another group
of GelMA cylinders were fabricated by a ¥#9 mm x 2 mm
mold. Then they were immersed in 1.5 mL DPBS containing
2 U/mL collagenase II and incubated in incubator at 37 °C
with 5% CO;. The degradation durations were set as 0, 1, 3,
9, 24 h (three repeated samples). The samples were taken out
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Fig. 4 Growth state of breast tumor cells in 3D-TAC. A LSCFM images
of live/dead staining of the MDA-MB-231s encapsulated in 3D-TAC
(projection). (i) 1 day. (ii) 4 days. (iii) 7 days. B LSCFM images of F-
actin/nucleus markers of the MDA-MB-231s encapsulated in GelMA
3D-TAC (projection). (i) 1 day. (ii) 4 days and (iii) 7 days. C LSCFM
images of F-actin/nucleus markers from the MDA-MB-231s encapsu-
lated in GeIMA 3D-TAC (3D view). (i) 1 day. (ii) 4 days and (iii)

at planned duration. Remove the liquid and the samples were
transferred into the vacuum-drying machine at — 80 °C for
24 h. Then, the masses of the dried samples were weighed,
respectively. The data were presented as the mean =+ SD of
measured record.

FITC-dextran diffusion analysis: To examine the con-
trolled diffusion capability of GeIMA array, it was immersed
in the DPBS containing 300 pg/mL FITC-dextran (Fig. 4Fi,
ii) and observed under LSCFM with Z-stack function. The
images were captured at every 1 min after immersing for 1 h
with the same capturing parameters. The captured images of
four layers at 1 min, 10 min, 20 min, 30 min were transformed
to grayscale images and plotted with MATLAB software.
Furthermore, the diffusion areas were analyzed with ImageJ
software.
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Tumor growth state in 3D-TACs

Fabrication of 3D-TACs encapsulating MDA-MB-231s: The
MDA-MB-231s were detached and resuspended in the pre-
pared GelMA bioink to a concentration of 8 x 10° cells/mL
and 2 x 10 cells/mL (for metastasis observation). The 3D-
TACs were fabricated by 32G nozzles with 2.7 kV voltage
and 10 pL/min flowrate and crosslinked by 405-nm wave-
length light. The systems were cultured with complete
medium in 5% CO; at 37 °C.

Cellviability: The survival rates of MDA-MB-231s in 3D-
TACs were measured after 1-, 4-, 7-day culturing to examine.
The samples were treated with Calcein-AM/PI kits for 30 min
and washed by DPBS. Then, the chips were observed under
LSCFM by acquiring two images of each frame: green for
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live cells and red for dead cells, respectively. The live and
dead cell quantifications were performed with ImageJ soft-
ware, and cell viability was calculated as the ratio of the
number of live cells to the total number of cells.

Cell spreading: MDA-MB-231s morphology was
observed after 1-, 4-, 7-day culturing to examine the
cell spreading capability. The samples were treated by
TRITC phalloidin for 30 min and DAPI for 5 min for cell
cytoskeleton dyeing, including F-actin and nucleus. At last,
the chips were imaged with LSCFM.

Cell cycle: MDA-MB-231s were cultured in the proposed
3D-TAC and conventional 96-well culturing plate (5000
cells/well) for 5 days. After that, the cells in two kinds of
models were detached and fixed with 4% paraformaldehyde
(PFA) and stained with cell cycle detecting kit. Then, the
cell cycles were detected by FCM and analyzed with FlowJo
software.

Cell metastasis: The metastasis process in 72 h of MDA-
MB-231s in GelMA array was recorded with automatic
snapping microscope system. The cells in every 15° direc-
tions inside and outside of the structure were counted with
Imagel software. Ten cells were chosen to carry out path
tracking from O to 36 h. The metastasis velocity was calcu-
lated with the formula below (S was the metastasis distance):

S
Metastasis velocity = 7 x 100%. 4)

Drug screening with 3D-TACs and conventional well
plate

Screening models establishment and drug preparation: 3D-
TACs encapsulating MDA-MB-231s (2 x 100 cells/mL, 32G,
10pL/min, 2.7 kV) and conventional 96-well plate seeded
by MDA-MB-231s (5000 cells/well) were established as 3D
and 2D tumor models, respectively. Epirubicin (noncell cycle
specificity drug) and Paclitaxel (cell cycle specificity drug)
were diluted with the complete medium.

Live/dead examination: This part was aimed at not only
viability testing but also rough screening to determine an
approximate dose range. After 24-h culturing, epirubicin at
the concentration of 0 wM, 0.01 uM, 1 puM, 100 uM was
added into 4 repeat samples, respectively. The testing dura-
tions were set as 24, 48, 72 h. At the testing time, the samples
were treated with Calcein-AM/PI kits for 30 min and washed
by DPBS. Then, the chips were observed under LSCFM and
analyzed viability with ImageJ software.

VEGF accumulative expression: The concentrations of
epirubicin and paclitaxel were set as 0 uM, 1 uM, 5 pM,
10 uM, 25 uM, 50 wM. Transfer 100 wL cell supernatant in
every chamber into ELISA plate after 1, 2, 4 days of culturing
and incubate for 2 h. Clean up the plate and add the reagents
of the VEGF detecting kit in sequence. Then, read OD value

(450 nm and 630 nm) with the microplate reader and the
corresponding mass of VEGF was calculated by MATLAB
software according to the standard VEGF curve.

NAD+ examination for proliferation and IC50 conduc-
tion: 3D and 2D models and the drug doses were set as above.
Samples after 120-h culturing were immersed in CCK-8 kit
(10% v/v) for 3 h and read OD values (450 nm) by microplate
reader. The results were initialized according to the 0 pM
group. IC50 was analyzed with the standardized data by cal-
culating the concentrations at 50% spot of the OD value
curves with MATLAB software.

Tumor morphology: 3D models and the drug doses were
set as above. After 7-day drug treatment, the samples were
stained by TRITC phalloidin and DAPI for 30 min and 5 min,
respectively, and were imaged with LSCFM. After imaging,
all the images acquired by Z-stack function were projected
to a single image.

Tumor apoptosis by FCM: The 3D and 2D models and the
drug doses were set as above. Cells in two kinds of models
were detached after 72-h culturing and stained with cell apop-
tosis detection kit (Annexin V/PI) and examined by FCM.
The detecting particles count was setas 1 x 10*. Four cellular
distributions were divided by FlowJo software according to
the nonstained cells group. The distributions were interpreted
as below: Annexin V—/PI—: live cells. Annexin V+/PI—:
early apoptosis cells. Annexin V+/PI+: late apoptosis/dead
cells. Annexin V—/PI+: dead cells.

Results and discussion
Parametric effect on microdroplet formation

Printing states: Under the high-speed camera, with the
increasing of voltage, four different printing states were
observed, which were significant for choosing the most suit-
able printing state for this strategy (Fig. 2Ai-iv, Fig. SI).
Microdripping: When lower voltage was applied, dispersive
droplets were generated because the electric field force pro-
vided an auxiliary force to break up the surface tension for
gravity. This state is the most important for 3D-TAC estab-
lishment due to its high controllability and stability. Taylor
jetting: When the voltage increased, Taylor cone formed
around the nozzle and a continuous jetting vertically shot
down. Because of the short distance between the nozzle and
the membrane, there was not enough time for the evapora-
tion of the aqueous phase. That prevented the appearance of
Coulomb fission phenomenon [30, 31] and the liquid could
not break up into smaller droplets (Supplementary informa-
tion, additional discussion). Multijetting: With the increase
of voltage, the Taylor cone became unstable. It shook around
the nozzle and unstable droplets were generated, which is
unexpected in the 3D-TAC construction process. Breakdown:
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When much higher voltage was applied, the air between
the nozzle and the membrane was disrupted. Bright light
occurred in the printing area intermittently, which should be
strictly avoided.

Proportions and boundary conditions: As shown in
Fig. 2Bi, ii, the critical voltage, which is the voltage bound-
ary between microdripping state and Taylor jetting state, was
lower when a smaller nozzle size was used, but the influence
of flow rate was not obvious. Moreover, the breakdown volt-
age was higher when a smaller nozzle size was used. The
voltage proportions of every states before breakdown are dis-
played in Fig. 2Biii. The proportions of microdripping state,
which is important in 3D-TAC establishment process, were
all above 25% with all groups of parameters. This finding
confirmed that there was enough controllable voltage range
for stable construction of the array.

Liquid shape around nozzle. In microdripping state, when
the voltage grew to a certain value, its upper end began to be
stretched and the neck became narrower, which accelerated
the separation of the droplets. Here, Ds and DI of the elon-
gated droplet are summarized in the bubble chart shown in
Fig. 2Ciii. These data revealed that the values of Ds and DI
were both higher in larger nozzle size group. It was because
when droplet flows out from nozzle, liquid tended to fill the
nozzle tip and remains there by surface tension. For larger
nozzle, the excluded droplet could remain there and keep for
a larger volume. However, the values did not show notice-
able differences among different flow rate groups, while both
Ds and DI got smaller with the increase of voltage. In addi-
tion, Fig. 2Cii illustrates that with the increase of voltage,
the ratio of Ds/DI reduced in that the elongation effect in the
high-voltage electric field was stronger.

Frequency and resolution. Droplet volume is important
for its influence on model size and cell quantity. As shown in
Fig. 2Di, the deposition frequency was higher when higher
voltage was applied. The single droplet volume transformed
by the frequency data is shown in Fig. 2Dii. The minimum
volume could reach around 0.1 wL (Fig. 2Diii). Furthermore,
the volume-voltage lines showed nearly linear relationship
because all the values of R> were above 0.99 (Fig. 2Div). In
addition, the slope data showed that when the same flow rate
was used, the decreasing speed was higher in larger nozzle
size group. This result is important for the control of the
single droplet volume in chip establishment.

Feasibility of 3D-TAC establishment process

The strategy presented in this paper is aimed at establish-
ing the on-demand construction of 3D-TAC. Regarding the
manufacturing process, four significant problems should be
considered: (1) the 3D growth environment structure. (2) The
feasibility of on-demand droplet array printing. (iii) Cham-
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ber independence. (iv) Uniformity of the cell number among
samples.

3D growth environment: As displayed in Fig. 3Ai, ii,
GelMA unit had an arched shape on the membrane, which
established a 3D growth environment for encapsulated tumor
cells after crosslinking. Additionally, the arched shape pro-
vides a gradually varying thickness, which was suitable for
material exchanging between the inner and outer space of
hydrogel.

On-demand array printing: The printing route and
depositing duration could be easily modified by the default
programs in upper computer. Thus, not only could the strat-
egy be used to fabricate a basic array (Fig. 3Bii), but also
to build character pixel art (Fig. 3Bi). Furthermore, simply
by means of setting different linger time or repeating a spe-
cific G-code group, more complex arrays could be directly
developed, such as “gradually varying arrays” (Fig. 3Biii)
and “array of array” (Fig. 3Biv) without preparing special
mold or mask. This strategy made it possible to obtain on-
demand 3D-TAC for a series of particular drug screening
requirements.

Chamber sealing of 3D-TAC: The independence of per
culturing chamber must be guaranteed; otherwise, the drugs
at different concentrations may diffuse toward each other. As
from Fig. S3, the contour and mesh image displayed a clear
profile in the chambers placing PI solution. This indicated
that the PI remained in the presupposed chambers, which
was evidence of a qualified sealing of the 3D-TAC.

Cell quantity fluctuating percentage: Low cell initial quan-
tity fluctuation in per chamber is significant to ensure the
screening accuracy. The cell quantity fluctuating percentage
range (represented by color) in 4 x 4 3D-TAC of 0 kV, 2 kV,
2.7kV was —99.5t0136.0%, — 51.0t062.6%, — 4.6 t03.1%,
respectively, and the variance was 0.657, 0.159, 0.000568
(Fig. 3E, F). This illustrated that the fluctuation percentages
were quite different in 0 kV group but were clearly improved
with the increase of voltage. This was due to the size change
of the microdroplet caused by the electric field varying. In the
results above, single droplet volume has been measured. The
cell number in every droplet could be calculated by multi-
plying the single droplet volume and the applied cell density
of bioink. However, when lower or no voltage was applied,
droplet accumulated around the nozzle for a longer time and
formed larger droplets. During the printing process, there was
no or little droplet dropping on the conductive membrane at
some setting spots, but too much at others, which led to low
uniformity in the cell count. In contrast, when the voltage
was increased, the droplet size decreased and the deposition
frequency increased. This resulted in higher printing reso-
lution and made it possible to uniformly deposit a specific
quantity of cells in every sample.
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In conclusion, the analysis of manufacturing process of
3D-TAC indicated that the proposed strategy was with high
customizability, feasibility and accuracy for drug screening.

GelMA ECM characterization

Since the microenvironment created by hydrogel has a great
influence on tumor cells growth, the material properties were
examined in detail.

Rheological testing: The rheological property of uncured
bioink is significant in that it would influence the printing pro-
cess and cellular microenvironment formation. According to
Fig. 4], the shearing thinning (30 °C) of GeIMA was obvi-
ously displayed and the viscosity was low. Furthermore, the
loss/storage modulus variation with the temperature chang-
ing was tested, which was important to determine the gelation
point. As shown in Fig. 4H, two curves were crossed at the
point of around 20.5 °C (gelation point), which was much
far from the chosen printing temperature. Thus, the droplet
could be stably generated and the crosslinked GeIMA ECM
would be more uniform. Time varying was another important
property because GelMA is a kind of noncrystal. With time
going, the state of GelMA could gradually change. To jus-
tify the stability at the chosen printing temperature (30 °C),
the loss/storage modulus variation with time changing was
tested. As shown in Fig. 41, two curves were both relatively
plain and retain a relatively stable interval in testing period.
This result indicated that uncured GeIMA could contain sta-
ble liquid phase and form consistent ECM after irradiation.

SEM morphology: The SEM images shown in Fig. 4 Ai—iii
revealed numerous micropores forming after crosslinking,
indicating the GeIMA ECM allowed the material exchange
between the inner and outer environment of the structure.
Noticeably, the surface pores were much smaller and denser
than the inner ones. This phenomenon, as discussed in
our earlier research [32], resulted from the difference of
crosslinking conditions. The inner pore areas smaller than
100 }Lmz nearly followed a normal distribution, and the aver-
age was 493.277 um? (Fig. 4C). It is worth mentioning that
there were a few larger pores formed during the crosslinking
process. The area even reached nearly 1.4 x 10* wm?. Thus,
it was convenient for tumor cells to spread inside the GeIMA
3D model like in vivo situations.

Stress—strain curve: Matrix dynamics is critical for tumor
growth. Previous researching has demonstrated that the
elastic modulus of malignancy could be up to 20 kPa.
Specifically, the peak of breast malignancy elastic mod-
ulus can occur at 0.31-0.75 kPa, 1.54-1.99 kPa and
5.75 kPa [33]. Here, the elastic modulus of 5% GelMA was
4.322 4+ 1.739 kPa, showing promising elasticity (Fig. 4B).
This modulus was exactly in the range of the one referred
above. Remarkably, we chose the GelMA with a low
methacrylation level in this work for obtaining more suitable

microenvironment. Accordingly, its elasticity was lower than
that of the GeIMA with high methacrylation level [21].

Degradation profile: GeIlMA has been reported that its
degradation profile can be modified by tuning the concen-
tration [21]. Here, the degradation profile of the applied 5%
GelMA was tested with collagenase II [21, 34]. The results
of the test shown in Fig. 4D revealed that the samples were
completely degraded within 24 h, suggesting that GeIMA
had the ability of responding to a biologic environment.

Molecule diffusion: The diffusion images of GelMA
encapsulating FITC-dextran for 1, 10, 20 and 30 min are
shown in Fig. 4Fi. The transformed gray-level contour graphs
(Fig. 4Fii) revealed that with the increase of immersing dura-
tion, the fluorescent molecules gradually invaded the GelMA
unit. Moreover, the finishing speed of the overall diffusion
at the upper layers was much higher than those at the lower
layers (Fig. 4Gi, ii). This finding indicated that the GeIMA
sample could achieve the gradual drug diffusion as in vivo
situation.

In summary, given its great porosity, ideal elasticity,
excellent gradual molecular diffusion controllability and
exceptional degradation profile, GeIMA was considered wor-
thy of being further explored in 3D-TAC establishment.

Growth state of MDA-MB-231s in 3D-TAC

Tumor cells experienced the electric field force in this strat-
egy. For drug screening application, tumor cells encapsulated
in 3D models should keep their fundamental functions before
drug treatment. That would guarantee that the results only
depend on drug concentration excluding mechanical injury.

Cellviability and spreading: The images of live/dead test-
ing are shown in Fig. 5Ai, iii. The tumor cells showed high
viability (above 90%, Fig. S7) even after exposing to the
electric field force during the procedure. The morphology of
MDA-MB-231s (Fig. 5Bi-Ciii) clearly illustrated the encap-
sulated MDA-MB-231s began to spread on the first day of
culturing. On the 4th day, almost all the cells had spread in
hydrogel with wider margin. On the 7th day, some tumor cells
accumulated in GeIMA becoming larger tumor-like growth.

Cell cycle: ECM can influence cell proliferation behavior.
According to the FCM testing results (Fig. 5Di, ii), the second
gap (G2) proportion of 3D models (9.92%) was lower than the
one of 2D models (11.15%). This result illustrated that more
MDA-MB-231s in 3D-TAC were preparing the synthesis
of relating DNA and proteins instead of mitosis. This phe-
nomenon resembled the situation in actual organism because
of restriction deriving from the 3D extracellular matrix. The
cell cycle distinction between the 2D and 3D models would
be critical for the drug screening results because some anti-
tumor drugs own cell cycle specificity. The appropriate 3D
models as proposed 3D-TAC could provide more accurate
screening conditions.
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different treating duration. B VEGF accumulative expression mass
of epirubicin (noncell cycle specificity) and paclitaxel (cell cycle

Metastasis process: The metastasis ability of tumor cells is
significant for invasion and dissemination from primary solid
tumors and for the building of lethal secondary metastases
at distant organs [35-39]. During metastasis (Fig. 5Ei-iii),
some cells encapsulated in the GelMA overcame the obstacle
of the hydrogel network and escaped outside as in vivo situa-
tion (Fig. 6Ei-iii). Because the vertical height of the GeIMA
unit was gradually varied, the material interaction near the
edge was more frequent. Cells tended to migrate there from
the same or different layers and exited ECM. Additionally,
cell tracks from O to 36 h were marked for kinematics anal-
ysis (Fig. S8). The velocity (Fig. 5G) and moving direction
(Fig. SH) were not uniform due to different pore sizes.
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Together, these results indicated that MDA-MB-231s in
3D-TAC preserved their high viability, as well as their ability
to spread and metastasize after undergoing the high voltage.

The above research led us to ponder over the additional
applications of this strategy in the future. For instance, the
kind of encapsulated cells in the chips could be extended.
Besides tumor cells, a series of stem cells and somatic cells
could be chosen as the model subjects, establishing “3D-
xAC,” such as “3D Stem Cell Array Chip,” “3D Vessel Array
Chip,” “3D Liver Array Chip.” Accordingly, this method
not only could be applied for antitumor drug screening, but
also for stem cell induction, somatic cell functionalization,
etc. Moreover, the 3D-TACs (or other array chips) could be
produced on a large scale and be cryopreserved for more
convenient using. Researchers could easily acquire enough



Bio-Design and Manufacturing (2020) 3:175-188

185

Ai) Apoptosis Detection of MDA-MB-231s

Apoptosis Summary of 2D Model

Epirubicin

lon

Epirubicin
Non call-cyclo spacificity

[ Annexin V-/PIl-

I Annexin V+/PI-

[ Annexin V+/PH+
21 Annexin V-Pl+

Percentage (%)

2-Dimensional Models

Paclitaxel
ll-cych
y

>
e
=4
=

Drug Kind and Dose

Apoptosis Summary of 3D Model

Epirubicin

Epirubicin
Non cell-cycle specificity

[ Annexin V-/PI-

Non cell-cycle

3 Annexin V4/PI-
Annexin V+/PI+
3 Annexin V-/Pl+

3-Dimensional Models

Paclitaxel
Cell-cycle specificity

Fig.6 Apoptosis of MDA-MB-231s (flow cytometric testing). A FCM
analysis of tumor apoptosis treated by epirubicin and paclitaxel. (i)
Common well plate (2D). (ii) 3D-TACs. B Summary of apoptosis phase.

tumor models for new antitumor drug screening and assemble
them with “layer cake” culturing plates directly. Altogether,
this strategy has great potentials to be used in more biomed-
ical applications.

Drug screening with 3D-TACs and conventional well
plate

Epirubicin, a cell-permeable anthracycline antitumor drug,
was proved to be effective in the tumor therapy [40-43]
(noncell cycle specificity). Furthermore, paclitaxel is also
a common antitumor drug in the chemotherapy (cell cycle
specificity). Finally, we brought the novel 3D-TACs into
practical drug screening process to acquire all-round drug
effect evaluation of epirubicin and paclitaxel to show the
compatibility of the proposed drug screening system with
the traditional screening methods.

Screening of different treatment duration: LSCFM images
are shown in Fig. 6Ai-iii, and the standardized viabilities
analyzed by ImageJ software are shown in Fig. 6C. The
data indicated that higher drug concentration exerted higher
antitumor effect. The duration of the treatment also had an
obvious effect on the viability. Additionally, contrasting 3D
and 2D results, the viabilities of 3D models were higher than
the ones of 2D models with the same drug concentrations,
especially in the middle concentration group (1 wM). This
finding verified the defending effect of 3D models deriving

Drug Kind and Dose

(i) Common well plate (2D). (ii) 3D-TACs. Annexin V—/PI—: live cells.
Annexin V+/PI—: early apoptosis cells. Annexin V+/PI+: late apopto-
sis/dead cells. Annexin V—/PI+: dead cells

from the hydrogel networks. According to the rough screen-
ing results, we could determine the drug concentrations in
the follow-up screening should be set as 1 uM to 100 wM.
Considering the extreme low viability in 100 wM group, we
set the drug concentrations in the follow-up drug screening
as O uM, 1 uM, 5 uM, 10 puM, 25 uM, 50 .M.

VEGF accumulative expression: VEGF, also known as
vascular permeability factor (VPF), can promote the increase
of vascular permeability and extracellular matrix variabil-
ity, which is important in tumor vascularization process. As
shown in the heat map tested by ELISA method in Fig. 6B,
stronger fluctuating of VEGF mass happened on day 4, which
demonstrated the gradual trend of accumulative mass with
the dose increase. Moreover, it should be noted that the
samples in the paclitaxel group showed more colors, which
revealed that the VEGF-releasing capability of MDA-MB-
231s was gradually limited. For the samples in the epirubicin,
when the drug concentrations raised above 1 uM, MDA-MB-
231s tended to slow down releasing rate or die.

NAD+ examination for proliferation: Here, we brought the
3D-TAC:s into the operation of NAD+ examination tested by
ELISA method to explore the proliferation behavior of the
tumor cells. Figure 6D shows that in all experiment groups,
the NAD+ contents obviously decreased with the concentra-
tion increasing, confirming that the proliferation capability
of MDA-MB-231s was restricted by drugs. Furthermore, in
epirubicin group, the NAD+ contents were obviously lower
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than the ones in paclitaxel group. The IC50 values of 2D
models were 46.09 uM and 27.77 uM, respectively, which
were generally lower than the ones of 3D models (47.63 pM
and 28.83 wM) as shown in Fig. 6E.

Tumor morphology: The morphologies of the tumor
treated by different drugs are shown in Fig. 6F. For the same
concentrations, epirubicin showed higher antitumor effect
than paclitaxel. The development of tumors began to be
restricted at 1 wM in the epirubicin group, whereas at 10 uM
in the paclitaxel group. Furthermore, the spreading of the
MDA-MB-231s was more obvious in the paclitaxel group.
With the treatment of epirubicin, the tumor cells seemed to be
killed numerously implied from the restriction of spreading
and mitosis according to the signal of phalloidin and DAPIL

Tumor apoptosis by FCM: The apoptosis results summa-
rized by FlowJo are displayed in Fig. 6Al, ii, and the tumor
apoptosis stages proportion are summarized in Fig. 6Bi, ii.
In the epirubicin group, the center of cell cluster began mov-
ing to early apoptosis cells area at 1 WM and immediately
moving to late apoptosis/dead cells area above it. In terms of
paclitaxel, from O to 25 wM, the move extent was not obvi-
ous. Until the concentration was increased to 50 WM the cell
cluster began to move to early apoptosis area.

In conclusion, the proposed 3D-TAC in this paper was
proved to be feasible to screen antitumor drugs. This sys-
tem can be perfectly compatible with the conventional drug
screening procedure and potential to be utilized in more drug
research.

Conclusion

This paper proposed an innovative 3D drug screening system,
namely 3D tumor model chip with “layer cake” structure.
Precise 3D tumor array could be generated on demand and
accurately with the help of the electric field force and motion
controlling system. The transparent conductive membrane
was introduced as a novel chip basement, which could make
it easy for a series of drug examinations and solve the princi-
pal problem of electro-assisted printing: charges repelling.
In terms of three main factors: building tumor array on
demand precisely, providing suitable microenvironment and
containing tumor cell functionalization, this tumor chip was
demonstrated to be feasible and promising. GeIMA was
chosen as the ECM deriving from its promising biocompat-
ibility and crosslinking capability. MDA-MB-231s, which
own metastasis capability, were encapsulated in 3D-TAC. As
ademonstration, we brought the novel 3D-TAC into practical
drug screening process to acquire all-round drug effect eval-
uation of epirubicin and paclitaxel to show the compatibility
of the proposed drug screening system with the traditional
screening methods, including Calcein-AM/PI (live/dead),
tumor morphology, VEGF-accumulative expression, NAD+

@ Springer

examination with CCK-8 for proliferation analysis, half max-
imal inhibitory concentration IC50 and apoptosis tested by
FCM analysis. What’s more, as the discussion above, further
applications of this system can also focus on establishing
“3D-xAC” by encapsulating other kinds of cells or “conve-
nient utilizing” by producing and cryopreserving tumor array
membranes on a large scale. We anticipate that the novel
3D-TAC has potential to become a widely applied standard
3D drug screening system for other researchers. It will play
an important role in drug screening and can contribute to
advance the field of tumor chemotherapy and more biomed-
ical applications.
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