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A B S T R A C T   

Patient-derived tumor organoids (PDTOs) shows great potential as a preclinical model. However, the current 
methods for establishing PDTOs primarily focus on modulating local properties, such as sub-micrometer to-
pographies. Nevertheless, they neglect to capture the global millimeter or intermediate mesoscale architecture 
that have been demonstrated to influence tumor response to therapeutic treatment and tumor progression. In this 
study, we present a rapid technique for generating collagen bundles with an average length of 90 ± 27 μm and a 
mean diameter of 5 ± 1.5 μm from tumor tissue debris that underwent mechanical agitation following enzymatic 
digestion. The collagen bundles were subsequently utilized for the fabrication of biomimetic hydrogels, incor-
porating microbial transglutaminase (mTG) crosslinked gelatin. These biomimetic hydrogels, referred to as MC- 
gel, were specifically designed for patient-derived tumor organoids. The lung cancer organoids cultured in MC- 
gel exhibited larger diameters and higher cell viability compared to those cultured in gels lacking the mesoscale 
collagen bundle; moreover, their irregular morphology more closely resembled that observed in vivo. The MC-gel- 
based lung cancer organoids effectively replicated the histology and mutational landscapes observed in the 
original donor patient’s tumor tissue. Additionally, these lung cancer organoids showed a remarkable similarity 
in their gene expression and drug response across different matrices. This recently developed model holds great 
potential for investigating the occurrence, progression, metastasis, and management of tumors, thereby offering 
opportunities for personalized medicine and customized treatment options.   

1. Introduction 

Patient-derived tumor organoids (PDTOs) have emerged as a robust 
preclinical model that faithfully replicate certain structural and func-
tional aspects of native tumors [1–3]. PDTOs holds immense signifi-
cance in fundamental biology of oncology, disease modeling, drug 
discovery, and the advancement of personalized therapies [4,5]. Thanks 
to advances in the field of material sciences and microtechnology, it is 
possible to construct microenvironment with different mechanical sig-
nals for exploring the influence of extracellular stimulation on organoids 
growth [6]. Compared to cell lines, PDTO models exhibit both intra- and 

interpatient tumor heterogeneity [7,8], while also demonstrating 
significantly lower levels of murine host cell contamination than PDX 
models [9]. In addition, PDTOs possess the ability to preserve the his-
tological characteristics and gene expression, as well as accurately 
reflect the drug response of the tumor from which they were derived. 
Consequently, these models offer a dependable platform for preclinical 
assessment of anti-cancer drugs and potentially facilitate personalized 
treatment strategies for cancer patients [1–3]. In recent years, various 
approaches have been reported for generating PDTO models of different 
solid tumors, such as colorectal [10,11], lung [1,5], pancreatic [12,13], 
ovarian [14], prostate [15], breast [6,16,17], and gastric cancers [18]. 
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As a result of these advancements in technology, PDTOs have become an 
essential instrument for in vitro modeling. 

Embedment of cells into a solid matrix is crucial for tumor organoids 
culture. The development of hydrogels that exhibit multi-stimuli 
(physical, chemical, and biological) responsiveness while closely 
resembling the natural 3D structure has been extensively documented 
[19,20]. Recently, increasing focus has been given to the modified 
gelatin (especially a chemically crosslinked gelatin), which provides 
reduced variability between batches, a variety of mechanical charac-
teristics, and minimal presence of murine cell contaminants [6,21,22]. 
The enzymatic crosslinking method has garnered increasing attention 
owing to its minimal cytotoxicity and gentler reaction conditions [23, 
24]. Microbial transglutaminase (mTG) facilitates the formation of 
hydrogels from gelatin solution by catalyzing the acyltransfer reaction 
between lysine’s 3-amino group and glutamines’ g-carboxyamide group 
in proteins. Additionally, it promotes amide bond transfer within and 
between protein molecules [23,24]. The enzymatic crosslinking gelatin 
is used to 3D culture the MSCs and induce their differentiation. It has 
been previously demonstrated that the gelatin hydrogel crosslinked with 
mTG demonstrates exceptional capabilities in promoting cell adhesion, 
proliferation, and differentiation [25–28]. 

The tissue architecture plays a crucial role in the progression of 
cancer and how it responds to treatment, regardless of factors such as 
solid stress, fluid forces, and microenvironment stiffness [29]. The ar-
chitecture and organization of collagen fibers undergo dynamic alter-
ations during the advancement of tumors [30,31]. Under normal 
circumstances, the ECM fibers are randomly positioned in an isotropic 
manner. However, during tumor growth, they adopt a more organized 
and directional pattern with larger-scale features that significantly in-
fluence cellular adhesion, mechanotransduction processes within cells, 
long-range cell-to-cell communication, and migration [32,33]. The 
enhanced collagen in the tumor microenvironment undergoes remod-
eling, resulting in the formation of bundles consisting of collagen fibers 
that have been linearized and aligned [34,35]. The widths of these 
bundled collagen fibers within the brain tissue samples obtained from 
patients diagnosed with glioblastoma multiforme can exceed 2 μm, as 
observed [36]. Previous investigations into remodeling the tumor ECM 
in vitro have predominantly been concentrated on local properties, 
including nano-architecture, pore size, collagen alignment or stiffness 
[37–39]. Typically, these models emphasize sub-micrometer topog-
raphy and mechanics while lacking mesoscale architectural similarity to 
the structure of ECM in vivo. 

Here, we present a methodology for obtaining mesoscale collagen 
bundles derived from tumor tissue debris that underwent mechanical 
agitation following enzymatic digestion. Additionally, we combined the 
mesoscale collagen bundle with mTG crosslinked gelatin to create a 
composite hydrogel called MC-gel. Biomimetic hydrogels with meso-
scale collagen architecture were employed to culture organoids derived 
from lung cancer patients. The lung cancer organoids (LCOs) grown in 
MC-gel exhibited larger diameters, higher cell viability, and a more 
irregular shape compared to those cultured in gels lacking the mesoscale 
collagen bundle. Furthermore, the LCOs maintained histologic features 
and mutational landscapes of the parental lung cancer (LC) tissues. The 
LCOs also exhibited a striking concordance in their gene expression and 
drug sensitivity across diverse matrices. The findings demonstrate that 
MC-gel represents an improved option to traditional matrices for the 
establishment, expansion, and maintenance of PDTOs. 

2. Results 

2.1. Fabrication and characterization of mTGase gelatin/collagen bundles 
composite hydrogels 

The mesoscale bundled collagen strands, as observed in vivo studies, 
have been consistently associated with tumor progression [32,34–36, 
40]. Furthermore, it has been discovered that mesoscale collagen 

bundles facilitate the adhesion and aggregation of tumor cells (supple-
mentary Fig. 1). In order to fulfill the demand for a precise mesoscale 
collagen architecture in vitro extracellular matrix model, we employed 
ECM debris to efficiently generate well-defined mesoscale collagen 
bundles (MCB) with an average length of 90 ± 27 μm and an average 
diameter of 5 ± 1.5 μm (Fig. 1a–f), which exhibited comparable thick-
ness to those previously reported by the Gong [32] and Liu [33] research 
group. The ECM debris underwent three cycles of freezing and thawing 
at − 80 ◦C for decellularization and removal of residual tumor cells from 
the source tissue. The formation of visible bundles was rapidly induced 
by mechanical disruption using a high-throughput tissue cell crusher 
after thawing (Fig. 1a–f). 

We chose mTGase crosslinked gelatin hydrogel as co-culture system 
of mesoscale collagen bundles owe to its good properties in 3D culture 
[41]. Considering the potential harm to organoids during passage 
caused by prolonged digestion time, we investigated the impact of 
mesoscale collagen bundles on the digestion time of mTGase crosslinked 
gelatin (Fig. 1g–i). The incorporation of mesoscale collagen bundles into 
mTGase crosslinked gelatin resulted in a significantly reduced digestion 
time, which was concentration-dependent (Fig. 1i). Furthermore, when 
MC-gel were treated with either type IV collagenase or Trypsin/EDTA 
(TE) solution combined with mechanical disruption using a Pipette, 
MC-gel containing 0.1 % g/ml mesoscale collagen bundles exhibited a 
remarkably shortened digestion time of approximately 6–8 min, sug-
gesting that utilizing MC-gel for cell passaging eliminates the risk of cell 
damage caused by prolonged digestion time (Fig. 1g and h). 

To test the influence of collagen bundles on gelation time of mTGase 
gelatin, a bottle-invert test was conducted at 37 ◦C to measure the MC- 
gel’s gelation speed. The gelation time of MC-gel solution can be fine- 
tuned by adjusting the dosage of mesoscale collagen bundles. An in-
crease in the dosage of mesoscale collagen bundles resulted in an 
extended gelation time (Fig. 1j). Furthermore, it was observed that the 
gelation time showed a direct proportionality with the concentration of 
mesoscale collagen bundles while maintaining a constant dosage of mTG 
at 20,000 U/mg pro and a gelatin percentage of 4 % (Fig. 1j). The MC-gel 
solution, containing less than 0.5 % g/ml of mesoscale collagen bundles, 
underwent gelation within 20 min, indicating a rapid transition to the 
gel state. In contrast, when exceeding 0.8 % g/ml of mesoscale collagen 
bundles in the MC-gel solution, they maintained their fluidic nature and 
failed to form a hydrogel (Fig. 1j). 

We next asked whether the incorporation of mesoscale collagen 
bundles increase the stiffness of the resultant hydrogel. We found the 
MC-gel retain constant when the concentration of mesoscale collagen 
bundles was lower than 0.2 % g/ml. We chose a concentration of 0.1 % 
g/ml for our subsequent experiments. The Young’s modulus of this 
concentration is 12.56 ± 2.7 kPa (Fig. 1k), which closely aligning with 
the Young’s modulus of lung tumor tissue (12.73 kPa) [42]. This choice 
ensures the optimal stuffiness and presence of mesoscale collagen ar-
chitecture observed in the tumor extracellular matrix in vivo. 

The morphology of the MC-gel and Con-gel was examined through 
scanning electron microscopy (SEM). The MC-gel displayed a unique 
and intricate porous structure with smooth pore walls (Fig. 1l). No 
discernible presence of mesoscale collagen bundles was observed within 
the scaffold’s pore wall, which can be attributed to the good interfacial 
compatibility between gelatin and mesoscale collagen bundles (Fig. 1l). 
The pore size of MC-gel was significantly larger compared to that of Con- 
gel (Fig. 1m). After incorporating mesoscale collagen bundles, the 
hydrogels exhibited a more prominent three-dimensional network ar-
chitecture. The frequency sweeps displayed viscoelastic properties in 
MC-gel, similar to that observed in Con-gel, albeit exhibiting slightly 
lower frequency-dependent characteristics (supplementary Fig. 2a). The 
chemical composition of the Con-gel and MC-gel was determined using 
Fourier transform infrared spectroscopy (FTIR). Both hydrogels exhibi-
ted the presence of several similar peaks corresponding to functional 
groups (supplementary Fig. 2b). The swelling behavior of Con-gel and 
MC-gel in water exhibits a similar trend, initially experiencing a rapid 
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increase (supplementary Fig. 2c), eventually reaching equilibrium after 
12 h and demonstrating consistent swelling kinetics without any sub-
sequent alterations (supplementary Fig. 2c). 

2.2. MC-gel support patient-derived tumor organoid viability and growth 

To explore the capabilities of biomimetic hydrogels featuring 
collagen architecture at a mesoscale level in enhancing the growth and 
expansion of LCOs derived from primary lung cancer cells, we have 
effectively cultured 18 organoids sourced from lung cancer cells ac-
quired directly from primary LC tissue. As shown in Table S1. The sep-
aration of LC cells was achieved through the integration of mechanical 
disruption and enzymatic digestion (Fig. 2a). In the presence of meso-
scale collagen bundles, LC cells efficiently formed organoids, resulting in 
a significant 1.3-to-1.8-fold increase in live-cell yields over a 14-day 
period (Fig. 2b and c); furthermore, these LCOs exhibited a signifi-
cantly larger diameter compared to those cultured without mesoscale 
collagen bundle (Fig. 2b). The morphology of LCOs in MC-gel exhibited 
irregular shapes, which were consistent with the tumor characteristics 
observed in vivo. In contrast, the control group displayed spheroid- 
shaped organoids (Fig. 2b). Meanwhile, we selected traditional Matri-
gel (a widely accepted hydrogel for 3D cell culture) and gelatin-added 
nano-scale collagen (Nano-gel) as control groups. The results demon-
strated that LCOs in MC-gel exhibited a higher cell number and larger 
diameter compared to those in Matrigel and Nano-gel (Fig. 2b and c). 
Taken together, the data demonstrate that mesoscale collagen archi-
tecture promotes tumor multicellular aggregation and organoid growth. 

Additionally, we successfully generated mesoscale collagen bundles 
derived from sarcoma and thyroid cancer samples. Moreover, these two 
types of tumor organoids were effectively replicated in MC-gel, resulting 
in a significant increase in cell number and cell diameter compared to 
those cultured in Con-gel. This clearly demonstrates the potential utility 
of MC-gel for investigating other solid tumors (supplementary Fig. 3a 
and b). To emphasize the role of mesoscale collagen in traditional 
matrices, we incorporated it into Matrigel, a highly regarded hydrogel 
utilized for three-dimensional cell culture. The inclusion of mesoscale 
collagen in LCOs within Matrigel resulted in a substantial increase in cell 
number and larger diameter compared to those without mesoscale 
collagen (supplementary Fig. 3c). 

2.3. LCOs cultured in MC-gel recapitulate the histological features of 
parental tumors 

It is crucial that LCOs cultured in MC-gel adequately retain the his-
tological features of their parental cancer tissue. H&E staining and 
immunofluorescent staining techniques were employed to compare the 
morphological and molecular features of LCOs cultured in MC-gel with 
their parental LC tissues. The LCO-4 derived from lung adenocarcinoma 
displayed acinar or large glandular patterns, resembling the structure of 
its parental cancer tissue (Fig. 3a). In addition, consistent expression of 
molecular markers associated with lung adenocarcinoma, including 
napsin-A, thyroid transcription factor 1 (TTF-1), and cytokeratin 7 
(CK7), and the cell proliferation marker Ki67 was observed in LCO-4 
cultivated in MC-gel. This expression pattern closely resembled that 
seen in its parental LC tissue (Fig. 3b). 

Distinct cellular borders and cytoplasmic keratinization were 
observed in LCO-10 originated from lung squamous cell carcinoma 
grown in MC-gel, which are commonly seen histological features in 
tissue affected by squamous cell carcinoma (Fig. 3a). Furthermore, the 
LCO-10 derived from MC-gel exhibited positive expression of CK5/6 and 
p63, markers associated with lung squamous cell carcinoma, as well as 
the proliferation marker Ki67, consistent with their parental lung cancer 
tissue (Fig. 3c). However, TTF-1 yielded a negative result (Fig. 3c). The 
cumulative findings demonstrate that tumor organoids cultured in MC- 
gel accurately replicate the histological characteristics of their parental 
tumors. 

2.4. LCOs cultured in MC-gel preserve the mutational landscape of the 
original tumors 

In order to validate whether the genetic mutations from their 
parental tumors are retained in different matrixes, Whole exome 
sequencing (WES) were analyzed on 4 pairs of primary lung cancer 
tissue and matched LCOs in Con-gel and MC-gel. By implementing 
germline mutation filtering and applying multiple thresholds, including 
variant filtering against dbSNP138 and 1000 genomes databases, as well 
as considering low base quality (<20), low mapping quality (<30), and 
low variant allele frequency (<0.3), we successfully obtained a set of 
highly reliable somatic mutations. Somatic mutations in most LC tissues 
consistently exhibited a high concordance rate ranging 83.3 %–97 % 
with their corresponding LCOs across the analyzed samples (Fig. 4a). 
The VAF distribution in the organoids cultured in MC-gel closely 
resembled that observed in the original LC tissues (Fig. 4b). The sets of 
four unique LCOs cultivated in the Con-gel and MC-gel exhibited a 
diverse array of carcinogenic genes, influenced by missense mutations, 
frameshift mutations, splice site mutations or translation start site mu-
tation, some of which demonstrated variable patterns of alteration. 
These LCOs within the gels preserved most of the variations present in 
their original LC tissues, including driver mutations such as TP53 and 
BCLAF1 (Fig. 4c). We have also detected mutated genes associated with 
cancer, such as USP8, KEAP1, PTK6, KLF4, PABPC1, PCBP1, and RNF6. 
It is worth noting that these genetic alterations were highly conserved 
between LCOs and the original LC tumors (Fig. 4c). 

To further assess the degree to which LCO lines maintain their 
parental tumor’s mutation spectrum, we conducted an analysis of so-
matic mutation patterns in tumor samples and LCOs cultured in different 
matrices. The basic somatic mutation patterns between LC tissues and 
corresponding LCOs were well preserved (Fig. 4d). Furthermore, the 
predominant base substitutions observed in both LC tumor samples and 
LCOs in MC-gel and Con-gel were C > T/G (Ti) and C > A/G > T 
transversions (Tv), while T > G/A transversions were found to be the 
least common mutation type (Fig. 4e), consistent with previously 
described mutational spectra for lung tumor [43]. 

2.5. Gene expression profiles exhibit similarity among LCOs cultivated in 
diverse matrices 

The gene expression similarity among LCOs cultivated in diverse 
matrices was assessed by conducting RNA sequencing of organoids in 
MC-gel and the corresponding Con-gel. The analysis of gene expression 

Fig. 1. The characterization of composite hydrogels consisting of mTGase crosslinked gelatin/collagen bundles. (a) Schematic diagram of the preparation procedures 
for MC-gel were shown. MCB refers to mesoscale collagen bundles. (b) Bright-field images of extracellular matrix (ECM) debris were obtained after the removal of 
residual cells. Scale bar, 100 μm. (c) ECM debris were stained by Masson staining. Scale bar, 100 μm. (d–f) Bright-field images of mesoscale collagen bundle (left, d) 
were showed and their lengths (e) and diameters (f) were measured. Scale bar, 100 μm. (g–h) The mTGase cross-linked gelatin, containing 0.1 % g/ml of mesoscale 
collagen bundles (MC-gel) or lacking mesoscale collagen bundles (Con-gel), was fragmented into smaller clusters through trituration using 1 ml pipette tips. Sub-
sequently, it was enzymatically digested either with collagenase IV (g) or TE buffer (h). (i) The digestion time of mTGase cross-linked gelatin with different con-
centrations of mesoscale collagen bundles. (j) The gelation time of mTGase cross-linked gelatin with mesoscale collagen bundles of different concentrations. (k) The 
Young’s modulus of mTGase cross-linked gelatin with different concentrations of mesoscale collagen bundles was measured at room temperature. (l–m) SEM images 
of the Con-gel and MC-gel, then the pore diameter was calculated by Image J. Scale bar, 100 μm. The data were reported as the mean ± SD. Data in (e–f), n = 3; data 
in (i–j), n = 6; data in (k), n = 5; data in (m), n = 130. ****p < 0.0001. 

J. Wang et al.                                                                                                                                                                                                                                    



Bioactive Materials 38 (2024) 384–398

388

Fig. 2. MC-gel facilitated the growth and propagation of patient-derived LCOs. (a) Schematic representation of the preparation process for patient-derived LCOs. 
(b–c) The LCOs in the Con-gel, Matrigel, gelatin-added nano-scale collagen (Nano-gel) and MC-gel, were grown for 10–14 days. Representative bright-field images of 
LCOs were showed and their numbers were measured; Scale bar, 200 μm. Data in (c) were plotted as mean ± standard deviation (n = 3). **p < 0.01, ***p < 0.001, 
****p < 0.0001. 
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correlation revealed a highly concordant expression profile in each LCO 
line cultured in MC-gel and its corresponding Con-gel. Moreover, the 
overall gene expression correlation between MC-gel and Con-gel for the 
LCO exceeded 0.948. (Fig. 5a). Furthermore, the application of principal 
components analysis (PCA) facilitates enhanced visualization of more 

subtle variations. The principal component analysis (PCA) results of four 
LCO lines cultured in MC-gel and its Con-gel were presented in Fig. 5b. 
In the case of LCO-5,7,8,9 lines cultured in MC-gel and their respective 
Con-gel, there was a tendency for clustering. The LCO-7 and LCO-9 lines 
in the MC-gel exhibited a relatively close association with those in the 

Fig. 3. LCOs cultured in MC-gel recapitulated histopathological characteristics of parental tumors. (a) The H&E-stained images of LCOs and their corresponding LC 
tissues were presented. Scale bar, 100 μm. (b) The LCO-4 derived from lung adenocarcinoma in the MC-gel, as well as their corresponding parental tumor tissues, 
were acquired for immunofluorescence analysis of TTF-1, Napsin A, CK7, and Ki67. DAPI (blue) was used to stain the nuclear. (c) The LCO-10 in MC-gel, as well as 
their corresponding parental tumor tissues, derived from a lung squamous cell carcinoma sample, were subjected to immunofluorescence staining for TTF-1, p63, 
CK5/6, and Ki67. Representative images of immunofluorescence were presented. Scale bar, 50 μm. 
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Fig. 4. LCOs cultured in MC-gel retained the genetic characteristics of the original tissues. (a) Heat-map analysis was conducted on the top 30 mutations in LCOs 
cultured in Con-gel and MC-gel and their corresponding LC tissues. (b) The VAF of genetic alterations detected in LCOs in MC-gel was compared with that of their 
parental LC tissues (c) Heatmap visualizing somatic mutations that impact cancer genes in LC tissues and their corresponding LCOs in Con-gel and MC-gel conditions. 
(d) The proportions of exonic variants in LCOs in Con-gel and MC-gel, as well as their parental tumors, were presented. Additionally, the legend provided information 
on the seven distinct types of base substitutions. The numbers at the top of the figures depicted the amounts of mutations. (e) Percentage of Ti and Tv transversions of 
three groups were shown. 
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Fig. 5. Gene expression of LCOs in Con-gel and MC-gel. (a) Correlation heatmap of LCOs grown in Con-gel and MC-gel based on RNA-seq data. (b) The RNA-seq data 
of LCOs cultured in different matrices was subjected to Principal Components Analysis (PCA). 
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Con-gel, while there was a slight disparity between the control and MC- 
treated organoids for LCO-5 and LCO-8 as observed in the PCA scores 
plot. The RNA expression data overall suggest that MC-gel enables 
organoid tumor cells to largely preserve the RNA expression properties 
observed in their Con-gel. 

2.6. LCOs cultured in MC-gel maintain drug sensitivity 

We subsequently evaluated the feasibility of utilizing six LCO lines 
cultured in MC-gel for conducting drug sensitivity assays. The LCO lines 
cultivated in MC-gel and Con-gel were subjected to a panel of drugs 
commonly administered for lung cancer therapy: doxorubicin, cisplatin, 
erlotinib, and paclitaxel (Table S2). After an incubation period lasting 
from 7 to 10 days, the tumor organoids were subsequently subjected to a 
drug treatment lasting for 3–5 days. Following completion of this drug 
treatment, the cell viability was assessed. The sensitivity of each LCO 

lines were determined by performing technical replicates using a panel 
of four anti-cancer drugs (Fig. 6a). Drug sensitivity was measured based 
on relative cell survival. 

The LCOs in the Con-gel and MC-gel exhibited a consistent trend for 
each drug, indicating that the presence of mesoscale collagen bundle did 
not significantly impact chemotherapy sensitivity across most organoid 
cultures (Fig. 6b). Meanwhile, The LCOs derived from different patients, 
both in the Con-gel and MC-gel, exhibited significant variations in their 
responses to the four chemotherapeutic agents. For instance, LCO-1 
exhibited no sensitivity to all four reagents, as indicated by relative 
cell survival. In contrast, LCO-2 demonstrated high sensitivity specif-
ically towards doxorubicin and erlotinib, but displayed resistance to 
cisplatin and paclitaxel due to its unaffected viability upon treatment 
with cisplatin and paclitaxel. Additionally, LCO-3 showed sensitivity to 
doxorubicin, erlotinib and paclitaxel, without any response observed 
towards cisplatin (Fig. 6b). These findings emphasize the necessity of 

Fig. 6. Drug testing of organoids in the Con-gel and MC-gel. (a) The flow chart illustrating the process of drug testing. (b) Three LCOs cultivated on Con-gel and MC- 
gel were exposed to doxorubicin, cisplatin, erlotinib, and paclitaxel; the survival was then evaluated by measuring the relative cell survival. (c) The survival of three 
LCOs cultivated on Matrigel and MC-gel was assessed after exposure to the aforementioned four anti-cancer drugs, by measuring their relative cell survival. The data 
in (b–c) were presented as the mean ± standard deviation (n = 3). *p < 0.05. 
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rapid in vitro drug sensitivity testing for determining the optimal 
chemotherapy regimen for individual patients. 

Meanwhile, to evaluate the individualized responses to cancer 
therapies in MC-gel and Matrigel, we also conducted drug sensitivity 
tests on LCOs cultured in MC-gel and existing models Matrigel. It was 
observed that LCOs in both matrices exhibited a similar trend (Fig. 6c). 
However, it is worth noting that LCO-14 cultured in MC-gel demon-
strated sensitivity to cisplatin, whereas those cultured in Matrigel did 
not exhibit a similar trend. Additionally, LCO-15 cultured in MC-gel 
showed sensitivity to erlotinib, while LCO-15 cultured in Matrigel dis-
played resistance to erlotinib (Fig. 6c). These findings suggest that LCOs 
cultured in the MC-gel demonstrate increased susceptibility to these two 
drugs, potentially due to disparities in growth states between the two 
hydrogels. 

2.7. The MC-gel enables the establishment of long-term cultures of LCOs 

Out of the 18 LCOs tested, a remarkable four managed to establish 
long-term cultures, resulting in a success rate of 22 %. The MC-gel 
cultured organoid models demonstrated the ability to establish long- 
term cultures, characterized by sustained cell growth with consistent 
split ratios even in late passages (9/10 passages, Fig. 7a and b). These 
cultures could be successfully propagated for over three months with a 
minimum splitting ratio of 1:2, without experiencing a significant 
decline in their proliferative abilities as the passages progressed (Fig. 7a 
and b). Furthermore, they exhibited viability after cryopreservation for 
more than three months and were capable of expansion upon thawing. 
In addition, the long-term established lung cancer organoids (LCOs) in 
MC-gel also exhibited sustained drug sensitivity characteristics similar 
to their short-term counterparts (Fig. 7c), thereby highlighting the po-
tential of utilizing these long-term established LCOs for personalized 
treatment strategies in lung cancer patients. 

3. Discussion 

The three-dimensional (3D) culture models in vitro provide a more 
precise replication of the intricate interactions observed between cell- 
ECM or between cell-cell in vivo [44,45]. Here, we have successfully 
formulated a novel biomimetic hydrogel composed of mTGase gelatin 
and natural collagen bundles to effectively initiate and expand LCOs. 
The unique architecture and mechanical properties of these mesoscale 
collagen bundles provide an exact representation of the mechanical 
landscape, enabling optimal conditions for cellular cultivation. 

To obtain tumor organoids from patients, the tumor tissues were 
dissociated into a single cell suspension along with extracellular matrix 
(ECM) debris (Fig. 2a). Most recent studies have primarily focused on 
cultivating tumor organoids solely from patient-derived tumor cells, 
neglecting the importance of ECM debris. In our organoid culture sys-
tem, we utilized both tumor cells and ECM fragments derived from the 
tumor tissues to cultivate tumor organoids that retain the essential 
components of the original tissue at their highest level. The ECM frag-
ments obtained from the tumor tissue consist predominantly of collagen 
(Fig. 1c), which exhibits a distinct mesoscale architecture within its 
structure. Furtherly, we present a method for modulation of the collagen 
derived from the digested debris of patient tumor tissue by mechanical 
abrasion. With this approach, we have generated collagen-rich scaffolds, 
which are thickening on a large scale, while retaining global 
architecture. 

The pore structure, physicochemical properties, mechanical 
behavior, and swelling characteristics of MC-gel were investigated. It 
was observed that the MC-gel exhibited significantly larger pore di-
mensions compared to Con-gel. This phenomenon can be attributed to a 
decline in the level of crosslinking caused by disruption from collagen 
bundles at the mesoscale. Furthermore, the inclusion of mesoscale 
collagen bundles is anticipated to bolster the structural soundness of the 
hydrogel framework, thereby diminishing contraction of pore structures 

during freeze-drying. There was a slightly reduced storage modulus for 
MC-gel, compared to Con-gel. Furthermore, FTIR results showed that the 
chemical composition of mesoscale collagen bundles was identical to 
that of gelatin. Finally, The MC-gel exhibits a slight decrease in swelling, 
possibly due to the anti-swelling behavior provided by the mesoscale 
collagen fibers. All these factors contribute to effectively replicating the 
tumor microenvironment in patients. 

Compared to the existing Matrigel model, MC-gel provides a more 
individualized approach by utilizing collagen bundle components 
sourced directly from patients, in contrast to Matrigel from sarcoma cells 
of the Engelbreth-Holm-Swarm mouse [6], this indicates that MC-gel is 
better suited for personalized patient treatment. Moreover, the Young’s 
modulus of MC-gel is 12.56 ± 2.7 kPa (Fig. 1k), which closely aligns 
with the Young’s modulus of lung tumor tissue (12.73 kPa) [42], while 
Matrigel typically exhibits a Young’s modulus of approximately 1.29 
kPa [46]. Furthermore, MC-gel is designed to replicate the intricate 
collagen architecture of the tumor extracellular matrix, which has a 
significant impact on modulating cellular phenotype, mechano-
transduction, growth factor communication, intercellular interaction 
over long distances, and cancer cell infiltration [32,33]. Consequently, 
tumor organoids with mesoscale architecture exhibit significantly larger 
diameters and irregular shapes compared to those cultured in Matrigel 
(Fig. 2b and c). 

Furthermore, these specific bundles of collagen can readily be inte-
grated into the co-culture system, encompassing various biodegradable 
protein-derived hydrogels (such as Matrigel, collagen, or gelatin). We 
utilized mTG cross-linking gelatin as a platform for incorporating 
mesoscale collagen bundles due to its non-toxic, non-carcinogenic, 
biocompatible, and biodegradable properties [27,28]. Moreover, gelatin 
exhibits low antigenicity as it is denatured unlike collagen which has 
high antigenicity owing to its animal origin. Importantly, mTG 
cross-linking gelatin provides the arginine-glycine-aspartate (RGD) 
motif that induces “outside-in” signaling resulting in intracellular 
phosphorylation, cytoskeleton reorganization, and granule secretion 
[23,47,48]. 

The advantages of both collagen bundles and mTG cross-linking 
gelatin are combined in this model for the purpose of culturing tumor 
organoids from patients. Gelatin promotes cell-matrix interactions by 
providing the RGD integrin receptor binding motif that is present in 
natural extracellular matrix proteins. The formation of mesoscale 
collagen bundles results in a natural architecture of MC-gel, providing a 
distinct scaffold for cellular activities and intercellular communication. 
This emphasizes the significance of the unique architecture formed by 
mesoscale collagen within the microenvironment surrounding tumors. 
However, the limited availability of mesoscale collagen bundles ob-
tained from the patients is attributed to the size of cancer tissue and the 
efficiency of digestion. It is crucial to optimize the balance between the 
quantity of cancer cells and mesoscale collagen bundles in order to 
achieve optimal outcomes. 

PDTO possess the capability to facilitate the advancement of 
personalized therapeutic approaches for cancer patients [16,22,49,50]. 
In our investigations, lung cancer organoids cultured in MC-gel accu-
rately recapitulate the histological characteristics and mutational profile 
of the original tumor from the donor patient. Furthermore, we have 
demonstrated that the presence of mesoscale collagen bundles insig-
nificantly influences gene expression and drug response in these orga-
noids. Owing to faithfully recapitulating the original tumor’s features, 
MC-gel offers a valuable opportunity to serve as a scaffold for compre-
hending individual drug reactions and tailoring treatments according to 
patients’ distinct molecular and clinical characteristics. Meanwhile, the 
MC-gel can be utilized for extended culture periods, facilitating sus-
tained growth of LCOs and preserving their drug sensitivity. Beside LCOs 
studied in our research, tumor organoids derived from other organs also 
are established using MC-gel model. The MC-gel possesses the potential 
for extensive utilization in the domains of wound healing, tumor 
metastasis, and 3D stem cell differentiation. Our findings indicate that 
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Fig. 7. Growth characterization and drug testing of long-term organoid in MC-gel. (a–b) Representative micrographs in bright-field of LCOs subjected to an extended 
period (P9/10) and a shorter duration (P3) in MC-gel were presented, and their numbers were quantified. Scale bar, 200 μm. (c) The viability of two long-term 
cultured LCOs (P9/10) and one short-term cultured LCO (P3) in MC-gel was evaluated following exposure to the aforementioned four anti-cancer drugs, through 
assessment of their relative cell survival. Data in (c) were plotted as mean ± standard deviation (n = 3). *p < 0.05. **p < 0.01. 
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the MC-gel model has the potential to replicate patient outcomes in a 
clinical setting and can be effectively incorporated into a personalized 
medicine initiative. 

4. Methods 

4.1. Tumor specimen collection 

Samples (1–2.5 cm3) of lung cancer (LC), sarcoma and thyroid cancer 
were collected from the Cancer Hospital & Shenzhen Hospital, Chinese 
Academy of Medical Sciences and promptly transported to the labora-
tory following surgery. Supplementary Table 1 listed the clinical char-
acteristics of patient donors with lung cancer. The sarcoma sample was 
acquired from a 51-year-old male patient diagnosed with fibrosarcoma, 
whereas a female patient aged 35 years contributed to the collection by 
providing a sample originating from her thyroid cancer. The collection 
of human samples for this study was granted full ethical approval by the 
Ethics Committee of Cancer Hospital & Shenzhen Hospital, Chinese 
Academy of Medical Sciences (KYLX2023-106). Additionally, all pa-
tients provided written informed consent for the utilization of surgically 
obtained tissue. 

4.2. Mesoscale collagen bundle preparation 

The tumor samples were washed twice with cold PBS prior to being 
minced into 1–2.5 mm3 fragments using scissors. The minced tissue was 
subsequently incubated with 5 ml of collagenaseI (3 mg/ml) and a ROCK 
inhibitor, Y-27632 dihydrochloride (10 μM), in a 15 ml centrifuge tube 
for 1.5 h using a constant temperature culture shaker (WS20, Shanghai) 
set at 50 rpm and maintained at 37 ◦C until the observation of significant 
amounts of flocculent precipitate and cell suspensions. Following 
digestion, the tissue samples were passed through a cell strainer (70 μM) 
to segregate large undigested clusters from single-cell suspensions. The 
large undigested clusters were subsequently subjected multiple freeze- 
thaw cycles at − 80 ◦C and room temperature to eliminate the remain-
ing cells. Subsequently, the left fibers were homogenized at 4 ◦C using a 
tissue grinder (Fish Scientific) operating at a speed of 6.5 m/s. The ho-
mogenization process involved shaking for 1 min, followed by a 1-min 
hold period, and repeated for a total of 7 cycles. This resulted in the 
generation of medium-sized collagen bundles measuring approximately 
90 ± 27 μm in length and having an average diameter ranging from 3.5 
to 6.5 μm. The medium-sized collagen fibers are subsequently sterilized 
and inactivated by immersing them in 75 % alcohol for 1 h, followed by 
thorough washing with sterile deionized water (4–5 times) for 
preservation. 

4.3. MC-gel preparation 

To prepare the MC-gel hydrogel, we measured and dissolved type A 
300 Bloom gelatin powder (Sigma-Aldrich, MO, USA) in sterile deion-
ized water at a temperature of 50 ◦C. Subsequently, we rapidly sterilized 
the solution using a 0.22 mm filter to avoid any blockage resulting from 
the cooling gel. Different concentrations of mesoscale collagen bundles 
were incorporated into the 4 % gelatin solutions, followed by the 
addition of mTG derived from Streptoverticillium mobaraense by Aji-
nomoto Corporation Inc., Japan, to the gelatin/collagen bundles prior to 
their use in organoid culture. The transglutaminases used in this 
investigation had a typical activity level of 20,000 U/mg. The Nano-gel 
was prepared by mixing 4 % gelatin with 1 mg/ml type І collagen, 
(Corning 354249). The Matrigel (Corning, 356255) was purchased from 
the company. 

4.4. Digestion of MC-gel 

The Con-gel and MC-gel were fragmented into smaller clusters 
through trituration using 1 ml pipette tips, followed by subsequent 

digestion with type IV collagenase (2 mg/ml) or TE solution (Gibco) 
until complete dissolution of all gels was achieved. The duration of 
digestion was recorded. 

4.5. Elastic modulus measurement 

Nanoindentation tests were conducted using a displacement- 
controlled PIUMA Nanoindenter (Optics11, Amsterdam, The 
Netherlands) according to the manufacturer’s instructions. Briefly, 
mTGase cross-linked gelatin with different concentrations of mesoscale 
collagen bundles were affixed onto a glass-bottom dish using Pattex 
glue. Spherical tips with radii of 50 μm (k = 0.5 N/m) were utilized for 
sample testing. The calibration of cantilever bending was conducted 
prior to each set of experiments by applying pressure on a solid surface 
and establishing an equivalence between cantilever bending and probe 
displacement. Following calibration, the dish with the sample was set on 
the PIUMA sample stage. The samples were immersed in PBS at room 
temperature, ensuring that the nanoindenter tip remained well below 
the solution surface throughout the process to prevent errors caused by 
strong adhesive forces at the air-water interface. The stress-testing of 
each sample was conducted 5–6 times, ensuring a minimum distance of 
200 μm between measurements. The effective Young’s modulus of each 
sample was calculated from multiple measurements. At least four in-
dependent test per group were used for quantification purposes. 

4.6. Rheometry 

The rheological properties were evaluated using the HR20 rotary 
rheometer from TA Instruments (USA). This device features a precision- 
engineered 20 mm diameter testing platform and a gap size of 500 μm. 
After allowing for a heat equilibrium time of 180s, the temperature of 
the system was set at a constant value of 25 ◦C throughout the experi-
ment. The applied strain in the strain scanning experiments varied from 
0.1 % to 100 %. In the frequency sweep experiment, a constant strain 
value of 1 % was maintained while varying the frequency from 0.1 to 
100 %. Finally, in the stress relaxation experiment, a fixed strain setting 
of 2 % was used with a total test time of 600s. 

4.7. Scanning electron microscopy (SEM) 

The MC-gel and Con-gel were prepared and flash-frozen in liquid 
nitrogen for 10 min. Subsequently, they were subjected to freeze-drying 
for 24 h under a pressure of 2 Pa to preserve the integrity of their porous 
structure. The freeze-dried samples were carefully cut using a surgical 
knife and affixed onto aluminum holders. Subsequently, a layer of gold 
was applied to the samples through sputter-coating prior to imaging 
their porous morphologies by a SEM (HITACHI, Regulus 8100) oper-
ating at an acceleration voltage of 20 kV and an initial magnification of 
100 × . For pore diameter measurement, more than 100 pores per group 
were quantified. 

4.8. Fourier-transform infrared spectroscopy (FTIR) 

The Fourier-transform infrared spectroscopy (FTIR) analysis was 
performed using a VERTEX70 infrared spectrometer (Bruker, Germany) 
under reflected ATR mode to examine the freeze-dried hydrogel samples 
within the spectra range of 400–4000 cm− 1, enabling the acquisition of 
microscopic information regarding chemical functional group 
composition. 

4.9. Swelling 

MC-gels and Con-gels were accurately weighed and subsequently 
submerged in an excess of distilled water at room temperature for in-
cubation periods of 0, 2, 6, 12, and 24 h. Following this, the swollen 
hydrogels were delicately removed using tweezers, gently wiped with a 
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filter paper to eliminate any surface moisture, and re-weighed. The 
repetition of the process continued until achieving consistent weights. 
The swelling ratio was determined by calculating the average of three 
values using the provided equation. Swelling ratio = (Wb - Wa)/Wa ×
100 %. Herein, Wb represents the weight of the wet scaffold while Wa 
denotes the weight of the dry scaffold. 

4.10. Organoid culture 

The suspension of cells obtained from the methods described in the 
“Mesoscale collagen bundle preparation” section was centrifuged at 
1000 g for 5 min, followed by a PBS wash and another round of 
centrifugation at 1000g for a duration of 5 min. Finally, the tumor cells 
were re-suspended in a gelatin solution containing a concentration of 4 
%. Ten drops of a mixture consisting of MC-gel (~20 μL) and cells 
(~20,000 cells/drop) were plated into each well of a six-well plate. They 
were carefully incubated in a 37 ◦C atmosphere with a 5 % CO2 con-
centration for further incubation. Once solidified, each well received an 
addition of Lung cancer organoid medium (2 ml). 

The lung cancer organoid medium used in this study was prepared by 
combining Advanced DMEM/F12 medium with B27 supplement 
(17504044, Gibco), penicillin/streptomycin (C0222, Beyotime), Pri-
mocin solution (1 mg/mL) (ant-pm-1, InvivoGen), N-acetyl-L-cysteine 
compound (1 mM, HY-B0215, MCE), recombinant Noggin protein so-
lution (0.1 μg/mL,Z03212,Gene script), epidermal growth factor EGF 
(50 ng/mL,Z00333,Gene script), fibroblast growth factor FGF (40 ng/ 
mL,Z03116, Genescript), Nicotinamide compound (10 mM,HY-B0150, 
MCE), SB202190 compound (10 μM,HY-10295,MCE) and A83-01 
compound (0.5 μM,HY-10432,MCE). The culture media were 
refreshed every three days while freshly-prepared media were used on a 
weekly basis. 

For passaging, the MC-gel drops were harvested from the plate and 
fragmented into smaller pieces using a cell scalpel, followed by a 
centrifugation step at 1000 g for 3 min. The cell pellet and the MC-gel 
were digested with collagenase IV (2 mg/ml) containing Y-27632 
dihydrochloride (10 μM) for approximately 5–10 min at 37 ◦C. Orga-
noids were then centrifuged at 200 g for 5 min, washed once with cul-
ture medium, and centrifuged again. Organoids were cultured for a 
duration of approximately two to three weeks. Subsequently, organoids 
were passaged at a ratio ranging from one to two to one to three every 
two to three weeks. To preserve them, the organoids were separated 
from the MC-gel and subsequently cryopreserved using cell freezing 
medium supplemented with Y-27632 dihydrochloride (10 μM). 

4.11. H&E staining and IF analysis 

The fresh lung tumor tissue was initially immersed in a 10 % 
formalin solution for a period ranging from 24 to 48 h, then transfer to a 
70 % ethanol solution for further preservation before being embedded in 
paraffin. The organoids cultured in MC-gel and Con-gel were immersed 
in a 4 % formalin solution for a duration of 24–48 h and then treated 
with eosin in a 70 % ethanol solution prior to embedding them in 
agarose (2 %) for subsequent processing involving H&E staining and 
immunofluorescence (IF) analysis. The tumor tissues and organoids, 
which had been embedded in paraffin, were sliced into sections with an 
approximate thickness of 4 μm and left to dry overnight at a temperature 
of 60 ◦C. For immunofluorescence experiments, paraffin slides under-
went antigen retrieval by employing a citric acid solution (pH 6.0) after 
deparaffinization and rehydration. The prepared tissue sections were 
subjected to appropriate antibody staining using the primary antibodies 
Napsin A (ABclonal, A5594), Cytokeratin5/6 (CK5/6) (Proteintech, 
28506-1-AP), TP63 (Proteintech, 12143-1-AP), TTF-1 (ABclonal, 
A18128), Cytokeratin 7(CK7, Proteintech, 17513-1-AP), Ki67 (Pro-
teintech, 27309-1-AP). The slides were then rinsed with PBS and sub-
jected to incubation with diluted secondary antibodies for 1 h at 25 ◦C. 
The nuclei were labeled with DAPI. Subsequently, the slides were 

scanned and captured using a confocal microscope manufactured by 
Leica (LSM900). 

4.12. DNA extraction and analysis of whole exome sequencing (WES) 

The QIAamp DNA FFPE Tissue Kit (QIAGEN, 56404) was utilized for 
the extraction of total DNA, followed by fragmentation using the Covaris 
M220 Focused-ultrasonicator and subsequent preparation for 
sequencing library construction. The Human Exome 2.0 Plus kit (Twist 
Bioscience) was utilized for exome capture, according to manufacturer’s 
protocol provided by the vendor. The Illumina NovaSeq 6000 
Sequencing System (Illumina) was conducted for paired-end 150 bp 
sequencing of the final libraries at LC-Bio Technology Co., Ltd (Hang-
zhou, China). Prior to alignment, fastp software was employed to 
eliminate low quality reads containing sequencing adaptors or nucleo-
tides with q quality20 [51]. For alignment purposes, we employed BWA 
(Burrows Wheeler Aligner) [52] to align reads against the hg19 refer-
ence genome. Post-alignment processing involved duplicate read iden-
tification and marking using Picard tools from Broad Institute’s 
repository website. Additionally, a secondary post-alignment processing 
step was conducted to address potential alignment errors near indels by 
implementing local read realignment. To mitigate systematic biases 
prior to variant calling, recalibration of base quality scores was con-
ducted. The somatic SNVs and InDels were detected through the com-
bined utilization of Mutect2 algorithm [53] while ANNOVAR 
incorporated biological information into the set of variants [54]. Copy 
number variations were detected using CNVkit software toolset [55]. 
Normalization of read distribution based on GC content of sequences 
facilitated calculation of copy number differences between tumor and 
normal samples. 

4.13. RNA sequencing 

The Trizol reagent (thermofisher, 15596018) was employed to 
extract the total RNA in following the manufacturer’s guidelines. Sub-
sequently, we assessed the quantity and purity of the isolated RNA using 
Bioanalyzer 2100 Nano LabChip Kit (Agilent, 5067-1511). For con-
structing the sequencing library, only high-quality RNA samples with an 
RIN number exceeding 70 were utilized. To isolate mRNA from a 5ug 
portion of total RNA, two purification cycles were performed by Dyna-
beads Oligo (dT) (Thermo Fisher, 61005). The purified mRNA was 
subsequently subjected to fragmentation at 94 ◦C for 5–7 min using 
divalent cations (NEB, e6150). The fragmented RNA was converted into 
complementary DNA through cDNA synthesis using SuperScript™ II 
Reverse Transcriptase (Invitrogen, 1896649). Next, DNA polymerase I 
(NEB, m0209), RNase H (NEB, m0297), and dUTP Solution (Thermo 
Fisher, R0133) were employed to synthesize U-labeled second-stranded 
DNAs from the cDNA templates. In order to facilitate ligation of indexed 
adapters, an A-base was introduced at the blunt ends of each strand. The 
adapters themselves had a T-base overhang, which aided in the ligation 
process with A-tailed fragmented DNA molecules. Subsequently, these 
fragments underwent dual-index adapter ligation and size selection 
using AMPureXP beads. Following treatment with heat-labile UDG 
enzyme (NEB, m0280), PCR amplification was performed on these 
fragments after dual-index adapter ligation. The average size of the 
inserted fragments in the ultimate cDNA libraries varied within the 
range of 300 ± 50 bp. Subsequently, we utilized the Illumina Nova-
seq™6000 (LC-Bio Technology CO., Ltd., Hangzhou China) for con-
ducting paired-end sequencing (PE150) with read lengths of 2 × 150 bp, 
following the vendor’s suggested procedure. 

We utilized R for conducting correlation analysis, which enables us 
to evaluate the reliability and operational stability of experimental re-
sults through the correlation of parallel experiments of organoids in MC- 
gel and Con-gel. To evaluate the consistency among samples, we 
computed the Pearson correlation coefficient between four pairs of 
organoids in MC-gel and Con-gel. A higher correlation coefficient 
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indicates a greater degree of reproducibility observed in these parallel 
experiments. For this specific study, we utilized the princomp function 
in R (http://www.r-project.org/) for conducting principal component 
analysis (PCA). 

4.14. In vitro drug studies 

The compounds used for conducting drug testing in a laboratory 
setting, as described in Table S2, were obtained from MedChemExpress 
and dissolved either in dimethyl sulfoxide (DMSO) or PBS following the 
provided guidelines. The organoids were dissociated into individual 
cells, quantified, and then seeded in black 96-well plates with triplicate 
wells containing 10,000 cells per well. These plates were incubated for a 
growth period of 7–10 days. The organoids were subsequently exposed 
to drug concentrations of 10 μmol/L for a duration of 3–5 days. After-
ward, cell viability was assessed by employing the CellTiter-Lumi™ 
Luminescent Assay Kit for evaluating the viability of three-dimensional 
(3D) cells (Beyotime, C0061S), following the instructions provided by 
the manufacturer. To standardize variability across different plates 
during data analysis, we calculated the control percentage. The signal 
obtained from wells treated with DMSO alone served as our negative 
control and was set at 0 %, while wells without any drug treatment were 
assigned a value of 100 % on each individual plate. Relative cell survival 
was determined based on three biological replicates. 

4.15. Statistical analysis 

The mean ± standard deviation (SD) was used to present the 
experimental data. Statistical analysis was conducted using GraphPad 
Prism Software Version 9.5 (GraphPad Software Inc, USA) or Origin 
(OriginLab Corp., USA). Student’s t-test was employed for comparing 
two groups, while one-way ANOVA analysis with Tukey’s post hoc tests 
was utilized for comparisons among three or more groups. A significance 
level of *p < 0.05 was considered statistically significant. 
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