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Abstract

Organ-on-a-chip systems have been increasingly recognized as attractive platforms to assess toxicity and to develop new
therapeutic agents. However, current organ-on-a-chip platforms are limited by a “single pot” design, which inevitably requires
holistic analysis and limits parallel processing. Here, we developed a digital organ-on-a-chip by combining a microwell array
with cellular microspheres, which significantly increased the parallelism over traditional organ-on-a-chip for drug develop-
ment. Up to 127 uniform liver cancer microspheres in this digital organ-on-a-chip format served as individual analytical
units, allowing for analysis with high consistency and quick response. Our platform displayed evident anti-cancer efficacy
at a concentration of 10 pM for sorafenib, and had greater alignment than the “single pot” organ-on-a-chip with a previous
in vivo study. In addition, this digital organ-on-a-chip demonstrated the treatment efficacy of natural killer cell-derived
extracellular vesicles for liver cancer at 50 pg/mL. The successful development of this digital organ-on-a-chip platform
provides high-parallelism and a low-variability analytical tool for toxicity assessment and the exploration of new anticancer
modalities, thereby accelerating the joint endeavor to combat cancer.
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Introduction

Liver cancer, including primary and secondary malignan-
cies, is one of the most common and lethal malignancies
with high morbidity and mortality worldwide. Each year,
the global incidence of liver cancer increases by more than
800,000, and approximately 780,000 people die of this type
of cancer [1]. Currently, only a few specific drugs are availa-
ble to treat liver cancer [2], which highlights the urgent need
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to develop new drugs or other novel strategies, including
biologics, functional materials, and extracellular vesicles for
improved therapeutic outcomes. Although two-dimensional
(2D) monolayer cultures and animal models are widely used
for anticancer drug screening, the inability of these pre-
clinical models to predict drug responses in human tumors
in vivo has resulted in few preclinical successes translat-
ing into clinical practice [3, 4]. Compared to in vivo condi-
tions in humans, traditional 2D cultures lack the interactions
between tumor cells, the extracellular matrix, surround-
ing vasculature, and the complex three-dimensional (3D)
microenvironment, which are key for drug screening [5-8].
Although animal models enable drug screening, inherent
intraspecific and physiological differences between humans
and animals often undermine the success rates of drug
development [9, 10]. Hence, a drug screening platform that
can better represent the tumor microenvironment is highly
sought after to accurately predict toxicity and efficacy, and
thus to achieve a higher success rate prior to the translation
to clinical trials.

Organ-on-a-chip has recently become a powerful plat-
form for drug and toxicological screening in vitro [11-16].
For example, Chen et al. developed a visual myocardial
chip for drug development by assembling cardiomyocytes
on morpho butterfly wings and filling the nanogaps of the
wings with carbon nanotubes to increase the color contrast
[17]. Nanotechnology such as anisotropic structural color
particles (SCPs) [18] and 3D bioprinting [19] have further
advanced organ-on-a-chip for drug testing in vitro. How-
ever, traditional organ-on-a-chip is based on the “single
pot” method [20], in which drug test is a holistic analysis
and the parallelism of testing is poor. Ma et al. placed
hepatocytes (HepG2) and human aortic endothelial cells
(HAEQ) in different locations to form a bionic liver lobule
on a chip to evaluate the liver toxicity of drugs [21]. In
another study, Lu et al. used decellularized liver scaffolds
and photocrosslinkable gelatin to mimic the extracellu-
lar matrix and constructed liver-on-a-chip to assess the
toxic effects of sorafenib and acetaminophen on hepato-
cytes [22]. Although the above liver organ-on-a-chip fea-
tured the capability of toxicity testing, the entire chip was
treated as a whole unit subject to analysis, resulting in the
poor parallelism of analytical testing conducted on a sin-
gle chip. Digital microfluidics technology, as a new type
of liquid processing technology, combines droplets and
microfluidics technology to form multiple analysis units
in parallel on a single chip [23, 24]. Each droplet is taken
as an independent analysis unit, which increases the par-
allelism of analytical testing and achieves more accurate
and sensitive results than the traditional analog analysis of
organ-on-a-chip [25]. Au et al. prepared a liver-on-a-chip
platform via digital microfluidic technology to evaluate
individual 3D liver organoids’ responsiveness to drugs
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[26]. Nevertheless, traditional digital microfluidics plat-
forms can only perform multiplex or parallel biochemical
reactions due to the use of a small number of droplets
(from several up to tens) [27]. In addition, traditional digi-
tal microfluidics platforms have not been leveraged for
3D cell culture with continuous perfusion [28]. Therefore,
the development of an advanced digital organ-on-a-chip
platform with good parallelism, simple preparation and
operation would be a significant step in the screening of
anticancer drugs and toxicity testing, enabling a more effi-
cient drug screening pipeline for liver cancer.

In this study, we developed a novel digital organ-on-a-
chip platform, on which uniform hydrogel microspheres
containing liver cancer cells, human vascular endothelial
cells and human fibroblasts were well separated via micro-
wells to improve parallel analysis and reduce variation
caused by the “single pot” analysis in traditional organ-
on-a-chip. Although cell microspheres can be generated
via gravity or self-assembled on-chip [29-31], the size
and shape of cell spheres are not well-controlled, which
may lead to unwanted variation in subsequent biological
analysis [32]. The cell microspheres generated through
water-in-oil-based microfluidics are generally contami-
nated with oil, which can also cause bias in drug test-
ing [33, 34]. In this study, uniform cellular microspheres
with a diameter of 200 pm were prepared via electrospray,
and they served as individual analysis units in this digital
organ-on-a-chip. The uniform microsphere and microw-
ell array divided the traditional “single pot” analysis unit
into hundreds of independent analysis units, which was
therefore characterized by high parallelism. The microwell
array immobilized the microspheres under the condition
of perfusion and provided a relatively independent space
for growth and functioning. In addition, due to the design
of our microwell array, liver cancer microspheres immo-
bilized in each well were adequately separated, allowing
for digital fluorescence analysis without the interference
of adjacent fluorescence signals. Our results showed that,
at a concentration of 10 pM, sorafenib demonstrated a
clear cytotoxic effect on liver cancer cells in the digital
organ-on-a-chip, which was consistent with the results
previously reported in vivo [35]. Furthermore, our digital
platform demonstrated the feasibility of developing natu-
ral killer cell-derived extracellular vesicle (NK EV) based
anticancer therapeutics, providing an opportunity for the
evaluation and developmental acceleration of novel thera-
peutic platforms, such as biologics, functional materials
and EVs. Therefore, the proposed digital organ-on-a-chip
based on high parallelism and uniform analysis units pro-
vides a robust platform for cancer drug development and
toxicity screening for drug candidates for cancer and other
diseases, and is expected to expedite the process of drug
development in vitro.
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Materials and methods

Design and fabrication of digital and traditional
organ-on-a-chip

The bottom layer of the novel digital organ-on-a-chip con-
sisted of 127 circular holes with a diameter of 300 pm
and a depth of 200 pm arranged in a regular hexagonal
microarray. The interval between adjacent circular holes
was 150 pm. In contrast, the bottom layer of the tradi-
tional “single pot” organ-on-a-chip was a regular hexago-
nal cavity (side length=2.7 mm, depth =200 pm). The top
layer of both types of organ-on-a-chip contained channels
and ports for dynamic perfusion, and a regular hexagonal
chamber (side length=2.7 mm, depth=1 mm) matching
the bottom layer.

For the device fabrication process, polydimethylsilox-
ane (PDMS) prepolymer and curing agent (10:1 ratio, Dow
Corning, Midland, MI, USA) were mixed and uniformly
stirred, then poured on the mold and cured at 80 °C for
4 h. The PDMS was subsequently peeled off and the excess
was appropriately cut off. The bottom and top layers were
then bonded in a vacuum plasma machine (Putele, Suzhou,
China). The chamber surface was modified by Pluronic
F-127 [36] (10% w/v, Sigma-Aldrich, St. Louis, Missouri,
USA) for 2 h and rinsed using PBS (0.01 M) for 10 min.
The contact angle of the bottom surfaces after Pluronic
F-127 treatment was measured using a drop shape analyzer
(DSA100, KRUSS, Germany).

Construction of liver cancer microspheres
Cell transduction

Liver cancer cells (HepG2) and human umbilical vein
endothelial cells (HUVEC) were provided by Prof. Ben
Wang’s laboratory (Zhejiang University, Zhejiang,
China), and human foreskin fibroblasts (HFF-1) were
obtained from the China Center for Type Culture Col-
lection (CCTCC). The HepG2, HUVEC and HFF-1 cells
were seeded at 5 x 10° cells per well in 24-well plates and
cultured in Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% fetal bovine serum (Gibco, Melbourne,
Australia) in an incubator (5% CO,) at 37 °C. The HepG2,
HUVEC and HFF-1 cells were transduced at about 80%
confluency with lentiviruses of pLenti-CMV-mCherry-
3FLAG-PGK-Puro (OBIO Technology, Shanghai, China),
pHBLV-CMV-EF1-ZsGreen-P2A-Puro (Hanbio Biotech-
nology, Shanghai, China) and pSLenti-EFla-EBFP2-
P2A-Puro-CMV-HA-MCS (OBIO Technology, Shanghai,
China), respectively. After 72 h of transduction, the target

cells were observed under a fluorescence microscope to
confirm that the lentiviruses were successfully transfected
into the target cells, and puromycin-containing medium
(MedChem Express, Monmouth Junction, NJ, USA) was
added for the selection of resistant colonies.

Generation of microspheres via microfluidic electrospray

HepG2, HUVEC, and HFF-1 cells were mixed at a ratio of
4:1:4 in 2% (w/v) sodium alginate solution with a total cell
concentration of 10° cells/mL, and dispensed using a high-
voltage electrostatic field system to generate uniform cellular
microspheres [37]. The microspheres’ diameter was controlled
by adjusting electrostatic field voltage, pump rate, and other
parameters. The microspheres were stable in 2% CaCl, solu-
tion and washed with culture medium three times for prior
culturing on a digital organ-on-a-chip.

Simulation of chemical diffusion in traditional
and digital organ-on-a-chip

The molecular weight (MW) of sorafenib is 464.8, which is
close to the MW of glucose (180). The MW of interferon-y
(IFN-y) in NK extracellular vesicle is 1.7 x 10*, which is
close to the MW of a-lactalbumin (1.4 x 10%). Thus, for the
numerical simulation, the diffusion coefficients of glucose
and a-lactalbumin in 2% sodium alginate (6.4 % 1071% m?s,
1.0x10710 mz/s) [38, 39] were used for sorafenib and IFN-y
in 2% sodium alginate, respectively. The convection—diffusion
equation was employed to quantitatively analyze the diffusion
speed of both small (Sorafenib, MW < 10%) and large mol-
ecules (IFN-y) in the traditional “single pot” organ chip and
digital organ-on-a-chip.

Diffusion of chemicals in the traditional organ-on-a-chip:

Governing equation:

0C(, 1) . 2°C(x, 1)
=D .
ot 0x2

Initial condition:

0, x #1,

C(x,0) = { ¢ xli

Boundary conditions:

aC(x,t) __

ox
Cix, 1) = C,,
Diffusion of chemicals in digital organ-on-a-chip:
Governing equation:

oC(x,1)) _ D 9 2 aC(x, 1)
or  x20x ox )
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Initial condition:

C(x,0)={% X#r,
0»

Boundary conditions:

XD =9,  x=0,
{ Couty=Cp. x=r.

Here, 0 denotes partial derivative; C(x, t) denotes the
chemical concentration compound; the initial concentrations
of sorafenib and IFN-y (C,;) were 10 pmol/L and 50 pg/mL,
respectively; x denotes the distance from the chip surface
to its bottom; ¢ denotes the time; [ denotes the diffusion
distance of substances in the traditional “single pot” chip,
which was 200 pm; r denotes the diffusion distance of sub-
stances in the digital organ-on-a-chip, which was 100 pm;
the diffusion coefficients (D) of sorafenib and IFN-y in 2%
sodium alginate were 6.4 X 107 m%s and 1.0x 10719 m?/s,
respectively. The MATLAB software (2017a, MathWorks)
was used to solve the convective-diffusion equation.

X=r.

Characterization of liver cancer microspheres
in digital organ-on-a-chip

Before loading cellular microspheres onto the digital organ-on-
a-chip, the channels were perfused with 2% penicillin—strep-
tomycin (Biological Industries, Beit Haemek, Israel) for 2 h.
The microsphere suspension was infused into a digital organ-
on-a-chip using a peristaltic pump (Longer Pump, Baoding,
China), and allowed to stand for 15 min. Subsequently, the
medium was continually perfused at a flow rate of 0.25 mL/
min. The viability of liver cancer microspheres on days 1, 3,
7 and 14 in the chips was analyzed via live/dead cell staining
(Dojindo, Kumamoto, Japan). In brief, Calcein-AM (2 pL)
and propidium iodide (3 pL) were added to DMEM (1 mL)
to prepare a staining solution. The microspheres were then
incubated with the staining solution for 30 min in the dark;
they were imaged under a Leica TCS SP confocal micro-
scope (Leica, Nussloch, Germany) and analyzed with Image
J software. For the immunofluorescence assay, liver cancer
microspheres were fixed with 4% paraformaldehyde and
permeabilized with 1% Triton X-100 solution. Afterward,
the microspheres were blocked in 1% bovine serum albumin
(BSA) solution (Sigma, St. Louis, MO, USA) for 1 h. Next,
some microspheres were incubated together with rabbit anti-
CD?31 antibody (1:500, Abcam, Cambridge, UK) and chicken
anti-albumin antibody (1:100, Abcam, Cambridge, UK) over-
night at 4 °C. These microspheres were then sequentially incu-
bated with 1:1000 anti-rabbit secondary antibody labeled with
Alexa Fluor 488 (Abcam, Cambridge, UK) and anti-chicken
secondary antibody labeled with Alexa Fluor 594 (Abcam,
Cambridge, UK) for 2 h each. The rest of microspheres were
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incubated with mouse anti-vimentin antibody (1:500, Abcam,
Cambridge, UK) overnight at 4 °C and then incubated with
anti-mouse secondary antibody labeled with Alexa Fluor 488
(Abcam, Cambridge, UK) for 2 h. The nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI, Beyotime, Shang-
hai, China). The images were observed under a Leica TCS SP
confocal microscope (Leica, Nussloch, Germany).

The secretion of albumin and urea from liver cancer
microspheres was measured for functional evaluation. The
culture medium was collected on days 1, 3, 7 and 14 after
microspheres were seeded on a digital organ-on-a-chip. The
analysis was performed using the albumin and urea ELISA
quantitative detection kit (Fankew, Shanghai, China) accord-
ing to the manufacturers’ recommendations. Absorbance
was measured employing a SpectraMax M5 (Molecular
Devices, San Jose, USA) multifunctional microplate reader.

Evaluation of toxicity on 2D culture, traditional
and digital organ-on-a-chip

Toxicity testing using sorafenib was conducted on a 2D
monolayer coculture, traditional organ-on-a-chip and digital
organ-on-a-chip. The cell suspensions were mixed accord-
ing to previous reports with the ratio of HepG2: HUVEC:
HFF-1 set to 4:1:4 (x 10° cells) [40]. For the 2D monolayer
coculture, the cell suspension was seeded into 24-well plates
at a density of 3x 10* cells per well. For the preparation
of traditional organ-on-a-chip for toxicity testing against
sorafenib, the cell suspension was mixed with 2% sodium
alginate solution as described above, and seeded into a “sin-
gle pot” hexagonal microfluidic device with a side length of
2.7 mm and a depth of 200 pm. The digital organ-on-a-chip
device was prepared as described above.

The 24-well plate, traditional organ-on-a-chip, or digi-
tal organ-on-a-chip were placed in an incubator (37 °C,
5% CO,) for 72 h. Among them, the traditional and digital
organ-on-a-chip were cultured with medium perfusion at a
rate of 0.25 mL/min. On day 4, cells cultured under these
three conditions were continuously exposed to 0.0, 5.0, 10.0,
or 20.0 pM sorafenib (MedChem Express, Monmouth Junc-
tion, NJ, USA) solution for 48 h for drug toxicity testing.
According to the configuration of live/dead cell staining,
the proportion of live cells (green) in the confocal images
was measured using Image J software to obtain the cell via-
bility. Live/dead cell staining was also performed to assess
the toxic effects of sorafenib on cells under these different
culture conditions.

Isolation, quantification and characterization of EVs
from NK-92Ml cells

NK-92MI cells were obtained from Prof. Yibing Xu’s labo-
ratory (Zhejiang University, Zhejiang, China) and cultured
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in RPMI-1640 medium (Gibco, Melbourne, Australia)
supplemented with 10% fetal bovine serum (FBS, Gibco,
Melbourne, Australia), and penicillin—streptomycin (1%,
Sangon Biotech, Shanghai, China). NK-92MI cell-derived
EVs were isolated from the culture medium as previously
reported using an ultracentrifugation method [41]. First, live
cells in the medium were removed at 200Xg (5 min). Then,
dead cells in the supernatant were separated at 2000xg
(15 min). Subsequently, cell debris was removed through
centrifugation at 12,000g (45 min). A 0.2 pm filter (Milli-
pore, Billerica, MA, USA) was used to separate the obtained
supernatant, which was then centrifuged at 120,000xg for
70 min to obtain EVs pellets. Pellets were washed and resus-
pended with RNAse inhibitor-containing DPBS (1 U/uL,
Gibco, Gaithersburg, USA). The protein concentration of
EVs was quantified using a bicinchoninic acid (BCA) kit
(Sangon Biotech, Shanghai, China).

Nanoparticle tracking analysis (NTA)

The size distributions of EV samples were measured with
a NanoSight NS300 (Malvern Instruments, Malvern, UK)
[41]. NTA 3.0 software was used to control the instrument.
Five videos with 30 s each were recorded for each measure-
ment. The screen gain, camera level and detection threshold
were set to 1.0, 15 and 5, respectively. The camera type was
sCMOS.

Transmission electron microscope (TEM)

After ultracentrifugation, the EVs were fixed in 2.5% glu-
taric dialdehyde for 30 min, washed 3 times with PBS, then
resuspended in 0.5% BSA/PBS. Twenty microliters of EV
solution were placed on each microscope grid. A filter paper
was applied to absorb the redundant solution, and then the
grid was exposed in a dry environment for 5 min. Subse-
quently, the EVs were stained with uranyl acetate for 5 min,
and the samples were visualized using a JEM-1010 trans-
mission electron microscope (80 kV, JEOL, Tokyo, Japan).

Western blot (WB)

The identification of Calnexin, TSG101, HSC70 and CD63
in both NK-92MI cells and NK-92MI-derived EVs was
confirmed via WB [42]. Briefly, NK-92MI cells (20 pg)
and EVs lysates (50 pg) were separated using sodium
dodecyl sulfate (SDS)-gel electrophoresis, and they were
subsequently transferred to a polyvinylidene fluoride mem-
brane. The membrane was then blocked by 5% skimmed
milk in tris-buffered saline (TBS) for 2 h, incubated with
rabbit anti-calnexin antibody (1:1000, Abcam, Shang-
hai, China), rabbit anti-TSG101 antibody (1:500, Abcam,
Shanghai, China), rabbit anti-HSC70 antibody (1:1000,

Abcam, Shanghai, China), or rabbit anti-CD63 antibody
(1:1000, Abcam, Shanghai, China) at 4 °C overnight, and
then washed 3 times using Tris-buffered saline with 0.1%
Tween 20 (TBST) for 10 min. The membrane was further
incubated with goat anti-rabbit immunoglobulin G (IGg)
H&L (horseradish peroxidase, HRP) secondary antibody
(1:1000) at room temperature for 2 h. The membrane was
incubated with TBST for 10 min, and the procedure was
repeated 3 times prior to analysis on a Bio-Rad chemilu-
minescence imaging system (Hercules, California, USA).

Therapeutic effect of NK EVs on liver cancer cells in digital
organ-on-a-chip

The lethal effect of NK-derived EVs on liver cancer was
tested using digital organ-on-a-chip. First, liver cancer
microspheres were placed in a digital organ-on-a-chip and
incubated for 48 h (37 °C, 5% CO,). Then, NK-derived
EVs were continuously perfused at concentrations of 0,
10.0, 30.0, and 50.0 pg/mL for 24 h. The cell viability was
evaluated via live/dead cell staining under a Nikon confo-
cal microscope with the aid of Image J software.

Statistical analysis

All statistical analyses were performed using the soft-
ware GraphPad version 6.0. Data were presented as
mean + standard deviation (SD). p values <0.05 were
considered as statistically significant.

Results
Characterization of digital organ-on-a-chip

The digital organ-on-a-chip was designed to contain two
layers of PDMS: the top layer consisting of a hexagon
chamber matching the layout of the bottom chamber, and
the bottom chamber embedded with an array of circular
wells in a hexagon shape (Fig. 1a). Following the hydro-
philic treatment of the microfluidic channels and hexagon
chamber with Pluronic F-127 (10% v/v) (Fig. 1b), the con-
tact angle was 11.7°+0.9° as opposed 10 to 109.9° +9.4°
in the untreated control (Figs. 1bI-1bIII). The hydro-
philic treatment increased the capture rate of cellular
microspheres in the hexagon microarray to (75.4 +3.6)%
at a flow rate of 0.5 mL/min compared to (8.9+2.1)%
(p <0.05) in the untreated control (Fig. 1bIV). Represent-
ative images of liver cancer microspheres in the digital
organ-on-a-chip are shown in Fig. lc.
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Fig. 1 Development of a digital
organ-on-a-chip device. a (I,
1II) 3D schematic diagram of

(a) (1)

digital orgar.l—on—a—chlp (top ¥ —— \\
layer and microchannel, bottom array

layer, and microwell array) and

(IIT) physical image. b (I-11I) PDMS
Comparison of water contact bottom layer

angle and (IV) capture rate

of microspheres in the digital
organ-on-a-chip before and after
treatment with Pluronic F-127.
¢ (I) 3D schematic diagram; (11,
IIT) physical image and enlarged
view of microspheres in the
digital organ-on-a-chip. Scale
bar: 500 pm (c-II). Scale bar:

50 pm (c-1II). The data were
averaged from three samples
and expressed as mean + SD
(*p<0.05, NS, p>0.05 nonsig-
nificant)

(b) () mn

() (1)

Preparation of uniform liver cancer microspheres

The liver cancer microspheres prepared via electrospray
microfluidic technology were obtained with reduced labor
and time consumption [43]. The prepared sodium alginate
microspheres containing no cells appeared to be bright and
transparent under a bright-field microscope (Figs. 2a-2c).
In comparison, sodium alginate microspheres containing
HepG2, HUVEC, and HFF-1 cells appeared to be evenly
dotted due to the presence of cellular clusters (Figs. 2d—2f).
Both types of sodium alginate microspheres had a relatively
uniform circular shape. By controlling the voltage and flow
rate, sodium alginate microspheres could be generated with
a diameter of 160, 250, or 360 pm on a large scale with nor-
mal Pearson distribution (Figs. 2g—2i). We selected cellular
microspheres with a uniform diameter of 200 pm containing
HepG2, HUVEC and HFF-1 cells and placed them in the
digital organ-on-a-chip for subsequent experiments.

Modeling of molecular diffusion in traditional
and digital organ-on-a-chip

Via establishing a computational model, the diffusion rate
of a small molecule in the traditional “single pot” organ-
on-a-chip and the digital organ-on-a-chip was calculated
by taking 10 pM sorafenib solution (diffusion coefficient:
6.4 %1071 m%s) and 50 pg/mL NK cell EVs solution (diffu-
sion coefficient: 1.0x 1071° m?/s) as examples. In the case of
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a small compound (e.g., sorafenib), the concentration on the
surface and in the center of sodium alginate microspheres
reached steady-state after 17.3 s in the digital organ-on-a-
chip. After 215.9 s, sorafenib on the top surface or at the
bottom of hexagonal sodium alginate gel in the traditional
“single pot” organ-on-a-chip reached the same concentra-
tion (Fig. 3a). In the case of large molecules such as TNF-«
and IFN-y, the diffusion efficiency was also significantly
slowed down. More specifically, it would require 94.7 s for
these large molecules to reach the state of homeostasis of
diffusion into and out of sodium alginate microspheres in the
digital organ-on-a-chip. In comparison, the concentration of
large molecules would need 1594.3 s to stabilize throughout
the hexagonal sodium alginate gel in the traditional “single
pot” organ-on-a-chip (Fig. 3b). Since EVs are approximately
100 nm in diameter and they encapsulate many types of large
molecules such as TNF-a and IFN-y, it is reasonable to spec-
ulate that EVs require more time to enter microspheres than
drugs such as sorafenib.

Long-term culture of cellular microspheres in digital
organ-on-a-chip

In order to observe the growth of HepG2, HUVEC and
HFF-1 cells in the sodium alginate microspheres, lentivirus-
carried red, green, and blue fluorescent proteins were trans-
ferred to the HepG2, HUVEC, and HFF-1 cells, respectively
(Fig. 4a). The immunofluorescence staining of liver cancer
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Fig.2 Uniform microspheres
were prepared via microfluidic
electrospray. a—c Brightfield
microscope images of different
sizes of 2% sodium alginate
microspheres without cells.
d—f Brightfield microscope
images of different sizes of 2%
sodium alginate microspheres
encapsulating HepG2, HUVEC
and HFF-1 cells. g-i Diameter
distribution of liver cancer
microspheres, with 50 micro-
spheres measured in each figure.
Scale bar, 100 pm (a—f)
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Fig.3 The diffusion rates of therapeutic compounds with different
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organ-on-a-chip, and b is the diffusion rate of relatively large mol-
ecules (e.g., [EN-y, MW = 1.7 x 10%) in traditional “single pot” organ-
on-a-chip and digital organ-on-a-chip
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Fig.4 Characterization and
function of cellular micro-
spheres in the digital organ-
on-a-chip. a Representative
inverted fluorescence micro-
scope images of transduced
HepG2 cells, HFF-1 cells

and HUVEC cells in sodium
alginate microspheres. b In
the microspheres cultured for
5 days, Vim protein expressed
green fluorescence, CD31
protein, ALB protein expressed
red fluorescence, and nuclei
expressed blue fluorescence. ¢
Live/dead cell-stained confo-
cal images of liver cancer
microspheres cultured on the
digital organ-on-a-chip for 1, 3,
7, and 14 days. d Cell viability
analysis on day 1, 3, 7, and 14
(n=3). e and f Measurements
of albumin and urea secreted
by liver cancer microspheres
in the digital organ-on-a-chip.
The data were averaged from
three samples and expressed @
as mean +SD (¥p <0.05, NS,

p>0.05 nonsignificant). Scale

bar: 100 pm (a), 50 pm (b),

200 pm (c)

Cell viability (%)

showed that HepG2-related protein ALB (red), HUVEC-
related protein CD31 (green), and HFF-1-related protein
vimentin (Vim, Green) were expressed in cellular micro-
spheres (Fig. 4b) on the 5th day of microsphere culture on-
chip. The cell viability of cellular microspheres in the digi-
tal organ-on-a chip on day 1, 3, 7 or 14 was (94.3+1.0)%,
(91.5+0.9)%, (87.7+0.9)%, or (83.8 +3.1)%, respectively
(Figs. 4c and 4d). Although the cell viability decreased
slightly on day 7 and 14, it showed no significant change
between day 3 and day 7 (p > 0.05), whereas the change was
significant between day 3 and day 14 (p <0.05). The overall
survival rate of cellular microspheres remained above 80%
during the 14-day culture period despite a significant drop
when comparing day 14 with day 1 (Figs. 4c and 4d).

The functional activity of cellular microspheres was eval-
uated by measuring the contents of albumin and urea in the
culture medium (Figs. 4e and 4f). The secretion of albumin
from microspheres on day 1, 3, 7, and 14 was 16.5+2.7,
22.9+2.9,40.1 +£3.8, and 34.1 +2.1 ng/mL, respectively.
There was no significant difference in albumin levels
between day 1 and 3, whereas a significant increase in albu-
min concentration was observed on day 7 and 14 as com-
pared to day 1 (p <0.05). Although the secretion of albumin
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on day 14 was slightly less than that on day 7, the difference
was not statistically significant (p > 0.05) (Fig. 4e). In addi-
tion, the secretion of urea from cellular microspheres on
day 1, 3, and 7, 14 was 49.5+3.2, 50.6 +3.1, 55.8 +0.7,
and 73.6 + 3.9 pmol/L, respectively. Different to the pattern
of albumin secretion, only the concentration of urea on day
14 was significantly increased (p <0.05) as opposed to day
1, 3, and 7 (Fig. 4f).

Evaluation of toxicity on 2D culture, traditional
and digital organ-on-a-chip

In order to assess the toxicity testing capacities of 2D culture,
traditional and digital organ-on-a-chip, increased dosage of
sorafenib was added before the measurement of cell viability
(Fig. 5). The overlapping confocal images of live/dead cell
staining showed that, after 48 h of sorafenib treatment at 0.0,
5.0, 10.0, and 20.0 pM, the cell viability in 2D culture was
(99.8+10.1)%, (42.2+£6.8)%, (28.8+2.2)%, and (4.4+1.9)%,
respectively. The cell viability in the traditional organ-on-a-
chip after 48 h of sorafenib treatment at 0.0, 5.0, 10.0, and
20.0 pM was (95.9+4.7)%, (95.9+1.6)%, (83.3+2.1)%, and
(45.8 +13.2)%, respectively. Meanwhile, the cell viability in
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Fig.5 Effect of sorafenib on (a)
cell survival rate under different

culture conditions. The live/

dead staining showed the results

of cell co-culture sorafenib

(0.0, 5.0, 10.0, and 20.0 pM)

for 48 h in 24-well plates (a),

in traditional organ-on-a-chip

(b), and digital organ-on-a-chip (b)
(c). Representative confocal

microscope images were shown

in (a—c), and the viability of

cells in a 24-well plate, in the

traditional organ-on-a-chip and

in the digital organ-on-a-chip

was analyzed and compared

(d). Each bar represents the (c)
mean =+ SD of three samples

(*p<0.05, NS, p>0.05 nonsig-

nificant). Scale bar: 100 pm (a),

500 pm (b, ¢)

0.0 uM Sorafenib

2D cell culture

Traditional
organ-on-a-chip

Digital
organ-on-a-chip

(d) NS

20.0 uM Sorafenib

.0 pM Sorafenib

\ PRty

10.0 pM Sorafenib

% [ 20 call culture

Cell viability (%)
(2]
o

0.0

digital organ-on-a-chip after 48 h of sorafenib treatment at
0.0, 5.0, 10.0, and 20.0 pM was (91.5+1.6)%, (91.4+1.1)%,
(59.5+£2.2)% and (12.2+4.3)%, respectively. The results
showed that the cell viability in the blank control group
(0.0 M sorafenib) in 2D culture, traditional and digital organ-
on-a-chip was all above 90%, and no significant difference was
observed among these three groups (p > 0.05). The cell viabil-
ity in the traditional and digital organ-on-a-chip was similar
but significantly higher than that in 2D culture with 5.0 pM
sorafenib administration (p <0.05). With the increasing con-
centrations of sorafenib (10 pM and 20 pM), the cell viability
in the digital organ-on-a-chip was significantly lower than that
in the traditional organ-on-a-chip (p <0.05).

Therapeutic effects of NK EVs on cellular
microspheres in digital organ-on-a-chip

In order to demonstrate the potential of digital organ-
on-a-chip for developing a new type of immune therapy

Il Traditional organ-on-a-chip
@ Digital organ-on-a-chip

5.0 10.0 20.0
Sorafenib concentration (uM)

against liver cancer, EVs derived from NK-92MI cells
were isolated and applied. Firstly, NK EVs were identi-
fied and characterized [44]. The peak size of NK EVs
was around 100 nm with a non-Pearson distribution of
50-400 nm as reported by NTA (Fig. 6a). The NK EVs
were round-shaped under TEM (Figs. 6b and 6¢). The
Western blot analysis showed that calnexin (a marker of
endoplasmic reticulum) was observed in NK-92MI cells
only, whereas no calnexin was detected in EVs samples.
CD63 and TSG101 were both detected in EV samples,
whereas HSC70 proteins existed in both cells and EV sam-
ples (Fig. 6d).

Following the administration of NK EVs into digi-
tal organ-on-a-chip for 24 h, the cell viability of cellu-
lar microspheres treated with 10 and 30 pg/mL of NK
EVs was (96.5+2.1)% and (95.4 +£2.5)%, respectively,
which was not significantly altered as opposed to the non-
treatment control. In comparison, the cell viability of NK
EVs treated with 50 pg/mL cellular microspheres was
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Fig.6 The digital organ-on-
a-chip was evaluated for the

—_
()
-

therapeutic effect of NK cell- I
derived EVs on liver cancer. a E 4
The size distribution of NK cell ‘_,:3 2
EVs was determined by NTA. 8
b and ¢ Representative images =) o

of EVs in transmission electron
microscope. d Western blotting
confirmed the expression of
exosomal markers (CD63 and
TSG101) and negative markers
(Calnexin). e Live/dead cell
staining showed that NK cell
EVs (0.0, 10.0, 30.0, 50.0 pg/
mL) were processed with liver
cancer microspheres in the
digital organ-on-a-chip for 24 h.
Scale bar: 500 pm. Repre- U]
sentative confocal microscope

Size (nm)

—
()
~—
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(87.6 £2.2)%, which was significantly lower than that of
the control group (p <0.05, Figs. 6e and 6f).

Discussion

Although organ-on-a-chip is a promising strategy for drug
screening in vitro, the number of analysis units used for drug
testing in traditional organ-on-a-chip is limited and the uni-
formity is poor. In this study, a novel digital organ-on-a-chip
was fabricated by improving the parallelism of analysis units
over the traditional organ-on-a-chip and reducing the varia-
tion. On the one hand, the design of microwell array in the
digital organ-on-a-chip not only greatly increased the num-
ber of analysis units in a chip, thus improving the parallel-
ism of the chip (Fig. 1), but also prevented the fluorescence
signals between adjacent microspheres from interfering with
each other. On the other hand, the uniformity of liver cancer
microspheres reduced the variation of hepatotoxicity testing,
and the response speed of the digital organ-on-a-chip was
improved, as demonstrated by the more rapid onset of drug-
induced cancer cell toxicity. More importantly, the concen-
tration of sorafenib required to kill liver cancer cells in the
digital organ-on-a-chip was closer to the concentration of
sorafenib killing liver cancer cells in vivo [35]. Furthermore,
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this chip demonstrated the feasibility of developing NK cell
EV-based anti-liver cancer therapeutics; featuring high par-
allelism and less variation, it obviously offers a great poten-
tial for cancer drug screening and toxicity testing in vitro.
The combination of microwell array and cellular micro-
spheres is the key not only to improving the uniformity and
parallelism of digital organ-on-a-chip, but also to reduc-
ing bias in fluorescence analysis. In this type of digital
organ-on-a-chip, liver cancer microspheres prepared by
electrospray were of uniform size and contained a simi-
lar composition of different types of cells (Fig. S1 and
Fig. 2), providing an attractive uniformity for chip analy-
sis. Although cells can be seeded in a microarray pattern
to form microspheres [45-47], the uniformity of each
microsphere can be significantly affected by the initial cell
seeding density, and a similar ratio of different types of
cells at each spot can be even harder to achieve throughout
the entire array. Herein, the analysis of 127 independent
analysis units, i.e., cellular microspheres, was performed
simultaneously on a single chip, which was far larger than
the number previously reported in droplet-based digital
organ-on-a-chip [20, 48], improving parallelism. Essen-
tially, the distance between each microwell was 150 pm,
which not only ensured that the liver cancer microspheres
in each microwell had relatively independent growth space
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(Fig. 1c), but also minimized the fluorescence interference
commonly observed in droplet-based digital organs-on-a-
chip due to the aggregation of droplets. Thus, the proposed
digital organ-on-a-chip is considered advantageous over
existing droplet-based or microarray-based organ-on-a-
chip for drug development or toxicity testing.

Our digital organ-on-a-chip provided the possibility of
analysis that is closer to in vivo evaluation than the tra-
ditional “single pot” organ-on-a-chip format. As widely
known, capillary vessels exist throughout the body; there-
fore, the diffusion distance of a drug molecule to the tar-
geted tissue is generally within several to a few hundred of
micrometers [49]. Our microspheres are the size of 200 pm,
which is within the diffusion range of a drug molecule. In
addition, the microsphere-based digital organ-on-a-chip
offers a fast response that would most likely occur in vivo
due to the omnipresence of capillary vessels. The compu-
tation modeling indicated that the equilibrium time of a
small or large drug molecule throughout a microsphere was
respectively 17.3 and 94.7 s, which was 12.5 and 16.8 times
less than single pot hydrogel (Fig. 3). The quick diffusion of
drug molecules not only mimics in vivo situations, but also
ensures fast and uniform responses in our digital organ-on-
a-chip. Thus, the microsphere-based digital organ-on-a-chip
could provide an improved biomimetic situation for drug
analysis over traditional “single pot” organ-on-a-chip that
generally contain several millimeters of hydrogel for a drug
molecule to diffuse through. Indeed, we observed that the
hepatotoxic concentration of sorafenib in our digital organ-
on-a-chip was 10 pM, significantly lower than that in tradi-
tional “single pot” organ-on-a-chip (Fig. 5) and closer to the
concentration reported in vivo [35].

Biomimetic organoids containing multiple types of cells
on-chip are essential for in vitro drug development and tox-
icity testing. In our digital organ-on-a-chip, we fabricated
and seeded cell microspheres containing HepG2 cells,
HUVEC cells and HFF-1 cells, which could more accu-
rately represent in vivo situations over single-cell based
organ-on-a-chip. As reported previously, when cells are co-
cultured within microspheres in a 3D microenvironment,
cell-to-cell interactions help to improve the function of liver
cells and better simulate the biological characteristics of
liver cells in vivo [50, 51]. For example, Maharjan et al.
embedded a human hepatic cell line (HepG2-C3A) and
a human hepatic stellate cell line (LX-2) in gelatin meth-
acryloyl hydrogel to prepare a 3D liver tissue model [52].
Compared with HepG2-C3A alone, the liver tissue structure
formed by the co-culture of HepG2-C3A and LX-2 was
closer to that in vivo, and the amount of albumin excreted
by cells in co-culture was higher. Thus, our organ-on-a-
chip platform containing multiple cell types showed more
resemblance to in vivo conditions in terms of cell composi-
tion and function.

In this digital organ-on-a-chip, mechanical support pro-
vided by the use of sodium alginate hydrogel as extracellular
matrix and continuous flow of medium ensured cells cultured
at a magnitude of 10%mL with high viability and function-
ality. Sodium alginate hydrogel can provide biomechanical
microenvironment as seen in vivo for beneficial cell growth
and proliferation [53, 54]. In addition, the continuous flow of
medium can provide timely removal of metabolic wastes and
supply of sufficient nutrients and oxygen. In this study, we
cultured cells at a concentration of 10%mL. If the concentra-
tion of cells in microspheres is too high, it can easily cause
cell death due to hypoxia and nutrient deficiency; meanwhile,
if the concentration of cells in microspheres is too low, cell
survival and cell functions can be affected, resulting in
reduced function of cellular microspheres. Previous studies
have shown that a cell density of 10%mL in sodium algi-
nate microspheres exhibits good survival rates and functions
[55, 56]. As observed in our study, HepG2 cells preserved
their viability no less than 80% over a course of 14 days and
maintained biological functionality such as albumin genera-
tion and urea secretion (Figs. 4c and 4d). Moreover, during
the 14-day culture period, the amount of albumin and urea
secreted by hepatocytes increased, and these two biomarkers,
to a certain degree, showed a positive correlation (Figs. 4e
and 4f). Therefore, our organ-on-a-chip platform provides
biomechanical extracellular matrix and timely mass exchange
for favorable cell culture and functionality.

A better ability to mimic the in vivo microenvironment
is of great importance to reliably predict drug efficacy and
host responses in vivo, particularly for unknown therapeutic
candidates, aimed at facilitating drug discovery and pipe-
line development. In this study, we explored the anti-liver
cancer ability of NK cell-derived EVs in our digital organ-
on-a-chip, and demonstrated the feasibility of developing
NK cell EV-based anti-liver cancer therapeutics. Previous
studies have found that NK cell EVs can be used to kill neu-
roblastoma and melanoma by releasing IFN-y and TNF-a
[57-59], suggesting that NK cell EVs may comprise a poten-
tial immunotherapy platform for liver cancer. Our results
showed that 50 pg/mL of NK EVs had a mild anticancer
effect (Fig. 6), which may serve as a modest basis for evalu-
ating their anti-liver cancer activity in vivo. Thus, the digital
organ-on-a-chip containing a number of liver organoids is
considered an attractive platform to accelerate the research
and development of anticancer drugs and to explore new
anticancer modalities.

Conclusions
In this study, we developed a novel digital organ-on-a-

chip based on the combination of microwell array and
cellular microspheres, which not only increases the
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parallelism in analysis units, but also minimizes ana-
lytical variation in fluorescence detection. Compared to
“single pot” organ-on-a-chip, our digital organ-on-a-chip
containing more than one hundred organoids transforms
the traditional approach of holistic analysis to digital
analysis and provides the biomimetic evaluation of drug
response and toxicity testing in vitro. Overall, the use of
cellular microspheres significantly increases the “digital”
resolution of drug evaluation results on this novel organ-
on-a-chip compared to its traditional counterpart in a
“single pot” manner. We envision that this digital organ-
on-a-chip platform can be broadly adapted by altering
the composition of cells within the lung, kidney, brain,
etc., to accelerate the development of anticancer drugs
and to screen for the side effects of drug candidates for
other diseases.
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