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A B S T R A C T

The mechanical properties and physical confinement of the extracellular matrix (ECM) are crucial roles in 
regulating tumor growth and progression. Extensive efforts have been dedicated to replicating the physical 
characteristics of tumor tissue by developing two-dimensional (2D) and three-dimensional (3D) in vitro models. 
However, it remains a significant challenge to modulate the local microenvironment around the specific cells 
according to the culture progress. In this study, we develop a 3D culture platform for multicellular lung cancer 
spheroids using a gelatin-based hydrogel with adjustable density and stiffness. Then, by utilizing a two-photon 
mediated bioprinting technique, we construct 3D confining microstructures with micrometer accuracy to enclose 
the selected spheroids within the hydrogel matrix. Diverse transcriptional profilings of cells are observed in 
response to the increased ECM density and stiffness compared to the additional confining stress. In addition, 
changed confining stress can regulate the tumor cells with contrary impacts on the cell cycle-related pathways. 
Our model not only allows for modifications to the mechanical microenvironment of the overall matrix but also 
facilitates localized adjustments throughout the culture evolution. This approach serves as a valuable tool for 
investigating tumor progression and understanding cell-ECM interactions.

1. Introduction

Solid tumors are often recognized as complex desmoplastic tissues 
that are composed of heterogeneous cell populations, signaling mole
cules, and extracellular matrix (ECM) components. It has been widely 
documented that disrupted ECM mechanics in the tumor microenvi
ronment (TME) plays a key role in promoting tumor progression [1]. For 
example, denser and stiffer tumor ECM is associated with enhanced 
cancer cell proliferation, metastasis, and drug resistance in multiple 

cancer types [2–5]. Recent studies emphasized that the cell-matrix 
interaction and confining stress can also impact the metabolism and 
metastatic cancer cell behaviors [6,7]. However, due to the complicated 
and dynamic features of TME, our understanding of how the physical 
and mechanical stimulation activates tumorigenic signaling pathways 
remains to be clarified.

During the last several decades, substantial efforts have been made to 
develop in vitro models to represent the ECM stiffness and microstruc
tural features of tumor tissues. Early studies mostly focused on the two- 
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dimensional (2D) cell cultures on the top of elastic substrates with 
different stiffnesses [8]. These models are easy to operate and conve
nient for screening mechanotransduction factors along with the gradient 
or high-throughput settings [9,10]. Growing evidence has indicated that 
cells can sense and respond to mechanical stimulations differently in 2D 
and three-dimensional (3D) contexts [11,12]. Therefore, many 3D cul
ture platforms have been developed from natural and synthetic bio
materials, in which hydrogels are the most widely adopted due to their 
close biophysical characteristics to the natural tissue [13]. The hydrogel 
stiffness is commonly controlled by altering the material components 
and cross-linking density, but it is challenging to precisely modulate the 
local ECM microstructures around certain cells and to observe specific 
cell-ECM communications in a bulk hydrogel system. In addition, cancer 
cells may adopt a collective migration mode while retaining intercel
lular junctions in a 3D environment [14]. Thus, recent efforts have been 
made to develop 3D organ-like cultures such as multicellular spheroids 
and organoids within physiologically relevant circumstances [15,16].

On the other hand, Micro Electro Mechanical Systems (MEMS) based 
techniques provide a powerful tool for studying the cellular behaviors in 
a microscale confining geometry by constructing polydimethylsiloxane 
(PDMS) or hydrogel-based micro-patterns [17,18]. These devices are 
mostly used in 2D or 2.5D models and rely on pre-manufactured casting 
molds, in which the microstructural settings are not easy to revise in a 
timely manner. In contrast, 3D bioprinting allows more flexible building 
of complex constructs. Nonetheless, conventional 3D bioprinting plat
forms can be restricted by their printing resolution (typically around 
100 μm) and capability of modulation in a pre-existing matrix [19]. In 
this context, Taale et al. recently demonstrated an interesting model for 
breast cancer spheroids migrating through a “dome-shaped” confine
ment created by two-photon lithography (TPL) [20]. Thanks to the 
highly confined focus of two-photon absorption, 3D microstructures 
with high spatial resolution were fabricated surround the cancer cell 
spheroids. Yet, the cancer spheroids were attached to a glass surface 
which did not recur the 3D migration scene. Previously, our group re
ported a unique bioprinting platform that relied on a multiphoton 
confocal microscope for in situ constructing 3D microstructures within 
cell-loaded Matrigel® or animal organs [21]. However, the strength of 
Matrigel® was too weak to simulate the tumor tissue and not easy to 
modulate for the mechanobiological studies.

In this study, we tended to develop a tailorable biomimetic model for 
cancer spheroids with controlled ECM density, stiffness, and in situ 
modification capability (Fig. 1). First, we established a bulk hydrogel for 

encapsulating lung cancer spheroids, from a hyperbranched poly
ethylene glycol (PEG)-based polymer cross-linking with thiolated 
gelatin [22]. The hydrogel stiffness can be controlled by altering the 
material concentration and cross-linking ratio [22,23]. Moreover, the 
hyperbranched polymer can be functionalized with a coumarin deriva
tive serving as a photo-sensitive printable material. Then, we fabricated 
confining microstructures surrounding selected cancer spheroids via a 
“hydrogel-in-hydrogel” two-photon mediated bioprinting approach. 
Biochemical and transcriptional analyses of the cell spheroids from 
hydrogels revealed ECM density and changed local confining 
stress-regulated cancer cells through diverse mechanotransduction 
mechanisms. Overall, this tailorable hydrogel platform provides a 
comprehensive model for studying cell-ECM mechanotransduction in 
3D.

2. Materials and methods

2.1. Synthesis of hyperbranched polyPEGDA

The hyperbranched polymer was synthesized by the Reversible 
Addition Fragmentation Chain Transfer (RAFT) polymerization 
approach as described previously [23]. Briefly, the monomer of poly 
(ethylene glycol) diacrylate (PEGDA, average Mn of 700 g mol− 1, 
Sigma-Aldrich) was dissolved in butanone at 0.4 mol L− 1. Then 2, 
2′-Azobis(2-methylpropionitrile) (Sigma-Aldrich, 98 %) and R-2-cya
noprop-2-yl dithiobenzoate (Sigma-Aldrich, >97 %) were added into the 
mixture respectively as initiator and chain transfer agent (CTA), with the 
ratio of monomer:initiator:CTA = 25:0.5:1. After a half-hour of the 
argon purging, the reaction was performed in an oil bath at 65 ◦C. The 
polymerization was monitored by gel permeation chromatography 
(GPC) and terminated with desired molecular weight by exposure to air. 
The product was purified by precipitating in hexane/diethyl ether (1:2 
v/v) solution, followed by dialysis against deionized water. The mo
lecular weight (Mn) of the final product was around 16 kDa (with a 
Polydispersity Index of about 1.8). The pendant acrylate group on the 
polymer was approximately 50 mol percent calculated by 1H NMR 
analysis.

2.2. Synthesis of hyperbranched PEG-CMMC

7-(Carboxymethoxy)-4-methylcoumarin (CMMC, Sigma-Aldrich, 97 
%) was conjugated on the polyPEGDA in three steps. First, excess 

Fig. 1. Schematic of the establishment of mechanically tunable hydrogels and in situ construction of 3D confinements via two-photon mediated bioprinting.
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cysteamine (Sigma-Aldrich, 95 %) was used to block all the acrylate 
groups on the hyperbranched ployPEGDA. The reaction was performed 
in deionized water for 2 h, and the product (polyPEG-NH2) was dialyzed 
against deionized water followed by lyophilization. Meantime, CMMC 
(1 equiv.) was coupled with N-Hydroxysuccinimide (NHS, 2 equiv., 
Sigma-Aldrich, 97 %) and N,N′-Dicyclohexylcarbodiimide (DCC, 2 
equiv., Sigma-Aldrich, 99 %) in anhydrous Dimethyl sulfoxide. The re
action was stirred at ambient temperature overnight in the dark, and the 
product was precipitated in excess diethyl ether followed by air drying. 
Then, the CMMC-NHS (2 equiv.) was conjugated to the amide groups on 
the hyperbranched polyPEG-NH2 (1 equiv.) in anhydrous DMSO with 
triethylamine (TEA, 1 equiv., Sigma-Aldrich, 99.5 %). The reaction was 
stirred overnight in the dark followed by precipitation in excess diethyl 
ether. The final products were dialyzed for two days against 10 % (v/v) 
DMSO in deionized water and one day against deionized water, followed 
by lyophilization. The molecular structure of polyPEG-CMMC was 
assessed by 1H NMR and the characterized absorption of CMMC around 
320 nm was detected by UV–Vis spectrophotometer.

2.3. Hydrogel fabrication and rheological assessment

Thiolated gelatin was synthesized as previously reported [24]. 
Briefly, 2 g of gelatin (Sigma-Aldrich) was dissolved in 200 mL dH2O and 
2 g of 3,3′-dithiobis(propionic hydrazide) (DTP, J&K Scientific, 98 %) 
was added while stirring. The pH of the mixture was adjusted to 4.75 by 
1M HCl, followed by adding 1 g of N-(3-Dimethylaminopro
pyl)-N′-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich, 98 %). 
The reaction was maintained at a pH of 4.75 for 2 h and terminated by 
neutralizing the pH using 1M NaOH. Then 10 g of Dithiothreitol (DTT, 
Sigma-Aldrich, 99 %) was added into the reaction mixture at a pH of 8.5 
and stirred for 24 h. The pH was adjusted to 3.5 after the reaction and 
the product was dialyzed against 0.3 mM HCl (pH 3.5) containing 100 
mM NaCl, followed by an HCl solution without salt, then lyophilized 
after neutralizing the pH to 7.4. The final product was measured by 1H 
NMR. For the hydrogel fabrication, the polyPEGDA was dissolved in 
Dulbecco’s phosphate buffered saline (DPBS, Gibco), gently mixed with 
thiolated gelatin that dissolved in degassed dH2O at desired concen
trations, and the gelation occurred within about 5 min at room tem
perature. For mechanical analysis, 50 μL of precursor solution was 
pipetted on a hydrophobic Teflon surface to form the hydrogels with 
standardized shape, and the fully cross-linked samples were swollen in 
DPBS overnight pretesting. The storage (G ′) and loss (G″) modulus were 
measured under a constant strain of 0.05 and frequency ranging from 
0.1 to 10 rad s− 1 at 25 ◦C, using a Discovery HR-2 Rheometer (TA In
struments) with steel parallel-plate geometry.

2.4. Cell culture and spheroid formation

A549 (Human lung carcinoma, epithelial, ATCC) cells were cultured 
in Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) sup
plemented with 10 % (v/v) of fetal bovine serum (FBS, Gibco) and 1 ×
Penicillin-Streptomycin (P/S, Gibco). The cells maintained the expected 
morphology with no mycoplasma detected and cultured at 37 ◦C in a 
humidified atmosphere containing 5 % (v/v) CO2. For the spheroid 
formation, cell suspension was mixed with polyPEGDA-gelatin hydrogel 
precursor solution or Matrigel® (Corning) at a final concentration of 0.2 
million cells per mL. 25 μL of hydrogel mixture was quickly pipetted on a 
Teflon surface and incubated at 37 ◦C in a humidified environment for 
15 min for full gelation, then transferred into the culture medium. For 
the two-step culture approach, cell spheroids were collected from the 
Matrigel® after 6 days using Cell Recover Solution (Corning) and re- 
embedded in polyPEGDA-gelatin hydrogels at a density of about 40 
spheroids in 25 μL of hydrogel. The spheroids-embedded hydrogels 
gelled in a circular PDMS mold (with an inner diameter of 8 mm) 
attached to a glass bottom culture dish for culturing, printing, and im
aging. All samples were incubated at 37 ◦C in a humidified atmosphere 

containing 5 % (v/v) CO2 with medium change every other day. LIVE/ 
DEAD (Molecular Probes), alamarBlue™ (Invitrogen), and PicoGreen™ 
(Quant-iT, Invitrogen) assays were used to determine the viability and 
proliferation of the embedded cells and spheroids with recommended 
approaches.

2.5. Two-photon mediated bioprinting

As described above, 25 μL of polyPEGDA(3 %, w/v)-gelatin(2 %, w/v) 
(G2) hydrogel (about 500 μm in height) was prepared in a circular PDMS 
mold (with an inner diameter of 8 mm) attached to a glass bottom 
culture dish. 40 μL of polyPEG-CMMC (30 %, w/v in DPBS) was added 
on the top of the hydrogel and penetrated at 37 ◦C in a humidified 
environment for 2 h. Leica SP8 Multiphoton confocal microscope (Leica 
Microsystems) was used for two-photon mediated bioprinting. The 
printing structures were designed with the ROI modulus of the Leica SP8 
microscope. The operation settings were performed as follows: immer
sion objective (HC FLUOTAR L 25 × /0.95 water), laser wavelength 
(700 nm), laser power (40 % of nominal maximum laser power for 
printing the high-confining microstructures and 30 % of nominal 
maximum laser power for the rest), scanning speed (700 Hz), frame 
accumulation (6 for printing the high-confining microstructures and 4 
for the rest), pixel resolution (512 × 512), zoom factor (1.85 × ) and 
stack depth (1 μm). After the printing, the hydrogel was washed with 
DPBS followed by the culture medium several times to remove the non- 
crosslinked polymer. To measure the mechanical properties of the 
printed hydrogel microstructures, the atomic force analysis was per
formed. The samples were printed through a thin layer of G2 hydrogel 
from the top surface on a glass coverslip and soaked in DPBS to avoid 
drying out. All measurements were performed by Atomic Force Micro
scope (AFM, Bruker) using a silicon nitride probe (with the F cantilever 
and a triangular tip, MLCT-BIO, Bruker) as previously reported [21]. 
Young’s modulus was calculated by using the Bruker NanoScope Anal
ysis software (Bruker, Santa Barbara, CA).

2.6. Real-time quantitative PCR

The hydrogels loaded with A549 cell spheroids were mechanically 
disrupted in TRIzol® LS reagent (Life Technologies). Total RNA was 
harvested via the phase separation in chloroform followed by purifica
tion using an RNeasy micro kit (Quigen). The reverse transcription was 
performed to the extracted RNA using a SuperScript® First-Strand 
Synthesis kit (Invitrogen), and real-time qPCR was completed by Taq
Man® Gene Expression Master Mix (Applied Biosystems, CA). RNA 
samples from A549 cells plated on a standard tissue culture dish were 
used as the parallel control for normalization. The levels of GAPDH gene 
expression were quantified in parallel as an internal control.

2.7. Immunofluorescence

The spheroid-embedded hydrogels were fixed with 2 % (w/v) of 
paraformaldehyde containing 0.3 % (v/v) of glutaraldehyde (Sigma- 
Aldrich) at 4 ◦C. The samples were incubated with the primary anti
bodies (1:200) against Ki67 (Abcam, ab15580) and N-cadherin (Abcam, 
ab18203) at 4 ◦C overnight, followed by staining with Alexa Fluor 594- 
conjugated secondary antibody (1:1000, Invitrogen). Alexa Fluor 488/ 
549 phalloidin (Invitrogen) and Hoechst 33258 (Invitrogen) were used 
to stain the filamentous actin (F-actin) and cell nuclei. The quantifica
tion analysis of Ki67 fluorescence intensity was normalized by DAPI 
intensity to reduce the effects of size deviation of the spheroids.

2.8. RNA sequencing

For RNA sequencing, cell spheroids were isolated from the hydrogels 
and frozen in liquid nitrogen. RNA was extracted by using Quick-RNA™ 
Microprep Kit (Zymo research). SMARTER mRNA-Seq Library Prep Kit 
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was used for the library preparation, and then sequencing was carried 
out in the Illumina Novaseq 6000 instrument. The raw data was handled 
by Skewer v0.2.2 and data quality was checked by FastQC (v0.11.2). 
Clean reads were aligned to the Human genome hg38 using StringTie 
(v1.3.1c). Then, the aligned reads were converted to counts using htseq. 
For the transcriptomic data analysis, differential expression analysis was 
conducted using DESeq2 (v1.34.0) in R. DEGs were determined by the 
filter criteria of P value < 0.05 and absolute log2 fold change >1. 
Heatmaps were plotted using the pheatmap R package calculated from 
scaled (Z-scores), normalized read counts in different samples. GO and 
KEGG enrichment analysis of the identified DEGs were performed by 
clusterProfiler (v4.2.2) package in R [25]. A P value < 0.05 was set as a 
threshold for significantly enriched terms. For GSEA, genes were ranked 
by log2 fold change value from DESeq2 to generate a single rank-ordered 
list, and analysis was performed using the “GSEA” function in the clus
terProfiler package against the “h.all.v2023.1.Hs.symbols.gmt” MSigDB 

hallmark signatures (https://www.gsea-msigdb.org/gsea/msigdb/coll 
ections.jsp#H).

2.9. PPI network and module analysis

The protein-protein interaction (PPI) network of selected DEGs was 
established in the STRING database (https://cn.string-db.org) [26], and 
a confidence score >0.4 was set as the cut-off value. Then, Cytoscape 
[27] (v.3.9.1) was used to visualize the PPI networks and screen hub 
genes. Specifically, the Molecular Complex Detection (MCODE) plugin 
in Cytoscape was used to identify the key clustered modules in the PPI 
network of upregulated DEGs in stiff or confined groups, with a degree 
cutoff of 2, a node score cutoff of 0.2, and a K-Core of 2 [28].

Fig. 2. Tunable polyPEGDA-Gelatin hydrogel for the 3D culture of A549 cancer cells. (A) Schematic of the fabrication of polyPEGDA-Gelatin (PG) hydrogels via 
Michael addition reaction. (B) The average storage modulus (G′) of P3G2 (G2) and P3G4 (G4) hydrogels. (C) The alamarBlue™ assay indicated the A549 cells 
proliferated in the PG hydrogels for up to 14 days. (D) LIVE/DEAD staining of embedded A549 cells in the hydrogels at day 14. Calcein AM (green) stain for live cells 
and ethidium homodimer-1 (red) for dead cells (scale bars: 200 μm). (E) Confocal images of A549 cell spheroids formed in G2 hydrogel, stained for filamentous actin 
(F-actin, green) and nucleus (blue) (scale bars: 50 μm). (F) Experimental schedule of 3D culturing A549 cell spheroids via a two-step approach. (G) Spheroid 
morphology at 7 days after re-embedded in G2, G4, and Matrigel®, stained for F-actin (red) and nucleus (blue) (scale bars: 200 μm). (H) LIVE/DEAD staining of cell 
spheroids in the PG hydrogels 14 days post re-embedding, merged with the bright field images (scale bars: 200 μm). (I) The alamarBlue™ assay of re-embedded cell 
spheroids in the PG hydrogels for up to 14 days. (J) Confocal images of Ki67 immunofluorescent staining (scale bars: 100 μm). (K) Quantification analysis of Ki67 
fluorescence intensity normalized by DAPI intensity. (mean ± SD, n = 4, ****P < 0.0001, **P < 0.01, ns, not statistically significant). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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2.10. Statistical analysis

GraphPad Prism 9 software (GraphPad Software, US) was used for 
the statistical analysis. All data are displayed as mean ± s.d. and a P 
value of <0.05 was considered significant, which was determined by 
unpaired two-tailed Student’s t-tests, one-way ANOVA followed by 
Tukey’s multiple comparison tests, or two-way ANOVA followed by 
Bonferroni’s multiple comparison tests.

3. Results

3.1. Fabrication of tunable hydrogels for culturing lung cancer spheroids

To demonstrate our model for studying the mechanotransduction 
interplay between cancer cells and a controlled 3D microenvironment, 
we set up a hybrid hydrogel system to encapsulate lung cancer spher
oids. First, a hyperbranched polymer of poly(ethylene glycol) diacrylate 
(polyPEGDA) was synthesized via the reversible addition-fragmentation 
chain transfer (RAFT) approach [23]. The molecular weight (Mn) of the 
polymer was around 16 kDa with pendent vinyl groups of about 50 mol 
%, measured by Gel Permeation Chromatography (GPC) and 1H NMR 
analysis respectively (Fig. S1). To form the mechanically tunable 
hydrogels, the hyperbranched polyPEGDA was mixed with thiolated 
gelatin at different concentrations (referred to as PG hydrogels, Fig. 2A). 
The gelation occurred within 5 min at room temperature [22], and 
increased material density enhanced the mechanical strength of the 
hydrogels (Fig. 2B). For instance, the storage modulus (G′) of hydrogels 
from 3 % (w/v) polyPEGDA with 2 % (w/v) thiolated gelatin (i.e. P3G2, 
G2) was 524.4 ± 43.6 Pa, whereas 2160.6 ± 115.1 Pa for the P3G4 (G4) 
hydrogel. Next, we encapsulated the A549 cell suspension into the PG 
hydrogels with varying material concentrations. The alamarBlue™ 
assay showed the cancer cells were able to proliferate inside the 
hydrogels (Fig. 2C), and the LIVE/DEAD assay confirmed that the 
hydrogel maintained cell viability over two weeks in both groups 
(Fig. 2D). Nonetheless, it seems the increased material density reduces 
the proliferation rate. In addition, the cancer cells formed a typical 
sphere structure only in the G2 hydrogel (Fig. 2E), but not in the stiffer 
hydrogels (data not shown). It was assumed that the restrained degra
dation in a denser matrix reduced cell assembling and spheroid forma
tion. Thus, we tested the hydrogel degradation using collagenase. As 
expected, the hydrogel degradation was enzyme-dependent, and 
increased material density led to slower degradation (Fig. S2). These 
results suggested that the PG hydrogels can be used for the 3D culture of 
A549 cancer cells with tunable density and stiffness, but the spheroid 
formation was restricted in the denser matrix.

To avoid the above diversity, we optimized our approach by 
encapsulating cells in the Matrigel® at the first stage (Fig. 2F), and the 
multicellular spheroids were formed with the desired size (around 100 
μm, Fig. S3) after 6 days. Then we digested the Matrigel® and re- 
embedded the spheroids into the G2 and G4 hydrogels. After culturing 
for another 7 days, similar ‘acini’ morphologies of cell spheroids were 
shown in the PG hydrogels and Matrigel® (Fig. 2G). The LIVE/DEAD 
assay indicated the cells remained alive in both G2 and G4 hydrogels 
after two weeks (Fig. 2H). Then we evaluated the cellular metabolic 
activity and proliferation by alamarBlue™ assay (Fig. 2I) and ki67 
staining (Fig. 2J–K). A similar proliferating activity of embedded cell 
spheroids was shown within G2 and G4 hydrogels, which was further 
confirmed with the PicoGreen™ assay (Fig. S4) and size measurement 
(Fig. S5). These results suggested that the two-stage culture approach 
can effectively normalize the initial size and proliferation variances of 
cell spheroids cultured in hydrogels with different material densities. 
Overall, the G2 and G4 hydrogels support the growth and proliferation 
of embedded A549 cells, which showed potential as a 3D culture plat
form to identify cancer cell response to a tunable mechanical 
microenvironment.

3.2. Matrix density and stiffness reshape the transcriptional profile of 
A549 cell spheroids

To assess the regulation effects of hydrogel density and stiffness on 
the A549 cell spheroids at the transcriptional level, we manually picked 
up individual spheroids 14 days after incubating in the PG hydrogels and 
performed the RNA-seq analysis (Fig. 3A). Compared within the G2 
hydrogel, cell spheroids in G4 hydrogel exhibited 2464 differentially 
expressed genes (DEGs) (Table S1). Gene Ontology (GO) analysis 
revealed that the upregulated DEGs were enriched in cell-substrate 
junction, focal adhesion, lamellipodia, and so forth (Fig. 3B), while the 
downregulated genes were mostly enriched in catabolic process 
(Table S1). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis 
showed that angiogenesis and metastasis-related pathways were upre
gulated including VEGF (vascular endothelial growth factor), HIF-1 
(hypoxia-inducible factor-1), MAPK (mitogen-activated protein ki
nase), and FoxO (forkhead box O) signalings (Fig. 3C). We assumed that 
cancer spheroids in the denser hydrogel may generate a hypoxia 
microenvironment in the central that contributed to an angiogenesis 
effect through the HIF-1/VEGF signaling pathway [29–31]. Indeed, SEM 
images showed the G4 hydrogel exhibited an increased cross-linking 
density (Fig. S6), which led to a reduced permeation efficiency 
(Fig. S7). Gene Set Enrichment Analysis (GSEA) further identified the 
activation of the hypoxia pathway (Fig. 3D). Interestingly, we noticed 
that GSEA analysis also showed a decreased epithelial-mesenchymal 
transition (EMT) process for the A549 cell spheroids in the stiffer 
hydrogel (Fig. 3E). To confirm this result, we further tested the 
expression of key EMT marker genes by the qRT-PCR analysis and no 
significant difference was found between G2 and G4 hydrogel groups 
(Fig. 3F). Altogether, these results suggested that our tunable hydrogel 
model can effectively modulate the growth profile of collective cancer 
cells in a 3D microenvironment.

3.3. 3D bioprinting in hydrogels via two-photon microscopic platform

Next, we set up a two-photon mediated bioprinting platform to 
dynamically construct hydrogel microstructures enclosing the selected 
cancer cell spheroids in 3D circumstances. First, we conjugated the 
coumarin derivative of 7-(Carboxymethoxy)-4-methylcoumarin 
(CMMC) on the hyperbranched polyPEGDA (Fig. 4A and Fig. S8-S9). The 
micron-scale 3D hydrogel constructions can be printed with the func
tionalized hPEG-CMMC polymer using a multiphoton confocal micro
scope (Leica-TCS-SP8-MP). Dispense with any photoinitiators, CMMC 
groups on the polymer undergo intra/inter-molecular [2 + 2] cycload
dition under two-photon excitation at 700 nm [21]. With a 
custom-designed Region of Interest (ROI) combining the z-stack scan
ning process, the polymer molecule can cross-link at the laser focus re
gion and form the desired 3D hydrogel pattern (Fig. 4B). Increased 
polymer concentration enhanced the photo-crosslinking intensity which 
was defined by the autofluorescence generated from the 
CMMC-cycloaddition (Fig. S10). Moreover, the unique hyperbranched 
polymeric structure and abundant pendent conjugating sites provide the 
polymer increased density of CMMC groups. Compared with our pre
viously reported photosensitive materials of 4armPEG-CMMC and 8arm
PEG-CMMC, the hPEG-CMMC polymer showed higher characterized 
absorption of CMMC cycloaddition (Fig. S11) and more stable hydrogel 
architectures (Fig. S12).

Then, a “hydrogel-in-hydrogel” printing approach was applied to 
locally modify the microenvironment in the PG hydrogel (Fig. 4C). We 
first formed a G2 hydrogel with about 500 μm height on a glass bottom 
dish, and then dropped 30 % (w/v) of hPEG-CMMC polymer solution on 
the top of the hydrogel. According to the hydrogel density, polymer 
molecular weight, and hydrophilicity, the hPEG-CMMC polymer would 
diffuse into the PG hydrogel within a few minutes. A pilot test showed 
that stable hydrogel microstructure can be printed in the center of the 
PG hydrogel after 1h diffusion (Fig. 4D), and autofluorescence intensity 
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of the printed microstructure reached a relative plateau after 2 h 
(Fig. 4E). Accordingly, we set a 2-h diffusion period in the following 
studies. To test the printing resolution of our platform, we printed a 
group of thin hydrogel strips designed with different widths and gaps. As 
a result, the thinnest hydrogel structure was obtained around 2 μm in 
width (Fig. 4F–G). It should be noted that these measurements display 
undisciplinable roughness limited by the imaging resolution. Besides, 
higher printing resolution can be achieved by changing the objective 
and optimizing the scanning setup (e.g. pixel resolution, scanning speed, 
etc.), whereas it was not the focus of this study. To evaluate the stability 
of the printed hydrogel microstructures in a culturing environment, we 
incubated the printed samples in PBS. It was shown that the thin 
hydrogel strips exhibited slight swelling in the first 2 days and then 
reached equilibrium (Fig. S13). Furthermore, we exhibited more com
plex hydrogel microstructures, such as curving logo, micron-pillar array, 
and crystal cell structures (Fig. 5A). We found that the swollen effect was 
not obvious when printing these larger-scale hydrogel structures. These 
results indicated that high-resolution hydrogel microstructures can be 
made with stable and relatively sharp constructions in the PG hydrogels.

3.4. In situ bioprinting of confining microenvironment for tumor spheroids

Next, to model a confining microenvironment for tumor cells, we 
designed a simple hydrogel parallelepiped (240 μm × 240 μm × 180 μm) 
to enclose the A549 cell spheroids, in which the ceiling and bottom side 
were left open to ensure the regular nutrition exchange (Fig. 5B). No 
obvious cell death was observed by LIVE/DEAD assay one day after we 
performed the in situ bioprinting approach (Fig. 5C), and the confined 
and unconfined cell spheroids showed similar morphology in the 
hydrogel after a few days of incubation (Fig. 5D). These results sug
gested our bioprinting process did not disturb the cell viability and 
growth. Then, we monitored the growing cell spheroids over two weeks 
to observe the interplay between cancer cells in the confining micro
environment. With the cell proliferation and spheroid expansion, 
enhanced confining stress would apply to the cancer cells due to the 

printed hydrogel structures are relatively not deformable. It was shown 
that once the cells occupied all the inner space, they pushed against the 
confining hydrogel and ultimately escaped from the top or bottom edges 
of the parallelepiped (Fig. 5E).

To estimate how the additional confining stress affects the tumor cell 
growth, we performed the transcriptome sequencing analysis for the 
selected confined and unconfined cell spheroids (Fig. 5F). The GO 
analysis indicated that A549 cell spheroids in the confining microenvi
ronment exhibited enhanced expression in cell-substrate adhesion, mitotic 
nuclear division, and nuclear division (Fig. 5G and Table S2). The actin- 
binding and regulating genes (e.g. CDC42, NEDD9, RHOB, CTTN, 
ACTN1, and MYADM) were upregulated (Fig. 5H). KEGG analysis 
indicated an enhanced gene expression associated with the cell cycle and 
MAPK (mitogen-activated protein kinases) signaling pathway 
(Fig. S14A). GSEA analysis showed the enrichment in the EMT process in 
the confined cells (Fig. 5I and Fig. S14B).

3.5. Matrix stiffness and confining stress impact A549 cell spheroids 
through diverse mechanotransduction pathways

Overlapped alterations of the transcriptional pattern were observed 
for the cell spheroids in the denser hydrogel and the confining micro
environment (Fig. S15). We wondered whether they regulate the cancer 
cell progression through the unified signaling pathways. To answer this 
question, we analyzed the data from G2, G4, and confining groups 
together. Interestingly, the obvious distinctive clustering pattern was 
displayed between G4 and confining groups in the typical mechano
transduction pathways (Fig. 6A–B and Fig. S16-S17). To confirm our 
finding, we associated our data with known protein-protein interaction 
(PPI) databases and performed the PPI network analysis of the upre
gulated DEGs using the STRING database (Fig. 6C). As a result, two PPI 
networks were generated separately for the upregulated genes from G4 
(including 1047 nodes and 5049 edges), and confining (including 248 
nodes and 446 edges) groups, with a defined interaction score greater 
than 0.4. Then, key PPI module genes were extracted for further 

Fig. 3. Matrix stiffness affects the growth and transcriptional profile of A549 cell spheroids in PG hydrogels. (A) Schematic of spheroids extraction from G2 
and G4 hydrogels for RNA sequencing. (B) GO enrichment analysis and (C) KEGG pathway analysis of the upregulated DEGs in the G4 hydrogels. A P value < 0.05 
was defined as significantly enriched pathways. (D–E) GSEA plots show the enriched gene set of Hypoxia (D) and Epithelial-Mesenchymal Transition (EMT) (E) in the 
G4 hydrogels. (F) qRT-PCR analysis of key EMT-relevant gene expression in G2 and G4 hydrogels. RNA samples from A549 cells plated on a standard tissue culture 
dish were used as the parallel control for normalization, with GAPDH gene expression as an internal control (mean ± SD, n = 5, ns, not statistically significant).
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enrichment analysis. In the G4 hydrogel, the hub genes showed 
enrichment in the FoxO signaling pathway, such as SIRT1, CDKN1B, 
AKT3, SMAD4, AKT2, MAPK8, CDKN1A, etc. (Fig. 6D–E and Table S3). 
Additionally, the Reactome analysis showed that the hub genes upre
gulated in the G4 hydrogel were significantly enriched in the PI3K/AKT, 
AKT phosphorylates targets in the cytosol and nucleus, and the AKT-medi
ated inactivation of FOXO1A (Table S4). In contrast, for the confining 
group, we found the hub genes were mainly enriched in the cell cycle and 
cell division process (Fig. 6F–G and Table S4). Specifically, we found that 
the cell division cycle (CDC)-associated genes (e.g. CDCA2, CDCA5, 
CDCA7, and CDCA8), kinesin family genes (e.g. KIF4 and KIF1C), and 
minichromosome maintenance complex component genes (e.g. MCM2 

and MCM5) were significantly upregulated. These genes are involved in 
chromosome segregation and kinetochore-microtubule dynamics, 
regulating cell cycle and proliferation [32–34]. Collectively, these re
sults implied that matrix stiffness and confining stress impact A549 cell 
spheroids through diverse mechanotransduction pathways according to 
our model.

3.6. Enhanced confining stress impairs cell cycle progression in A549 
cancer cell spheroids

Next, we asked whether the locally confined cell spheroids would 
react differently to an enhanced confining stress in our model. To answer 

Fig. 4. In situ “hydrogel-in-hydrogel” two-photon mediated printing platform. (A) Schematic of conjugating photo-sensitive CMMC group on hyperbranched 
polyPEGDA (hPEG-CMMC), which can undergo intra/inter-molecular cycloaddion under two-photon excitation at 700 nm. (B) Bright field image of printed hydrogel 
micropattern (scale bar: 100 μm). (C) Schematic of in situ “hydrogel-in-hydrogel” printing strategy. (D) Diffusion and printing assessment in G2 hydrogel. Bright field 
(BF) and autofluorescence (AF) images indicated that stable microstructures can be achieved after 1 h (scale bars: 50 μm). (E) Quantification of autofluorescence 
density from printed hydrogel microstructures with increased diffusion time. (F) Assessment of printing resolution in G2 hydrogel (scale bars: 50 μm). (G) Mea
surement of line width from bright field images after printing. (mean ± SD, n = 6, ****P < 0.0001, **P < 0.01, ns, not statistically significant).
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this question, we fabricated a narrower confining microenvironment by 
printing a smaller hydrogel parallelepiped (210 μm × 210 μm × 180 μm) 
with thicker walls (40 μm) (Fig. 7A). We also increased the laser power 
and the scanning accumulation to enhance the cross-linking density and 
mechanical strength of the printed hydrogel microstructure (Fig. 7B) 
[35,36]. Interestingly, we did not observe the obvious cell-escaping 
from these higher-confining hydrogel microstructures when the inner 
space was fully occupied (Fig. 7C). We extracted these cell spheroids 
(referred to as Conf. H) for transcriptome sequencing analysis and 
compared them with the above-described samples from G2 and 
confining (Conf.) groups. The hierarchical clustering results showed 

distinct total gene expression patterns for the three groups (Fig. 7D). The 
Venn diagram showed that 4943, 4940, and 396 DEGs were identified in 
‘Conf. H vs. Conf.’, ‘Conf. H vs. G2’ and ‘Conf. vs. G2” groups respec
tively (Fig. S18 and Table S5). Notably, we found the upregulated hub 
genes in the Conf. group were downregulated in the Conf. H group 
(Fig. 7E), while the downregulated genes in the Conf. H group showed 
enrichment in the cell cycle phase transition, cell-substrate junction, and 
microtubule cytoskeleton organization (Fig. 7F and Table S6). GSEA 
analysis further indicated the downregulation of the cell cycle-related 
genes within a higher confining microenvironment, such as E2F tar
gets, G2/M checkpoint, and Mitotic Spindle (Fig. 7G–I). Taken together, 

Fig. 5. In situ bioprinting of confining microstructures for cancer cell spheroids. (A) Bright field photos and 3D reconstruction of autofluorescence images of 
printed hydrogels with different geometries: institute logo (left), micropillar array (middle), and crystal cell structure (right) (scale bars: 100 μm). (B) Top-view and 
3D reconstruction of printed confining parallelepiped. (C) LIVE/DEAD staining of A549 cell spheroids in G2 hydrogel one day post bioprinting (scale bars: 200 μm). 
(D) Spheroid morphology stained for F-actin (red), nucleus (blue), and autofluorescence of printed hydrogel confinements labeled as cyan (scale bars: 200 μm). (E) 
Representative images of unconfined and confined cell spheroids in G2 hydrogels for up to 14 days (scale bars: 100 μm). (F) Schematic of sample preparation for RNA 
sequencing. (G) GO enrichment analysis of the upregulated DEGs in the confining microenvironment. (H) Cnetplot representing the clustering of target genes based 
on gene ontology enrichment analysis. (I) GSEA using the Hallmarks gene sets shows significantly enriched pathways in the confining group. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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our results showed that unlike in the lower confining circumstance, cell 
cycle progression in A549 lung cancer spheroids was impaired by the 
higher confining stress.

4. Discussion

In this study, we have demonstrated a 3D in vitro model for studying 
cancer spheroids in a tailorable physical niche. Within a gelatin-based 
hydrogel, we observed the overall effects of altered material density 
and stiffness on the lung cancer spheroids in a 3D condition. By using a 
“hydrogel-in-hydrogel” in situ two-photon mediated bioprinting 
approach, we built micrometer-scale confining hydrogel structures 
around the live cell spheroids to timely modulate the local ECM 
microenvironment. Finally, we showed the local confining stress can 
regulate the tumor cells differently compared to the overall ECM density 
and stiffness in a bulk hydrogel.

The previous clinical data indicated that ECM density and tissue 
stiffness increased along with cancer progression, promoting immune 
cell infiltration, angiogenesis, and metastasis [37–39]. Here, we focus on 

lung cancer as one of the most commonly diagnosed cancer types, ac
counting for the highest mortality rates worldwide [40]. The stiffness of 
healthy lung parenchyma is around 0.2–5 kPa and can be significantly 
increased in lung tumors, as a result of the abnormal collagen 
cross-linking and ECM rearrangement [41]. Moreover, the increased 
ECM density and stiffness can trigger a feed-forward loop for activating 
cancer-associated fibroblasts (CAFs) producing more collagen and 
further stiffening the tumor ECM. By using a chemical cross-linked PG 
hydrogel system, we attempted to model the ECM microenvironment 
with altered material density and stiffness. However, when we directly 
encapsulated the cell suspension in the hydrogels, it was found the 
increased density restricted the cell-mediated degradation and impacted 
the spheroid formation (Fig. 2C–D). To solve this problem, we applied a 
two-step culture approach, in which more normalized cell spheroids 
were developed in the Matrigel® initially and then re-embedded into the 
G2 and G4 hydrogels with different densities and stiffness. In this way, 
we showed the similar morphology of cell spheroids cultured in both PG 
hydrogels (Fig. 2G). However, it should be noted that the various 
macromolecular compounds and growth factors in the Matrigel® may 

Fig. 6. Matrix stiffness and confinement induce different mechanotransduction pathways. (A–B) Heatmap normalized by z-score shows the DEGs involved in 
focal adhesion (A), and MAPK signaling pathway (B). The expression level was the mean of biological repeats. (C) Flow chart for identification of the hub genes by 
using String database and MCODE plug-in in Cytoscape software. (D) The key PPI module of upregulated DEGs in a stiff microenvironment with the highest score 
(score 19.1) extracted by the MCODE in Cytoscape. (E) Functional enrichment analysis for the key module genes from (D). (F) The key PPI module of upregulated 
DEGs in confinement with the highest score (score 14) was extracted by the MCODE in Cytoscape. (G) Functional enrichment analysis for the key module genes from 
(F). For (D) and (F), the darker and bigger the node is, the higher the interaction scores of the gene with other genes.
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cause unexpected biological activities for those tumor cells and further 
investigations would be necessary to answer this question.

Within our model, we indicated that the stiffer G4 hydrogel upre
gulated the gene expression mainly related to the cell-substrate junction 
and focal adhesion by the transcriptome sequencing analysis, which 
agreed with previous reports that showed stiffer substrates could 
enhance cell-ECM adhesions, stimulate microtubule formation, and 
promote cancer cell invasion [42–44]. Unexpectedly, we did not observe 
the typical EMT phenomenon in the G4 hydrogels (Fig. 3E–F). In prin
ciple, an increased ECM stiffness may regulate the integrin/FAK (focal 
adhesion kinase) signaling pathways in cancer cells and promote their 
proliferation and EMT, considered as a prerequisite for invasion and 
metastasis [45]. It was demonstrated that substrates-induced EMT can 
be associated with integrin-mediated TGF-β (transforming growth 
factor-β) activation dependent on Rho/ROCK (Rho-associated 
coiled-coil containing kinase) signaling [46] and the c-Myb-DDR2 
(discoidin domain receptor 2) axis [47]. Yet, an argued study has shown 
that the substrate stiffness modulates the A549 cells as opposed to EMT 
signaling [48]. In addition, other microenvironment cues (e.g. soluble 

signals, local topography, and interstitial flow stress) can impact the cell 
behaviors responding to the altered ECM mechanics. For example, ma
trix topography can contribute to the stiffness-mediated EMT through 
the PI3K/Akt (Phosphoinositide 3-kinase/protein kinase B) signaling 
pathway in lung cancer cells [49]. On the other hand, the cells at the 
different regions (e.g. outward vs. inner) of the spheroid may receive 
distinct mechanical stimulation in a 3D condition, and our analysis 
methods cannot identify these spatial impacts. Applying more advanced 
spatial RNA-seq or ultra-high resolution live imaging techniques would 
be necessary for future investigations.

Apart from the bulk effect of matrix density and stiffness, local 
confining stress may also confer cancer cells a greater invading capa
bility and chemotherapy resistance [50]. To build a confining micro
environment for the cancer cell spheroid, we applied an in situ 
two-photon mediated bioprinting within the soft PG (i.e. G2) hydro
gels. Previously, we have reported this technical platform for printing 
the complex 3D hydrogel structures inside the tissue of live animals, 
using a commonly available multiphoton confocal microscope with the 
photo-sensitive coumarin-functionalized gelatin and starPEG polymers 

Fig. 7. Higher confinement impairs the cell cycle progress in A549 cell spheroids. (A) Top-view autofluorescence image of higher-confining (confining-H) 
hydrogel parallelepiped. (B) Young’s modulus of the printed hydrogel confinements measured by atomic force microscopy (N = 3, mean ± s.d., ****p < 0.0001). (C) 
Representative images of A549 cell spheroids in higher confinement for up to 14 days. The autofluorescence of printed hydrogel confinements labeled as cyan (scale 
bars: 100 μm). (D) Heatmap normalized by z-score showing the gene expression of A549 cell spheroids in soft, confinement, and higher confinement groups. (E) 
Volcano plots of DEGs from higher confinement versus confinement. (F) GO enrichment analysis of the downregulated DEGs in higher confinement compared with 
the confinement group. (G–I) GSEA shows negative enrichment of E2F targets (G), G2M checkpoint (H), and Mitotic spindle (I) of A549 cell spheroids in higher 
confinement. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[21]. We also showed the fabrication of the microstructures to tempo
rally regulate the live organoids pre-cultured in the Matrigel® matrix 
[35]. However, it was found that printed micro-structures can be easily 
deformed along with the culture progressing. In this study, we first 
improved our photo-sensitive material by conjugating the active 
coumarin derivative (i.e. CMMC) on a hyperbranched polymer of pol
yPEGDA. With the unique hyperbranched polymeric structure and 
increased density of CMMC groups, the hPEG-CMMC polymer showed 
enhanced efficiency of CMMC cycloaddition and more stable hydrogel 
architectures after the printing (Figs. S11–12), which makes it possible 
for us to study the cell-EMC interplay in the printed confinements. Then, 
we built a parallelepiped hydrogel structure surrounding the cell 
spheroid as a simplified model of the confining microenvironment. With 
the spheroid expansion, the solid stress inside the printed hydrogel 
structure would be significantly increased, which is similar to the nat
ural process of tumor invasion. As a limitation, the confined cells may 
confront different mechanical compressions at the square corner inside 
the hydrogel cube, whereas a spherical or arch shape would be more 
fitted to the cell spheroids. However, it has to be noted that building a 
spherical structure may take significant prolonged printing time. More 
importantly, the laser intensity will be different once it passes through a 
cell spheroid or cured hydrogel architecture for printing the 
top/bottom-side structures, which can cause uneven distribution of the 
hydrogel mechanical strength. To improve our platform, it would be 
helpful to upgrade the microscope software and operating algorithm for 
more intelligent control of the movement of the sample stage and laser 
compensation during the printing.

At the early stage of tumor progression, the uncontrolled growth of 
tumor cells and the excess of ECM produced by CAFs cause a crowded 
microenvironment with enhanced solid stress [51,52]. A former study 
showed that intratumoral compressive stress in a confined space en
hances the EMT process in renal cell carcinoma [53]. Recent studies 
showed that confinement and compressive stress act as essential stim
ulators to induce CAF reorganization and form the contractile capsules 
which can actively compress the tumor growth [54,55]. In our study, 
with the spheroid expended and occupying the inner space of the printed 
structure, the outward cells on the spheroid tended to escape from the 
confinement with some leading cells disengaging from the spheroid at 
the edges. Comparably, a previous study indicated the compressive 
stress caused by the confined growth can stimulate the breast cancer 
cells forming a subpopulation of “leader cells” with enhanced cell-ECM 
adhesion and promoted invasiveness [56]. Our RNA-seq analysis 
confirmed the upregulation of the genes related to actin-binding (e.g. 
CDC42, NEDD9, RHOB, CTTN, ACTN1, and MYADM), which are known 
to regulate cancer cell migration and invasion via actin cytoskeleton 
organization [57–62].

According to our model, we found distinctive transcriptional pat
terns in the typical mechanotransduction (e.g. focal adhesion, MAPK, 
cell-substrate junction, and cell leading edge) pathways, regulated by 
the bulk hydrogel stiffness and the local confining stress (Fig. 6A–B and 
Fig. S16-S17). In contrast with the regulation impacts by the stiffer 
hydrogels, EMT-associated genes were upregulated by the confining 
microenvironment according to the GSEA analysis (Fig. 5I and 
Fig. S14B). In addition, the TGFB1I1 showed a fold increase in the 
confining group (Table S2), which can induce the formation of actin 
stress fiber to promote EMT and cancer cell migration [63,64]. The PPI 
network analysis further indicated that the FoxO associated with the 
PI3K/AKT signaling pathway is enriched by the regulation of the stiffer 
hydrogels (Fig. 6D–E). Consistently, previous studies have reported that 
FoxOs can be stimulated by mechanical signals [65,66], and are often 
regulated by the oncogenic PI3K/AKT pathway in cancers via 
AKT-mediated phosphorylation [67]. On the other hand, the printed 
confining structures upregulated the genes in the cell division cycle and 
proliferation (Fig. 6F–G). However, we noted that the contradictory 
results were reported previously based on the PDMS-based micro
devices, in which the increased solid stress would impair the mitosis and 

cell cycle progression for both single and collective cancer cells [68,69]. 
More recently, the Chaudhuri group indicated breast cancer cell spher
oids were mostly arrested in the G0/G1 phase in a slow-relaxing 
hydrogel (higher confinement), while the fast-relaxing hydrogels 
(lower confinement) promote cell cycle progression [70]. Therefore, we 
fabricated a stiffer confining hydrogel parallelepiped with a narrower 
inner space to amplify the compressive stress in our model. As a result, 
we found the opposite regulating effects to the relative genes between 
the “confining” and “higher confining” groups, where the cell 
cycle-related genes were downregulated within the higher confining 
microenvironment (Fig. 7G–I). It should be noted that the stiffness of the 
printed microstructures and the surrounding local mechanical micro
environment can be constantly changing along with the cell culture 
evolution, due to the ECM degradation and the contractile force by 
nearby embedded cells. In addition, we found the expression of the 
mechanotransduction factors might not be evenly distributed in the 
whole spheroid inside the confinement but was highly relative to the 
regional interaction between cell and printed structures (Fig. S19). 
Therefore, the conventional staining method and the bulk transcriptome 
analysis in this study cannot cover the whole story. Nonetheless, our 
tunable hydrogel and high-resolution 3D bioprinting platform combined 
with advanced methodologies such as spatial omics, local force mea
surement, and ultra-high resolution live imaging techniques would 
potentially benefit our understanding of 3D spheroid mechanobiology.

5. Conclusion

In this study, we have described the development of a tunable 
hydrogel-based 3D culture platform for lung cancer cell spheroids. We 
showed the controllable mechanical property of the bulk hydrogel sys
tem and enabled to flexibly fabricating of a confinement surrounding the 
selected cell spheroids by two-photon mediated high-resolution bio
printing. Through our platform, we demonstrated distinguishing 
mechanotransduction mechanisms affected by the overall ECM density 
and local confining stress. This platform can potentially improve the 
current 3D organ-like culture methods and provide a powerful tool for 
studying the cell-ECM interplay in a confining microenvironment.
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