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ARTICLE INFO ABSTRACT
Keywords: A personalized medication regimen provides precise treatment for an individual and can be guided by pre-
Multicellular clusters clinical drug screening. The economical and high-efficiency simulation of the liver tumor microenvironment
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Tumor heterogeneity

Patient-derived tumor organoids
Personalized pre-clinical drug screening

(TME) in a drug-screening model has high value yet challenging to accomplish. Herein, we propose a simulation
of the liver TME with suspended alginate-gelatin hydrogel capsules encapsulating patient-derived liver tumor
multicellular clusters, and the culture of patient-derived tumor organoids(PDTOs) for personalized pre-clinical
drug screening. The hydrogel capsule offers a 3D matrix environment with mechanical and biological proper-
ties similar to those of the liver in vivo. As a result, 18 of the 28 patient-derived multicellular clusters were
successfully cultured as PDTOs. These PDTOs, along with hepatocyte growth factor (HGF) of non-cellular
components, preserve stromal cells, including cancer-associated fibroblasts (CAFs) and vascular endothelial
cells (VECs). They also maintain stable expression of molecular markers and tumor heterogeneity similar to those
of the original liver tumors. Drugs, including cabazitaxel, oxaliplatin, and sorafenib, were tested in PDTOs. The
sensitivity of PDTOs to these drugs differs between individuals. The sensitivity of one PDTO to oxaliplatin was
validated using magnetic resonance imaging (MRI) and biochemical tests after oxaliplatin clinical treatment of
the corresponding patient. Therefore, this approach is promising for economical, accurate, and high-throughput
drug screening for personalized treatment.

1. Introduction traditional selection basis of clinical medication regimens fails to pro-
vide precise treatment for all patients [1]. Thus, a personalized medi-

Chemotherapy and targeted drug therapy play critical roles in the cation regimen guided by pre-clinical drug screening is required for
treatment of liver tumors. However, owing to individual differences, the individualized precision treatment [2,3]. Specifically, pre-clinical drug
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screening models can be used to test the sensitivity of liver tumors to
different drugs. In the process of drug screening, efficiency, economy,
controllability, and operability are crucial criteria [4,5].

Drug screening liver tumor models developed to date include
adherent liver cell lines, 3D culture liver cell lines, liver cell line-derived
xenografts (CDXs), patient-derived xenografts (PDXs), and patient-
derived organoids (PDOs) (Fig. 1A) [6]. However, these cell lines
cannot effectively simulate the state of the original tumors, owing to
changes in histological and genetic characteristics [7]. In the CDX and
PDX models, tumor cell lines and patient-derived tumor tissues were
implanted into immunodeficient mice. PDX simulates the original state
of tumors better than cell lines; however, the difference in the origin of
the species can lead to a certain difference in the therapeutic effect
[8-10]. PDOs are organoids produced by culturing processed,
patient-derived diseased tissue in a 3D matrix [11-13]; these are in vitro
models established by stem cells or patient-derived primary cells based
on a 3D in vitro cell culture system that can self-organize and resemble
the corresponding organs or source tissues in vivo [14,15]. For example,
patient-derived tumor cells can be cultured in hydrogels and commer-
cialized Matrigel as patient-derived tumor organoids (PDTOs). The 3D
matrix maintains spatial growth characteristics, which are similar to
those of the extracellular matrix (ECM) in vivo [16-18]. The culture of
PDTOs avoids the limitations of tumor size, degree of malignancy, and
ethical animal problems [19,20].

Existing PDTOs derived from primary liver tumor single cells and co-
cultures with immune cells cannot completely recapitulate the tumor
microenvironment (TME), such as the biomechanical characteristics of
ECM; fibroblasts and vascular-related cells of stromal cells; immune
cells; and non-cellular components [21-24]. Numerous studies have
reported that the TME can significantly influence tumor progression [25,
26]. For example, the biomechanical characteristics of organs affect the
growth, invasion, and metastasis of tumor cells [27]. Cancer-associated
fibroblasts (CAFs) promote tumor cell growth [28,29]. Vascularization
maintains long-term survival and function of tumor cells [30,31]. The
hepatocyte growth factor (HGF) mediates the interaction between tumor
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and stromal cells, thereby promoting the movement, invasion, and
metastasis of tumor cells [32,33]. Further investigations have also
proven the connections between the mechanisms of action of drugs and
stromal cells [34].

In this study, we simulated TME in PDTOs by culturing patient-
derived multicellular clusters in hydrogels. Hydrogels composed of
alginate and gelatin are produced as suspended capsules in the culture
medium, which have similar mechanical and biological properties to
tissues in vivo. As a result, we successfully cultured 18 PDTOs from 28
patient-derived liver multicellular clusters, with a success rate of 64.3%.
Molecular markers of CAFs, vascular endothelial cells (VECs), and HGF
were detected within the PDTOs, thereby validating the preservation of
the liver TME. PDTOs also maintain stable expression of molecular
markers and tumor heterogeneity, including genetic changes and tumor
mutation burden (TMB). Thus, we performed personalized pre-clinical
drug screening for liver tumors. We quantified the fluorescence micro-
scopy images of live/dead cells stained after treating the PDTOs with
cabazitaxel, oxaliplatin, or sorafenib. The sensitivity of the PDTOs
showed individual differences between the drugs and their concentra-
tions. The sensitivity of one PDTO to oxaliplatin was validated using
magnetic resonance imaging (MRI) and biochemical tests after oxali-
platin clinical treatment of the corresponding patient. OQur aim was to
construct a new personalized pre-clinical drug screening model that
expands the scope of drug applications and increases the accuracy,
economy, and efficiency of clinical medications.

2. Results
2.1. Characteristics of alginate-gelatin hydrogel

We fabricated suspended hydrogel capsules to culture patient-
derived multicellular clusters (Fig. 1B). The hydrogel networks were
formed in 3D configurations with no restrictions on the growth of
multicellular clusters. The mechanical properties of the hydrogel can be
adjusted to iterate those of living tissues to better simulate the
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Fig. 1. Schematics of drug screening liver tumor models. A) Existing drug screening liver tumor models, including adherent liver cell lines, 3D culture liver cell lines,
CDX, PDX, and PDO. PDTO is a kind of PDO, which can be derived from liver tumor multicellular clusters and possesses similar biomechanical characteristics as liver
tissues. B) A 3D hydrogel matrix is produced with alginate and gelatin in a capsule form, which cultures liver tumor multicellular clusters containing hepatoma cells

and stromal cells (CAFs and VECs) with preserved TME.
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biomechanics of the ECM. Hydrogels in the form of suspended capsules
efficiently exchange nutrients with the surrounding medium to support
the metabolism of multicellular clusters. The cultured multicellular
clusters were composed of hepatoma cells, stromal cells, and non-
cellular components. As a result, the TME of multicellular clusters,
similar to that of the original tumors, was preserved in the resultant
PDTOs.

The mechanical properties of the hydrogels were adjusted by
changing the proportion and crosslinking density of the networks. The
hydrogels were comprised of crosslinked alginate and interpenetrated
gelatin networks. We mixed gelatin with concentrations of sodium
alginate varying from 0.5% (w/v) to 2% (w/v) and crosslinked its
network with 75 mM or 100 mM CacCl, solution. Cells or multicellular
clusters were planted in the hydrogels before crosslinking (Fig. 2A).
After the hydrogels were cured, we first tested the modulus of the
hydrogel without planting cells (Fig. 2B). The hydrogels with 0.5% (w/
v) alginate, 0.25% (w/v) gelatin, and 75 mM CaCl; had a modulus of
~7.925 kPa, replicative of the human liver (7.0-7.5 kPa) [35].
Considering that the liver of most patients with liver cancer is fibrotic
with a modulus above 7.5 kPa, we selected hydrogels with 75 mM CaCly,
0.5% (w/v) alginate, and 0.25% (w/v) gelatin for the remaining
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experiments.

We cultured HCCLM3 and HepGz2 cells in hydrogels and tested their
viability as a function of time. The cell counting Kit-8 (CCK-8) assay
results showed that both HCCLM3 and HepG2 cells were in a state of
continuous proliferation; there was no significant difference compared
with the control group (Fig. 2C). The hydrogel did not restrict cell
growth (Fig. 2D). The proliferation and division of cells were validated
by optical and fluorescence observations as well as by fluorometric
analysis (Fig. 2E, F, 2G).

We further verified the stability and degradability of the hydrogel
capsules. The results showed that they maintained the consistency and
integrity of their morphology within 15 days. On day 15, their weights in
the control, HCCLM3, and PDTO groups were 88.49%, 85.91%, and
87.85% of their initial weights, respectively (Fig. S1B). Meanwhile,
PDTO cultured to day 15 still maintained its multicellular morphology
with good growth activity (Fig. S1C), while HCCLM3 cells maintained
their morphology, activity, and division status (Fig. S1D). These results
indicate that the physicochemical characteristics of the hydrogel cap-
sules could meet the requirements for drug screening.
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Fig. 2. Synthesis and characterization of the alginate-gelatin hydrogels. A) Schematic diagram of hydrogel preparation and cell culture. B) Young’s modulus of
hydrogel as a function of alginate concentration when the concentrations of gelatin and CaCl, were fixed at 0.25% (w/v) and at 75 mM or 100 mM, respectively. With
0.5% (w/v) alginate, 0.25% (w/v) gelatin, and 75 mM CacCly, the hydrogel had a modulus of ~7.925 kPa, which was replicative of the human liver (7.0-7.5 kPa). C)
HCCLM3 and HepG2 cells persistently proliferated in hydrogels; the cell viabilities showed no difference compared to the control groups. D) SEM images of hydrogel
with and without HCCLM3 cells. Scale bar = 10 pm. E-F) Optical microscope (E) and fluorescence microscope (F) images of HCCLM3-GFP and HepG2-GFP cells
cultured in hydrogel. The cells proliferate and divide during culture. The 100 X and 200 X represent the microscope magnification. Scale bar = 50 pm. G) Fluo-
rometric assay results showing that HCCLM3-GFP and HepG2-GFP cells were in a state of continuous proliferation. All data shown are mean + SD; each data point
represents 3-5 testing results.
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2.2. PDTO culture

We cultured PDTOs in suspended hydrogel capsules, Matrigel, and
hydrogel bulk for comparison (Fig. 3A). Matrigel is an extractive from
Engelbreth-Holm-Swarm(EHS) murine sarcoma, has excellent biocom-
patibility, and has been widely used in 3D cellular and organoid cul-
tures, such as liver tumor and pancreatic cancer organoids [36-38]. We
digested patient-derived liver tumor tissues into single cells and multi-
cellular clusters and suspended them in Matrigel or hydrogel precursors.
Hydrogel capsules were prepared by dropping 10 pL mixture of hydrogel
precursor and suspension in 75 mM CaCl, solutions. We removed the
residual CaCl, solution after the hydrogel was cured. The resultant
capsules were suspended in the culture medium. After cultivation for
1-3 days, the planted cells and clusters started to proliferate and divide.
We observed the morphology of the cells or clusters under a microscope
and determined their viability (Fig. 3B). The successfully cultured living
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clusters were PDTOs, which preserved the characteristics of the original
tumor tissues. We refer to the multicellular structures obtained by
digestion before culture as clusters. After 5-7 days of culture in the 3D
matrix, 3D structures similar to the corresponding source tissues were
gradually formed through the self-organization of cells; these 3D
structures are called organoids. We also cultured the Patient 28 derived
single cells and multicellular clusters for 7 days. The live/dead cell
staining results showed that the multicellular clusters and single cells
had similar growth activity. However, the former featured an obvious
multicellular structure that may contain stromal cells and some
non-cellular components (Fig. 3C and D).

Comparisons were also made between PDTOs in Matrigel, hydrogel
bulk, and suspended hydrogel capsules. PDTOs derived from two pa-
tients were cultured and observed. The PDTOs cultured in three sub-
strates showed similar multicellular structures and growth activity in
both the optical and fluorescence microscope images (Fig. 4A, B, 4C).
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Fig. 3. Schematics and morphology outcome of PDTO cultivation. A) PDTO cultivation approaches, including multicellular clusters cultured in Matrigel (orange
line), tumor single cells and multicellular clusters cultured in hydrogel bulks (blue line), and multicellular clusters cultured in hydrogel capsules (purple line). B) A
patient-derived case shows the workflow of PDTO cultivation and the activity detection of multicellular clusters. C) Optical microscope images of patient-derived
liver tumor single cells cultured in hydrogel for 7 days as well as fluorescence microscope images of stained live cells. D) Optical microscope images of patient-
derived liver tumor multicellular clusters cultured in hydrogel for 7 days as well as fluorescence microscope images of stained live cells. Scale bar = 100 pm.
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Fig. 4. Performance of cultured, passaged, cryopreserved, and recovered PDTOs. A-C) Multicellular clusters derived from Patients 26 and 28 were cultured in
Matrigel, hydrogel bulk, and suspended hydrogel capsules for 5 days. They all presented multicellular structures under optical microscope. After culture for 7 days,
stained live cells presented similar growth activity under fluorescence microscope for all cases. D) The multicellular clusters derived from Patient 26 in suspended
hydrogel capsules maintained stable multicellular structures and growth activity during passage. E) Liver tumor tissues derived from Patient 27 were cryopreserved
and recovered before culture in suspended hydrogel capsules. The resultant PDTOs still possessed stable multicellular structures and sufficient growth activity. Scale

bar = 100 pm.

We also assessed the passage of PDTOs before and after cryopreservation
and recovery. We dissociated the cultured PDTOs with ethyl-
enediaminetetraacetic acid (EDTA) and cultured them in suspended
hydrogel capsules for passage. Live/dead cell staining showed that the
PDTOs maintained multicellular structures with good growth activity
after multiple passages. The PDTOs were cryopreserved at —80 °C for a
period of time; the passage of the recovered PDTOs was then observed.
The recovered and cultured PDTOs maintained their multicellular
structure and exhibited good growth activity (Fig. 4D). We also cry-
opreserved the tumor tissues at —80 °C for a period of time and con-
structed PDTOs upon recovery. The resultant PDTOs could also be
cultured and passaged with complete multicellular structures and
adequate growth activity (Fig. 4E).

2.3. Influence of patient and tumor conditions

We cultured PDTOs with 28 patient-derived liver tumor tissues; 18 of
which were cultured successfully at a rate of 64.3% (Fig. 5). Among all
28 patients, the basic conditions such as basic diseases (hepatitis B virus
[HBV] and hepatitis C virus [HCV]), liver function grade (Child-Pugh),
alpha-fetoprotein (AFP), Barcelona Clinic Liver Cancer (BCLC) grade,
and cirrhosis were different, as listed in Tables 1 and S1. Clinicopatho-
logical information such as tumor differentiation degree, growth
pattern, size, number, and malignancy degree were also different, as
listed in Tables S2 and S3. Additionally, the degree of tumor
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differentiation was related to the degree of malignancy; the lower the
degree of differentiation, the higher the degree of malignancy. Among
the successfully cultured 18 PDTOs, one was poorly differentiated, five
were moderately poorly differentiated, 11 were moderately differenti-
ated, and one was highly moderately differentiated. This approach of
PDTO culture was not limited by the degree of malignancy of the orig-
inal tumor.

Among the successfully cultured 18 PDTOs, 17 HCC-PDTOs were
derived from patients with hepatocellular carcinoma (HCC) and one
CCC-PDTO was derived from a patient with cholangiocarcinoma (CCC).
We found that the HCC-PDTOs had compact, solid, multicellular struc-
tures, whereas CCC-PDTO exhibited a lumen structure arranged with
multiple cells. The continuously cultured CCC-PDTO presented multi-
cellular clusters on day 1 and an obvious multicellular arrangement of
lumen structure on day 7 (Fig. 6A and B). Consequently, this PDTO
culture approach was not limited by the histological type of the original
tumor. Moreover, we noted that all failure cases had cirrhosis; all cases
without cirrhosis were successfully cultured. This approach of PDTO
culture may be related to cirrhosis (Fig. 6C), but not to tumor histo-
logical type, basic diseases (HBV and HCV), liver function (Child-Pugh)
grade, BCLC grade, AFP, tumor differentiation, malignancy, size, num-
ber, and growth pattern (Table S4). Other influences of underlying
factors on the success rate of this approach require further studies.
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Fig. 5. A total of 18 PDTOs were successfully constructed by culturing 28 patient-derived multicellular clusters in suspended hydrogel capsules (success rate: 64.3%).
The diversity of the successful cases showed that the constructions of PDTOs were not affected by variable factors, such as AFP, histological type of tumor, degree of
tumor differentiation, malignant degree, HBV, HCV, liver function, tumor size, or growth pattern.

2.4. Preservation of TME and the stable expression of molecular markers

The cultured clusters contained not only hepatoma cells but also the
TME, including stromal cells and non-cellular components. We detected
the preserved TME in PDTOs using immunofluorescence staining of the
molecular markers of the corresponding cells and components. The
detected TME included stromal cell CAFs, VECs, and non-cellular com-
ponents, such as HGF. Tubulin is a cytoskeletal component; the molec-
ular markers of liver tumor cells include AFP, CK19, and glypican-3
(GPC-3); a-smooth muscle actin (a-SMA) and CD34 are molecular
markers of CAFs and VECs, respectively. The confocal microscope im-
ages of immunofluorescence showed that tubulin was positively
expressed; 3D imaging by confocal microscopy showed that multicel-
lular clusters were arranged in 3D structures. Meanwhile, a-SMA and
CD34 were positively expressed; 3D images indicated that the positive
cells were arranged in a 3D structure, thereby indicating that the PDTOs
contained 3D-distributed stromal cells, including CAFs and VECs
(Fig. 6D, G, S2). Moreover, HGF was positively expressed and presented
a 3D distribution, thereby indicating that the PDTOs contained non-
cellular components (Fig. 6G, S2).

Hematoxylin-eosin (H&E) staining results showed that PDTOs
maintained the morphology of the original tumor cells (Fig. 6E). Further
immunofluorescence was performed on AFP, CK19, GPC-3, HGF, a-SMA,
and CD34 in both PDTOs and original tumors. The expression of these
molecular markers in PDTOs derived from both AFP (+) Patient 27 and
AFP (—) Patient 26 was consistent with the original tumors and clinical
pathological information (Fig. 6F and G, S2B). These results suggested
that the PDTOs maintained stable expression of the molecular markers
of the original tumors. In summary, PDTOs cultured with suspended
hydrogel capsules preserved the main characteristics of the TME as well

169

as the stable expression of molecular markers of the original tumors.

2.5. Preservation of similar tumor heterogeneity to original tumors

Tumor heterogeneity affects growth rate, invasion ability, drug
sensitivity, and prognosis [39,40]. Thus, we conducted whole-exome
sequencing (WES) to compare the tumor heterogeneity of PDTOs,
original tumors, and adjacent tissues. Tumor heterogeneity was re-
flected by genetic changes and TMB of WES results, where genetic
changes were characterized by somatic copy number variation (CNV),
single nucleotide variation (SNV), and mutation-related driver genes.
CNV is caused by genome rearrangement, whereas SNV is caused by the
substitution, insertion, or deletion of a single base. The mutation rate of
the CNV locus is much higher than that of the SNV locus, which is an
important pathogenic factor in human diseases [41]. TMB is the sum of
somatic gene-coding errors, base substitutions, and gene insertions or
deletions detected per million bases. It is a new marker for evaluating
the therapeutic effect of immune checkpoint inhibitors and is related to
the effect and prognosis of PD-1 and other immunotherapies [42].

The CNV results showed that the somatic total copy number,
different allele copy number, minor allele copy number, as well as
chromosome ploidy/purity of the PDTOs were identical to those of the
original tumor from the same patient (Fig. 7A, S3). The PDTOs also
expressed similar base substitutions to the original tumors, including C
>T,C>A,C>G,T>C, T>A, T > G, as well as similar types of gene
mutations to the original tumors, including Missense Mutation, Frame
Shift Insert, Frame Shift Deletion, In Frame Insert, or In Frame Deletion.
Moreover, TMB and mutation-related driver genes, including TP53,
MUC17, and TTN, were also preserved in PDTOs. The consistency was
validated in multiple patients; all PDTOs maintained similar tumor
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heterogeneity to that of the original tumors (Fig. 7B). oxaliplatin (10 pM and 20 pM), and sorafenib (10 pM and 20 pM).
Among them, cabazitaxel and oxaliplatin are commonly used in clinical

2.6, Personalized drug screening tumor chemotherapy, while s.orafemb is commonly used in targeted
therapy [38,43,44]. After multicellular clusters were cultured to day 5-7

We tested the sensitivity of PDTOs to cabazitaxel (5 nM and 10 nM), to form PDTOs, we started dosing and culturing the PDTOs for an
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additional 7 days. Live/dead cell staining of the PDTOs was imaged by
confocal microscopy; the sensitivity of a PDTO to a drug was quantita-
tively analyzed by comparing the dead/live cell ratio with and without
dosing. The fluorescence/optical microscope images showed that the
cells killed by the drugs presented aggregated fragment morphology
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(Figs. 8A and S4). PDTOs derived from multiple patients were tested.
These patients exhibited histological types of CCC and HCC. Different
sensitivities were observed for each individual (Fig. 8B and C, S5). We
noted that PDTOs from different patients reacted differently to different
drugs at various concentrations. For example, PDTOs derived from
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tumor recurrence. The circular area indicated by the arrow was the surgical area. The tested sensitivity of PDTOs derived from Patient 18 to oxaliplatin was validated

by the MRI evaluation after clinical oxaliplatin treatment.

Patients 18 and 26 were the most sensitive to cabazitaxel, PDTOs
derived from Patient 25 were the most sensitive to sorafenib and 20 mM
oxaliplatin, and PDTOs derived from Patient 27 were the most sensitive
to sorafenib. With only two concentrations tested, the death rate
increased for cells in PDTOs from most patients when higher
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concentrations of drugs were used. In response to the same drug at
identical concentrations, HCC-PDTOs from different patients also
showed different sensitivities (Fig. 8D).

Furthermore, we followed the conditions of Patient 18, who was
treated with oxaliplatin. The sensitivity of the PDTOs derived from this
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patient to oxaliplatin was demonstrated in our study. Although the
sensitivity to oxaliplatin was not as high as that to cabazitaxel, dead cells
outnumbered live cells after administration of 20 uM oxaliplatin. We
compared the results of MRI and biochemical tests before and after the
administration of oxaliplatin for 3 months. The different phases of MRI,
including T1WI, T2WI, arterial, portal venous, and delayed phases,
showed no blood flow signal or tumor recurrence in the operation area
(Fig. 8E). We also established from the biochemical test results that liver
function was in a normal state after therapy. Total bile acid (TBA) and
carcinoembryonic antigen (CEA) levels also returned to normal
(Table S5). The sensitivity of Patient 18 liver tumors to oxaliplatin was
validated by the results of the MRI and biochemical tests.

3. Discussion

In this study, suspended hydrogel capsules were used to culture
PDTOs. Hydrogels were produced using alginate and gelatin networks.
These two polymer networks, which originate from nature, are consid-
ered economical and with excellent biocompatibility for cultivation
[45-48]. With the acquainted components of the hydrogel, the me-
chanical properties, network density, and grafted functional groups can
be easily adjusted to better simulate the ECM [49]. The hydrogels were
synthesized with PBS, while the material exchange between the
hydrogel and external medium was continuous; thus, the metabolism of
cells inside the hydrogels was well-supported. We used capsulated
hydrogels suspended in a culture medium. The interface area of the
hydrogel and medium was much larger than that of the bulk hydrogel
with the same volume. The exchange of metabolic products and nutri-
tion was faster in the hydrogel capsules. As a result, the success rate of
cultivation was as high as 64.3%. The hydrogels used for culture were
extremely cheap (about US$0.005 per milliliter) compared to the
commonly used Matrigel (approximately US$ 60 per milliliter). Multiple
drugs could be screened using our model for 10 days. In addition, there
were alternative formation processes for hydrogels; PDTOs can also be
produced with hydrogels through 3D bioprinting [50,51], microfluidics
[52-54], or organ/tumor-on-a-chip [55-57]. The cycle of our method
was short; high-throughput drug screening can be completed within
7-10 days. Consequently, our strategy was efficient and exhibited
outstanding controllability and operability.

Our PDTOs were cultured from tissue clusters. As such, they simu-
lated both the biomechanical and biological characteristics of TME. By
changing the crosslinker density, we can modify the hydrogel modulus
to mimic that of the diseased liver. Currently, we only used one modulus,
since the relevant modulus of patient organs was not measured; thus, we
synthesized hydrogels mimicking the modulus of a healthy liver. How-
ever, organ modulus can be measured by methods such as ultrasound
[58-60]; we can adjust the hydrogel modulus and simulate each pa-
tient’s organ conditions. Although only two types of stromal cell com-
ponents (CAFs and VECs) and one type of non-cellular component (HGF)
were tested, we believe that other factors influencing tumor cell growth
were also preserved. The TME was preserved as closely as possible to the
original tumor. As a result, the PDTOs expressed molecular markers
identical to those of the original tumors. Thus, the tumor heterogeneity
was minimally changed. Precisely simulating the TME greatly expands
the range of applicable drugs for a more accurate screening. Moreover,
this method was not limited by the histological type or degree of ma-
lignancy of the original tumor. We tested the sensitivities of our PDTOs
to cabazitaxel, oxaliplatin, and sorafenib; however, other types of drugs
and drug combinations can also be evaluated for screening to obtain a
precise personalized medication regimen. In the future, more informa-
tion on cellular organization in the model should be detected. In addi-
tion, we will further collect tumor samples, screen a variety of
combination drugs through cultured PDTOs, and further compare the
effects with clinical combination drugs.

In addition, higher fidelity of in vitro models has been achieved by
vascularization [61,62], multicellular co-culture [63-65], tissue
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engineering [66-68], tissue decellularization [69,70] and genetic tech-
nologies [71-73]. It is expected that more components of the TME will
be introduced into PDTOs in the future by applying these methods
[74-76]. Organoids cultured using some novel approaches can be
further applied in basic physiological research, drug development,
regenerative medicine, and organ replacement therapies [77-80] for a
higher degree of personalized and precision therapy [81,82].

4. Conclusion

In summary, we encapsulated patient-derived liver tumor multicel-
lular clusters in suspended hydrogel capsules and cultured PDTOs. These
PDTOs preserved the characteristics of the TME, stable expression of
molecular markers, and heterogeneity of the original liver tumors. Our
method has several advantages, including easy operation, low cost, high
success rate, high simulation degree, short cycle, and high throughput.
Moreover, it is not limited by the histological type or degree of malig-
nancy of the liver. The proposed approach is promising for the con-
struction of a personalized drug-screening model that can increase the
accuracy, economy, and efficiency of clinical medication and further
promote the implementation of precision medicine.

5. Materials and methods
5.1. Preparation of alginate-gelatin hydrogel precursor

Gelatin (V900863, Sigma-Aldrich) at a concentration of 0.25% (w/v)
and sodium alginate (A0682, Sigma-Aldrich) at concentrations of 0.5%,
0.75%, 1%, 1.25%, 1.5%, 1.75%, and 2% (w/v) were dissolved in PBS
(pH = 7.4, BI) by stirring and heating at 70 °C in a water bath for 30 min.
The solution was stored at 4 °C in a refrigerator until subsequent use.

5.2. Mechanical tests of hydrogels

The alginate-gelatin precursors were crosslinked into hydrogels by
mixing them with CaCl; solutions. The precursors were poured into 24-
well culture plates, whose bottoms were covered with CaCl, solutions
(75 mM and 100 mM). The precursors were cured for 48 h and then
soaked in PBS for another 48 h. The hydrogels were then loaded into a
mechanical testing machine (100 N load cells; Instron Model 5966)
using a compression fixture with a fixed loading rate of 0.5 mm/min.

5.3. Cell culture

For cell culture in the hydrogel, HCCLM3-GFP and HepG2-GFP cell
suspensions were mixed with equal volumes of hydrogel precursors as a
cell-hydrogel mixture. The bottom of a 96-well culture plate was filled
with 10 pL of 75 mM CacCl; solution, followed by dripping 90 pL of the
cell-hydrogel mixture into the wells. The culture plate was kept in an
incubator at 37 °C for 30 min until the hydrogel was cured. Then, 150 pL
of the culture medium was added to each well. The medium was
changed every 2 days.

The control group used conventional cell culture medium, whereas
the experimental group used the above-mentioned cell culture medium
soaked with different concentrations of hydrogel. Then, they were
cultured in the conditions of 37 °C and 5% CO» for 6, 24, 48, 72, and 96
h. The proliferation status and activity of cells were assayed using the
Cell Counting Kit-8 (CCK-8, MCE) and Multimode Reader (Thermo
Fisher).

5.4. Scanning electron microscopy

Cured hydrogels with and without cells were subjected to scanning
electron microscope (SEM) observation. The samples were fixed in 1%
glutaraldehyde (Sigma-Aldrich) for 1 h, rinsed in PBS, dehydrated in a
graded series of ethanol (30%, 50%, 70%, 90%, 100%), dried via critical
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point drying using a liquid CO5 dryer (Tousimis 931 GL), and imaged
using an SEM (Nova Nano 450, Thermo FEI) at 5.0 kV.

5.5. Patient-derived liver tumor specimens

Fresh liver tumor tissues were collected with informed consent from
the surgical patients at the First Affiliated Hospital, School of Medicine,
Zhejiang University (Hangzhou, China). This study of patient liver
tumor specimen collection was approved by the Clinical Research Ethics
Committee of the First Affiliated Hospital, College of Medicine, Zhejiang
University (Project Number: 2020C04003). Fresh liver tumor tissue was
obtained in the operating room, placed it into a sterile centrifugal tube
pre-added with cold PBS, and then stored in an icebox, which was
quickly transferred to the laboratory within 20 min for further opera-
tion. Related clinical information is available in Table 1 and
Tables S1-S3 (Support Information).

5.6. Digestion and cryopreservation of patient-derived liver tumor tissues

Patient-derived tumor tissues were washed with PBS, cut into 2-3
mm pieces, and centrifuged at 600 rpm for 2 min. Subsequently, they
were digested in a solution containing 2.5 mg/mL collagenase IV
(Gibco) and 0.1 mg/mL DNase I (Sigma-Aldrich) for 5-8 min, followed
by centrifugation at 600 rpm for 3 min and washing with PBS to obtain
multicellular clusters. Single cells were obtained by digestion for 30 min.
The excised fresh liver tumor tissues were cut into 3-5 mm pieces,
washed with cold PBS, and cryopreserved in a cryopreservation solution
containing fetal bovine serum (FBS, BI) and dimethyl sulfoxide (DMSO,
Sigma-Aldrich) at a volume ratio of 9:1.

5.7. Cultivation, passage, cryopreservation and recovery of PDTOs

PDTOs were cultured in three forms: 1) Cultures of multicellular
clusters in Matrigel were produced by mixing a suspension of multicel-
lular clusters and Matrigel (Corning) in equal proportions as well as
adding a culture medium after incubation at 37 °C for 30 min; 2) Cul-
tures of multicellular clusters/single cells in alginate-gelatin hydrogel
precursor were produced by mixing multicellular clusters/single cell
suspension and alginate-gelatin hydrogel precursor in equal pro-
portions, adding 75 mM CacCl; at a volume ratio of 10%, and curing in a
37 °C incubator for 20 min; 3) Cultures of multicellular clusters in sus-
pended hydrogel capsules were produced by mixing a suspension of
multicellular clusters and alginate-gelatin hydrogel precursor in equal
proportions, dropping the mixture in ultra-low attachment surface 96-
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well culture plates containing 75 mM CaCl,, and adding the culture
medium after removal of the CaCl, solution. The volume of each droplet
was 10 pL. The PDTO culture medium consisted of the following agents:
advanced DMEM/F-12 (Gibco) supplemented with B-27 (1:50; Gibco),
N-2 (1:100, Gibco), HEPES (1:1000, Gibco), penicillin (1:100, Solarbio),
nicotinamide (10 mM, Sigma-Aldrich), N-acetyl-i-cysteine (1.25 mM,
Sigma-Aldrich), gastrin 1 (10 nM, MCE), forskolin (10 pM, MCE), EGF
(50 ng/mL, PeproTech), FGF10 (100 ng/mL, PeproTech), HGF (25 ng/
mL, PeproTech), R-spondin 1 (100 ng/mL, PeproTech), noggin (100 ng/
mL, PeproTech), and Wnt3a (100 ng/mL, Fitzgerald). We dissociated the
PDTOs from the hydrogel by adding 3.5 mM ethylenediaminetetraacetic
acid (EDTA); the recovered PDTOs from cryopreservation could be
passaged and cultured as before preservation.

5.8. Stability and degradability test of hydrogel capsules

According to those previously outlined, hydrogel capsules were
prepared in 20 mm petri dishes for culturing HCCLM3 cells and liver
tumor multicellular clusters (2 x 10° cells/mL). The group without cells
was used as the control. The hydrogel capsules were embedded in the
culture medium to maintain swelling ratios. The aseptic states of the
hydrogel were maintained by the following procedure: On days 1, 3, 6,
9, 12, and 15, the medium around the hydrogel capsules was removed.
Subsequently, they were weighed and snapshotted immediately in a
biological safety cabinet.

5.9. H&E and immunofluorescence staining

The original tumor tissues were stored in 10% formalin, paraffin-
embedded, dehydrated, and sliced for staining. After the PDTOs were
dissociated from the hydrogel, they were either smeared on glass slides
for H&E staining or transferred to 20-mm glass bottom cell culture
dishes (NEST) for immunofluorescence staining. The samples were then
fixed with 4% paraformaldehyde for 30 min, washed three times with
PBS, added with 100 pL 0.5% Triton X-100, and incubated at room
temperature for 30 min. Subsequently, the samples were washed again
three times with PBS and blocked with 5% bovine serum albumin (BSA)/
PBS solution at 37 °C for 30 min. Next, anti-AFP (1:100, Abcam), anti-
CD34 (1:200, Abcam), anti-HGF (1:50, Abcam), anti-CK19 (1:200,
Abcam), anti-tubulin (1:200, Abcam), anti-GPC-3 (1:500, Abcam), and
anti-a-SMA (1:200, Abcam) antibodies diluted in 0.1% BSA/PBS were
added, followed by incubation overnight at 4 °C. Next, the samples were
incubated with goat anti-rabbit/mouse secondary antibody (1:200,
Thermo Fisher) in 0.1% BSA/PBS and preserved at 37 °C for 2 h after

Table 1
Clinical data of patients (Successes).
Patient Sex Age (Years) Drinking History Tumor Liver Disease Cirrhosis Ferritin (ng/mL) AFP (IU/mL) Child Pugh BCLC Heredity
2 M 78 no HCC none no 562.8 20.7 A A yes
3 M 45 yes HCC HBV no 309.8 3.6 A C yes
4 M 71 yes HCC none no 223 84.8 A C no
6 M 51 yes HCC HBV yes 309.9 4 A C no
7 M 74 yes HCC HBV yes 243.4 1.1 A A no
12 F 68 no HCC HBV no 163 70.8 A A no
14 M 66 yes HCC HBV yes 210.3 8.5 A A no
15 M 68 no HCC HBV yes 282 2.1 A C no
16 M 67 no HCC HBV no 467.1 3.9 A C no
18 M 53 no HCC HBV yes — 2.7 A C no
22 M 67 no HCC HBV no 198.5 3.1 A C yes
23 M 58 no HCC HBV no 228.2 909.8 A B no
24 M 63 no HCC HBV yes 265.4 3.9 A A yes
25 M 75 no HCC none no 435 229 A B no
26 M 59 no HCC none yes 557.7 4.1 A C no
27 M 58 no HCC HBV yes 613.7 111.7 B C yes
28 M 34 no HCC HBV yes 62.6 4099.4 A C no
10 F 62 no CcC none no 104.6 1.7 — — no

M: Male, F: Female, HCC: Hepatocellular Carcinoma, CCC: Cholangiocarcinoma.
HBV: Hepatitis B Virus, AFP: Alpha-fetoprotein, BCLC: Barcelona Clinic Liver Cancer.
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washing three times with PBS. Finally, DAPI was applied and the sam-
ples were incubated for another 10 min. Immunofluorescence imaging
was performed on a Zeiss LSM 710 confocal microscope.

5.10. Whole exome sequencing

WES was performed on PDTOs, original tumors, and adjacent tissues,
and supported by Hangzhou LC-BIO Co., Ltd. DNA enrichment of all
exons was performed using an Agilent SureSelectXT capture system
(Agilent. Co.); high-throughput sequencing was conducted using a
NovaSeq 6000 sequencer. Library construction and capture experiments
were performed using the Agilent SureSelect Human All Exon V6 kit.

Prior to alignment, low-quality reads were removed using fastp. For
alignment, Burrows Wheeler Aligner (BWA) was used to align reads to
the reference genome (hg19). During the first post-alignment processing
step, Picard tools were used to identify and mark duplicate reads from
the BAM file. Base quality score recalibration was then performed prior
to variant calling to reduce systematic biases. Somatic SNVs and InDels
were jointly called Mutect2 and Strelka; only variants that passed both
quality filters were included in the follow-up analysis. A variant effect
predictor (VEP) was used to add biological information to the variant
set. Copy number variations were detected using Control-FreeC. The GC
content of the sequences was used to normalize the read distribution; the
normalized distribution of aligned reads in slide windows was used to
calculate the copy number difference between the tumor and normal
samples.

5.11. Live/dead cell staining and drug screening

Live/dead cell staining was performed using a Calcein-AM/PI Double
Staining Kit (Dojindo). The staining solution was prepared with PBS; the
concentrations of Calcein-AM and PI were 2 pM and 4.5 pM, respec-
tively. The samples were immediately imaged using an Olympus Fluo-
view FV1000 confocal microscope after incubation at 37 °C for 20 min.

For drug screening, the PDTOs constructed by the above-mentioned
methods were tested with cabazitaxel (5 nM and 10 nM, MCE), oxali-
platin (10 pM and 20 pM, MCE), and sorafenib (10 pM and 20 pM, MCE).
Dosing was started after the PDTOs were cultured for 5 days. Then, they
were cultured for another 7 days. Live/dead cell staining of PDTOs was
imaged by confocal microscopy for quantitative analysis.

5.12. Statistical analysis

All data are shown as mean + SD. Statistical analysis was performed
using two-sided Fisher’s exact test and one-way ANOVA. Significance
levels were determined as *p < 0.05, **p < 0.005, ***p < 0.001, ****p
< 0.001, and ns = not significant (p > 0.05).
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