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Stress Relaxation-Induced Colon Tumor Multicellular
Spheroid Culture Based on Biomimetic Hydrogel for
Nanoenzyme Ferroptosis Sensitization Evaluation

Yi Zhang, Liyi Peng, Ke Hu,* and Ning Gu*

Ferroptosis has recently become a research hotspot, and the induction of
tumor cell ferroptosis has emerged as a powerful method for tumor therapy.
However, the efficiency of tumor cell ferroptosis induction remains unmet for
clinical use, which may be attributed to the large discrepancies between in
vitro and in vivo models. To address this issue, in this study, a hydrogel
platform with stress relaxation is utilized to develop a multicellular spheroid

model of the DLD1 colon cancer cell line through cancer cell self-organization.

The spheroids are highly similar to real tumor tissue, and ferroptosis
resistance at the transcriptional, protein, and cellular levels. Collaboration of
the ferroptosis induction reagent erastin and the nanoenzyme

MnZnFe,O, @PEG-COOH to overcome the ferroptosis resistance of the
spheroids is also demonstrated. Taken together, this study demonstrates the
effectiveness of the model developed using this hydrogel platform for further
mechanistic studies, and for the assessment of novel cancer treatment

levels is of great value in studying ferrop-
tosis mechanisms and evaluating related
novel drugs/materials.["]

Multicellular spheroids (MCSs) are sig-
nificantly more representative of the in
vivo tissue microenvironment than conven-
tional 2D cultured cells. Thus, MCSs have
great potential for cell biological research,
tissue engineering, and drug/biomaterial
screening!?! It has been reported that MCSs
have a level of ferroptosis similar to that
of in vivo tumors, which is distinct from
the ferroptosis of 2D cultured cells®! There-
fore, it is important to develop a reliable
multicellular sphere model to study fer-
roptosis in vitro. Nonetheless, the current
mainstream strategies for MCSs still have

strategies based on ferroptosis.

1. Introduction

The lack of a 3D structure of cells in classical 2D cultures leads to
the fact that ferroptosis inducers can easily contact cells by free
diffusion, thus amplifying the level of ferroptosis. The vast dif-
ferences in the in vivo cellular microenvironment also affect the
expression of cellular ferroptosis-related markers. Therefore, in
vitro construction of cellular models close to in vivo iron death
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certain limitations, such as high apopto-

sis rates, limited cellular adaptability, in-

stability, batch-to-batch variability, and poor
mechanical properties of natural hydrogel culture. These limi-
tations are closely related to their failure to provide cells with a
microenvironment similar to in vivo models.[*]

The cellular microenvironment has a critical impact on cell
fate. For example, the effect of the mechanical properties of the
microenvironment on cells has been a research hotspot in recent
years,[’l among which stress relaxation has been recognized as a
decisive factor in cell-extracellular matrix (ECM) interactions and
an essential design parameter for biomaterials.l®! Several exper-
imental and simulation studies have been shown that stress re-
laxation affects cell proliferation, differentiation, and cytoskeletal
organization. Lack of stress relaxation has also been shown to in-
hibit the proliferation of MCSs.l”! Based on previous studies on
MCSs formation in vitro, we confirmed that the self-organized
formation of MCSs could be regulated by adjusting the stress re-
laxation of the matrix onto which cells grow.[®]

In this study, we developed a hydrogel platform with ad-
justable stress relaxation to generate MCSs. This method for
generating MCSs mimics the physical microenvironment in
vivo by providing cells with a hydrogel matrix with appropri-
ate mechanical and viscoelastic properties, thereby inducing
cells to spontaneously form MCSs on the hydrogel through
self-organization in a more natural manner. The formation of
multicellular structures (spheroids/monolayers) on hydrogels
can be regulated by adjusting the stress relaxation of the matrix,
thereby providing a new strategy for studying the mechanisms of
cellular self-organization and MCS formation. We hypothesized
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that this approach can better mimic some of the specific natural
formation processes of solid tumors than encapsulation or micro-
porous approaches. Our group has published a series of studies
on preparing ferrite nanoenzymes and magnetic induction
thermotherapy applications, and proposed a method for devel-
oping Mn-Zn ferrite nanomaterials with high magneto-thermal
properties.l’] We evaluated the ability of a series of Mn-Zn ferrite
nanoenzymes produced by this method to sensitize ferroptosis
using the MCSs obtained from the hydrogel platform, and laid
the foundation for the subsequent in vivo study of nanoenzymes
sensitizing ferroptosis combined with magnetic induction
thermotherapy.

2. Results

2.1. Preparation of Hydrogel Matrix with Tunable Stress
Relaxation

The hydrogel platform was prepared by photo-polymerization
(405 nm, 10 min) following blending of the cell adhesion part
(gelation methacrylate (GelMA)), cell inert part (poly(ethylene
glycol) diacrylate (PEGDA)), photoinitiator (lithium phenyl-2, 4,
6-trimethylbenzoylphosphinate (LAP)), and crosslinker (methy-
lene bisacrylamide) (Figure 1A; and Figure S1A, Supporting
Information). The concentration of GelMA remained constant
(10%, w/w) between the MCS condition and monolayer cell
(MLC) conditions to provide cells with a consistent adhesion en-
vironment.

The MCS hydrogel was prepared with a lower concentration
of crosslinker (0.4% in MCSs and 1.2% in MLC hydrogel, w/w)
but with a higher concentration of PEGDA (10% in MCS hydro-
gel and 2% in MLC hydrogel w/w), which resulted in a less dense
network in the MCS hydrogel (Figure 1B,C) due to the lower con-
centration of crosslinker, but a similar elastic modulus between
the two types of hydrogel owing to the higher concentration of
PEGDA (Figure 1D,E) in MCS hydrogel. Given the lower con-
centration of crosslinker that resulted in a less dense hydrogel
network, the stress relaxation of the MCS culturing hydrogel was
significantly higher than that of MLC culturing hydrogel (Fig-
ure 1F,G). This result demonstrated that the MCS culturing hy-
drogel was viscoelastic, whereas the MLC hydrogel was purely
elastic.

Next, DLD1 colon cancer cells were seeded on top of both MCS
and MLC culturing hydrogels. As expected, cells formed MCS on
the MCS culturing hydrogel (Figure 1H-G), and MLC on MLC
culturing hydrogel via self-organization (Figure 1K-M).

2.2. Multicellular Tumor Spheroids with Hypoxic Cores Formed
on the Hydrogel with Stress Relaxation

Further characterization of the spheroids revealed that while no
hypoxia was found in either 2D cultured cells (Figure 2A-C)
or MLC (Figure 2D-F) that grown on hydrogel, a compact hy-
poxic core was observed in each MCS formed on the hydrogel
(Figure 2G-I). This indicates that the cell-cell junction is well
formed among the cells in the outer layer of the spheroids, which
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serves as a barrier to limit the exchange of oxygen, nutrients,
and metabolic substances between the cells in the inner layers
of spheroids and surrounding cell culture media.

2.3. Multicellular Tumor Spheroid-Growth Reproduced
Physiologically Relevant Cell-Microenvironment Interaction

Based on our hypothesis that the material microenvironment we
developed is highly similar to the real microenvironment, we
reasoned that DLD1 MCSs formed on specific hydrogel subtype
should exhibit structural features and molecular makers similar
to those of in vivo colon cancer tissues. To test this hypothesis
and gain a systematic view of the contribution of genes to the
physiological changes that confer malignant phenotype to colon
cancer cells, we screened paired human colon adenocarcinoma
(COAD) tissues and the adjacent nontumor tissues from three
patients using RNA-seq (Figure 3A,B).

To provide insight into biological alterations in colon tumor
tissues, we categorized the differentially expressed genes (DEGs)
into defined pathways or cellular processes by performing bio-
logical function analysis using the Reactome and Geno Ontology
(GO) databases. Among the top 20 significantly altered gene clus-
ters, ECM remodeling and cell-matrix interaction related genes
appeared with the majority enrichment and statistical signifi-
cance (Figure 3A). Geno Ontology (GO) analysis further revealed
that these genes linked to diverse biological functions including
cell communication, ECM disassembly, and cellular component
movement (Figure 3B).

We further dissected the gene distribution annotated to the
GO term “extracellular matrix disassembly” (GO:0022617) to-
gether with “cell-matrix adhesion” (G0O:0007160) and found col-
lagen genes, including COL1A1, COL1A2, adhesion molecules
on the cell surface, including FNI and integrin family mem-
bers, as visualized by the heat map (Figure 3C). Moreover, the
retrieved DEGs of cell-matrix interaction and ECM between 41
normal and 288 COAD tumor biopsies from The Cancer Genome
Atlas (TCGA) Research Network: http://cancergenome.nih.gov/
were consistent with our RNA-seq analysis results (Figure 3D).
Approximately 85% of sporadic or hereditary colorectal tumors
are known to be driven by abnormally activated WNT signaling.
Thus we further computed the correlation coefficient between ar-
chitectural structure generation related gene FN1, COLIA1, and
key genes involved in Wnt signaling, including positive regula-
tors WISP1, TCF4, CTNNBI (f-catenin), and negative regulator
AXIN2.

TCGA data revealed that out of 451 samples COAD tumors
displayed a significant FN1-WNT signaling coexpression profile
(Figure 3E). These data suggest that colon cancer cells exhibit
highly altered focal adhesion dynamics which may contribute to
the development and sustainability of the malignant phenotype.
In agreement with the in vivo tumor tissue, DLD1 MCSs showed
elevated FN1 and COL1A1(Figure 3D,F,G; and Figure S3, Sup-
porting Information) in both RNA and protein level, and no no-
ticeable difference in E-cadherin and N-cadherin after 7-days cul-
ture (Figure 3C,D). These data collectively provide substantial ev-
idence of cell—cell/cell-matrix interactions reconstruction which
recapitulates the microenvironment of cells in real tumor tissues.
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Figure 1. 3D multicellular spheroid culturing hydrogel platform based on stress relaxation. A). Schematic illustration of DLD1 colon cancer cells growing
on the viscoelastic/elastic hydrogel. B,C) Cryo-scanning electron microscope images of MCSs culturing hydrogel B) and MLCs culturing hydrogel C).
Scale bar: 30 um. D) Stress—strain curves of MCSs culturing hydrogel and MLCs culturing hydrogel. E) Stress relaxation curves of MCSs culturing hydrogel
and MLCs culturing hydrogel. F) Young’s modulus of MCSs culturing hydrogel and MLCs quantified based on stress-strain curves. G) Stress relaxation
of MCSs culturing hydrogel and MLCs quantified based on stress relaxation curves. H-M) F-actin H,K), nuclei I,L), and merged images J,M) of cells
grown on MCSs culturing hydrogel H-J) and MLCs culturing hydrogel K-M). F-actin: Magenta, DAPI: Blue. Scale bar: 100 um. Data are presented as

mean +SD (n>3).
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Figure 2. Substantial differences of hypoxia gradients observed on DLD1
colon cancer cells grown on different mechano-microenvironment. A-C)
Cells grown on 2D cell culture plate. D—F) Cells grown on MLCs culturing
hydrogel. G-1) Cells grown on MCSs culturing hydrogel. A,D,G) Cell nuclei:
Blue. B,E,H). Hypoxia marker: Green. C,F,1). Merged images of cell nuclei
and hypoxia marker. Scale bar: 100 um.

2.4. 3D Spheroids of NRF2-Hyperactivated DLD1 Cells are More
Resistant to Ferroptosis

Previous studies have shown that ferroptosis plays an impor-
tant regulatory role in the occurrence and development of tu-
mors. However, whether ferroptosis involved in colorectal can-
cer (CRC) development remains unclear. Thus, we analyzed the
dataset from CRC patients in CPTCA (Clinical Proteomic Tumor
Analysis Consortium) and found that genes related to iron trans-
portation were dysregulated in tumors relative to normal tissues,
such as CP, PCPB1, PCPB2, FTH]1, and TRFC (Figure 4A). Tu-
mors showed high expression of ferroptosis suppressor genes
including ACSL3, GTF2I, and CHERP (Figure 4A,B). As shown
in Figure 4C,D, DLD1-MCSs were significantly more resistant
to ferroptosis than 2D cultures. Quantitative polymerase chain
reaction (q-PCR) analysis confirmed that the expression of the
ferroptosis suppressors FTH1 and GPX4 were both upregulated
in DLD1-MCSs (Figure 4E,F). It has been reported that NRF2
hyperactivation is necessary for proliferation and antiferroptosis
in lung tumor spheroids. Western blot analysis (Figure 4G) val-
idated by qPCR (Figure 4H) found that the expression of NRF2
was significantly higher in DLD1-MCSs than in 2D cultured cells,
which indicated that CRC tumor cells upregulate oxidative stress
defense programs to prevent ferroptosis in spheroids.

2.5. Carboxylated PEG-Coated MnZnFe,O, Nanoenzyme Exhibits
High Reactive Oxygen Species Production in 3D Spheroids

Studies have previously reported that increasing cellular reac-

tive oxidative stress (ROS) levels facilitates the ferroptosis ac-
tivation. Among the many strategies to increase cellular ROS
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levels, nanoenzymes are competitive because of their target-
ing ability and multifunctionality. Our group previously pre-
pared MnZnFe,O, nanomaterials with high magneto-thermal
properties and found that this MnZnFe,O, nanoenzyme has
peroxidase-like activity and can induce increased cellular ROS
levels under acidic conditions. However, different surface-
modified nanoenzymes tend to exhibit differences in enzymatic
activity. Thus, MnZnFe,O, @PEG-COOH, MnZnFe,O0,@ PEG-
OCHj;, and MnZnFe,O, @PEG-NH, were prepared to explore
the effect of different surface modifications on the peroxidase-
like activity of the materials. Based on the transmission elec-
tron microscope (TEM) results, all three materials exhibited good
dispersion and stability (Figure 5A—C) with hydrodynamic sizes
in the range of 70-100 nm (Figure 5D). MnZnFe,O,@PEG-
NH, has a lower negative potential than MnZnFe,O, @PEG-
COOH and MnZnFe,0, @PEG-OCH, (Figure 5E), which is due
to the modification of the surface amine groups. We character-
ized the pH dependence of the three peroxidase-like enzymes
(Figure 5F) and showed that all materials exhibited significant
peroxidase-like activity in the pH range of 3-6, while almost
no activity under physiological conditions, indicating that the
nanoparticles can perform peroxide-like functions in the acidic
environment of tumors, while they have no peroxidase-like ac-
tivity in the normal tissue environment. From the reaction time
curves and the enzyme concentration dependence (Figure 5G,H),
MnZnFe,O, @PEG-COOH had the strongest peroxidase-like ac-
tivity as shown in Figure 5],K; and Figure S5 (Supporting Infor-
mation) and a good thermogenesis capacity under an alternating
magnetic field (Figure 5I).

2.6. Carboxylated PEG-Coated MnZnFe,O, Nanoenzyme
Promotes Erastin-Induced Ferroptosis

To further evaluate the effect of MnZnFe,O, @PEG-COOH in
promoting erastin-induced ferroptosis through pro-ROS produc-
tion, we conducted a study on the combined treatment of DLD1-
MCSs with erastin and MnZnFe,O, @ PEG-COOH. Live/dead
cell staining showed that MnZnFe,O,@PEG-COOH signifi-
cantly promoted erastin-induced ferroptosis in DLD1-MCSs (Fig-
ure 6A), which is consistent with CCK-8 results (Figure S4, Sup-
porting Information). C11-BODIPY is generally used to moni-
tor the flux of lipid ROS in cell membranes, and is assumed
to be associated with pro-oxidant activity and excessive PL per-
oxidation, e.g., during ferroptosis. As shown in Figure 6B;
and Figure S6 (Supporting Information), MnZnFe,O,@PEG-
COOH significantly increased erastin-induced lipid peroxida-
tion in DLD1-MCSs, as indicated by the fluorescence change
(red to green). QPCR and western blot analysis further showed
that the combination of MnZnFe,O, @ PEG-COOH significantly
decreased the expression of ferroptosis suppressors FTH1 and
GPX4 in DLD1-MCSs (Figure 6C,D), as well as down-regulated
expression of NRF2 (Figure 6E,F).

3. Discussion

The development of advanced 3D tumor cell models,'% as-
sociated characterization(!!) and validation of cancer therapy
methods!!?] have attracted increasing attention. It has been well
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Figure 3. Multicellular spheroids-growth enriched the in vivo molecular phenotype of colon tumor. A) Top enriched Reactome pathways and B) Go terms
of DEGs in 3 paired human COAD tissues and the adjacent non-tumor tissues. The size and the color of the dot represent the enriched gene number
and range of p values, respectively. C) Heat map representation of genes distribution annotated to the GO term cell-matrix adhesion and extracellular
disassembly. D) Violin plot showing the expression distribution of key genes annotated to cell-cell adhesion, cell-matrix interaction and extracellular
matrix in 41 normal and 288 tumor tissues. E) Linear regression analysis between the gene expression level of WNT signaling and FN1 or COL1AT for
451 COAD. F) Representative confocal microscope imagines of FN1 and COL1 staining (red, with blue DAPI nuclear counterstain) in 2D and MCSs
DLD1 cells. Scale bar: 500 um. G) Western blot of FN1 and COL1 in 2D and MCSs DLD1 cells.
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Figure 5. Carboxy PEG modified MnZnFe,O, has highest POD-like enzymes activity and capacity of ROS generation. A-C) TEM images of methoxy PEG
A), Amine PEG B), and carboxy PEG C) modified MnZnFe,O,. D) Hydrodynamic sizes of MnZnFe204 with different coating reagent. E). Zeta potential
of MnZnFe, O, with different coating reagent. F) Influence of pH on POD-like enzymes activity of MnZnFe,O, modified with different coating reagent.
G) Time-dependent curves of POD-like enzymes activity of MnZnFe,O, modified with different coating agents. H). Concentration-dependent curves
of POD-like enzymes activity of MnZnFe, O, modified with different coating agents 1). The heating curve of methoxy PEG modified MnZnFe,O, under
alternating magnetic field )). The effect of different temperatures on the POD-like enzymes activity of carboxyl PEG-modified MnZnFe,O,. K) The effect
of MnZnFe, O, modified by different coating agents on the ROS level of tumor multicellular spheroids. Data are presented as mean +SD (n > 3).
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recognized the native ECM is of dynamic mechanics with stress
relaxation, which significantly regulates different behaviors of
cells, such as cancer cell metastasis, ECM sensing, and stem-
ness maintenance of stem cells.l3] Based on our previous reports
that used a hydrogel platform with adjustable stress relaxation
to develop self-organization formed colon cancer cell line DLD1
MCSs,[1%] we demonstrated that formed spheroids were highly
similar to the real tumor tissue, which manifested by RNA-seq
data

We also showed that formed spheroids with ferroptosis re-
sistance in transcriptional, protein and cell levels, which mani-
fested by the dysregulation of a number of genes that related to
iron transportation and ferroptosis suppression, at the same time
demonstrated lower ferroptosis ratio compared to 2D cells when
being treated with ferroptosis inducer erastin; Formed spheroids
could be used to validate the strategy promotion of ferroptosis
due to ROS generation from nanoenzymes,

Ithas been well established that multicellular spheroids mimic
real tumor tissue better than 2D cell models.['*l However, conven-
tional studies normally use nonadherent plates or wells to force
cancer cell aggregation by depriving cell-matrix adhesion.!®]
However, this method can generate a substantial number of
spheroids relatively rapidly, but deprives the cell-matrix interac-
tion which results in anoikis of cancer cells!*®! and can be a con-
founding factor when cancer treatment approaches are tested,
and cell apoptosis/death rate is used as one of the final readouts.
This results in an inability to distinguish whether cells were killed
by treatment or by anoikis. We have previously reported the ovar-
ian cancer cell line SKOV-3 and colorectal adenocarcinoma cell
line HT-29 MCSs had a higher apoptosis rate in response to the
chemotherapeutic reagent doxorubicin when grown in an adhe-
sion deprivation environment compared to those grown on the
cell adhesive hydrogel.['”] In addition to apoptosis, previous re-
ports have highlighted the important role of the matrix in min-
imizing the susceptibility of cancer cells to ferroptosis. For ex-
ample, a recent study has indicated that ferroptosis contributes
to nonapoptotic cell death resulting from natural matrix interac-
tions deprivation.’]

In this study, we confirmed that MCSs grown on the MCS hy-
drogel matrix are more similar to real tumor tissue than 2D cul-
tured cells regarding the cell-cell/cell-matrix interaction based
on RNA-seq data. We reasoned that this is because the mechano-
microenvironment cells are being subjected to are more similar
to those in vivo. It has been reported that the stress relaxation of
soft tissue is in the range of ~#10-100s,[°! which our MCSs hydro-
gel (~15s) well falls within (Figure 2E,G). In addition, by elimi-
nating stress relaxation, a significant phenotypic change was ob-
served in the cells, where the formation of spheroids disappeared.
Instead, the cells form a sheet-like monolayer (Figure 1K-M).
It is still not clear the underlying mechanism of these changes,
but previous reports have suggested that several mechanosensi-

www.advhealthmat.de

tive proteins (e.g., talin, vinculin, etc.) and associated ion chan-
nel and transcription factor that regulate cell responses toward
surrounding mechano-microenvironment!'®! may contribute to
these changes. In the current study, we hypothesized that these
factors play important roles in MCSs formation in environments
with higher real tumor similarities, and higher resistance to fer-
roptosis. Notably, contrary to the hypothesis proposed in a pre-
vious study that 2D monolayer cells have a higher resistance
to ferroptosis,’! higher resistance to ferroptosis was observed
in MCSs group in our study. Nonetheless, both our study and
theirsP®! confirmed that NRF2 positively correlates with resis-
tance to ferroptosis, but we uniquely observed that NRF2 was
upregulated in MCSs. We attribute this difference to the unique
mecheno-microenvironment that cells were resident in in our
study.

The other discrepancy between our findings and those of oth-
ers is that we observed the entry of 80 nm MnZnFe,O, nanopar-
ticles into the spheroids (Figure S2, Supporting Information),
while it has been reported that amount of Au nanoparticles with
size larger than 15 nm was minimal.'®! This could likely because
that cells sitting on the outer layer of MCSs first encountered
the MnZnFe,O, nanoparticles, and ferroptosis was initiated at
an early stage, therefore resulting the compromising of the in-
tegrity of MCSs and subsequent entry of nanoparticles into the
core of spheroids.

Despite the advantages of current MCSs model, such as the
better mimicry of real tumor tissue (Figure 3) and resistance
to ferroptosis (Figure 4) compared to 2D ones, we still recog-
nized the limitation of current MCSs as a surrogate of the patient
tumor, which should be addressed in the future studies. First,
the supporting matrix is simplified with important ECM pro-
tein and/or polysaccharide missing, such laminin, fibronectin,
hyaluronan. Second, other stromal cells that comprise the tumor
microenvironment, such as immune cells or fibroblast, are not
encompassed in the model. In addition, using of primary can-
cer cells that directly isolated from patient instead of cell line can
make this model more capable in predicting the clinical outcome
of patient toward treatment.

4, Conclusion

In the present study, we utilized a hydrogel platform with stress
relaxation to develop an MCS model of a DLD1 colon cancer cell
line formed through cancer cell self-organization. We found that
the formed MCSs have high similarity with real tumor tissue
validated by RNA-seq, and the MCSs present ferroptosis resis-
tance at the transcriptional, protein, and cell levels. In addition,
spheroids can be used to validate the strategy of ferroptosis
promotion by the MnZnFe204@PEG-COOH nanoenzyme.
Taken together, our results demonstrated the effectiveness of the
MCS model developed using this hydrogel platform. Therefore,

Figure 6. MnZnFe,O,@PEG-COOH enhanced erastin-induced ferroptosis in DLD1MCSs. A) LIVE/DEAD stain of DLD1 MCSs with treatment of DMSO,
Erastin, Erastin combined with MnZnFe, 0, @PEG-COOH. B) Confocal imaging of C11-BODIPY loaded cells with indicated treatment; Red, reduced
form of C11-BODIPY; Green, oxidized form of C11-BODIPY. C,D) QPCR analysis of FTH1 and GPX4 in 2D and 3D cultured DLD1 cells with indicated
treatment. E) Western blot analysis of NRF2 in 2D and 3D cultured DLD1 cells with indicated treatment. F) Quantification of western blots presented
in E) with Image). G) Schematic illustration of the mechanism underlying ferroptosis of MCSs in the presence of MnZnFe,O,@PEG-COOH. Statistical
significance is shown over each control. *p <0.05, **p <0.01, and ***p <0.001 (Student’s t-test). Data are presented as mean +SD (n>3). GAPDH

was shown as equal loading for all immunoblots.
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this study provides a tool for further mechanistic studies and
the assessment of novel cancer treatment strategies based on
ferroptosis.

5. Experimental Section

Materials:  Polyethylene glycol diacrylate (PEGDA 2000Mw) was pur-
chased from Sigma-Aldrich, and 80% substituted gelatin methacrylate
(GelMA) was purchased from Tissue Ink Inc. Lithium phenyl-2,4,6-
trimethylbenzoyl phosphate (LAP) was purchased from StemEasy. Three
MnZnFe204 nanoenzymes were purchased from Nanjing NanoEast
Biotech Co., Ltd. Unless otherwise stated. All reagents were purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd. Erastin was pur-
chased from Selleck Chemicals (Shanghai, China). All the antibodies used
in this study were obtained from Abcam. 2',7'-Dichloroflurescin diacetate
(DCFH-DA) was obtained from MCE (HY-D0940). BODIPY 581/591C11
was purchased from Thermo Fisher Scientific (D3861).

Preparation of 3D Cell Culturing Hydrogel: Hydrogels with differ-
ent mechanical properties were prepared following the protocol report
previously.['2] Briefly, poly(ethyleneglycol) diacrylate (PEGDA, 2000Mw,
sigma), N,N’-methylene-bis-acrylamide and gelatin methacryloyl (GelMA,
80% degree of substitution, sigma) that with mass ratio denoted to MCSs
culturing hydrogel or MLC culturing hydrogel were added in 1 mL wa-
ter and dissolved at 50 °C for 2 h. For MCS culture hydrogels, PEGDA
(100 mg), N,N’-methylenebisacrylamide (0.2% w/w), and GelMA (10 mg)
were added, while for monolayer cell (MLC) culture hydrogels, PEGDA
(40 mg), N,N-methylenebisacrylamide (1% wt) and GelMA (10 mg) were
added. Then LAP (5 mg, sigma) was added in the mixture and dissolved for
5 min. Then the preheated solution was injected into a customized cylin-
drical mold and irradiated under 405 nm visible light for 10 s for gelation.
The Young's modulus and stress relaxation of hydrogel were characterized
by Nanoindenter (Optics11, The Piuma, Netherlands). The optical probe
(spherical) of the nanoindenter has a tip radius of 24 um and a stiffness
of 40.7 N m~1. The probe was set to press 10 um in 2 s and unload after
holding for 1's, when measuring Young’s modulus. The probe was set to
press 15 um in 5 s and unloaded after holding for 600 s, when measuring
stress relaxation. During this procedure, Piuma Nanoindenter’s software
was implemented to collect data.

Cell Lines and Treatment Conditions: The human colon cancer cell
line, DLD1, was cultured in RPMI (Sigma-Aldrich) medium supplemented
with 10% FBS (Gibco), 100 U mL™" penicillin, 100 U mL~" streptomycin
(Sigma-Aldrich), and 1% w/v glutamine (Sigma-Aldrich). For the ferropto-
sis assay, 2D and 3D-MCSs DLD1 cells were treated with erastin (20 um,
Selleck S7242) or erastin with Mn-Zn ferrite nanoenzymes (200 pg mL™",
Nanjing NanoEast Biotech Co., Ltd) for 24 h. Fluorescence images of the
DLD1 cells were captured using a laser scanning confocal microscope
(ZEISS LSM T-PMT).

Analysis of TCGA COAD Cohorts:  llumina HiSeqV2 and RSEM normal-
ized RNA-seq gene expression data of normal and COAD tumor samples
were retrieved from TCGA.[2] The Pearson correlation between architec-
tural structure generation-related genes and key genes involved in WNT
signaling was computed using the R package Hmisc (https://CRAN.R-
project.org/package = Hmisc).[2!

Western Blotting:  Briefly, aliquots of 30 ug of lysed proteins from each
sample were separated by 10% Sodium Dodecyl Sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride
(PVDF) membranes (Millipore, Bedford, MA). After blocking, the mem-
branes were incubated with the primary antibody overnight at 4 °C, fol-
lowed by incubation with the secondary antibody for 1 h at room temper-
ature. The blots were visualized by ECL (enhanced chemiluminescence)
machine. Each band was quantified using the Image] software, and the
values were normalized to each loading control band.

ROS and Lipid Peroxidation Staining: The cells were incubated for
30 min at 37 °C with DCFH-DA for ROS measurement or BODIPY
581/591C11 for lipid peroxidation detection. After incubation, cells were
digested with trypsin and collected. The ROS and lipid peroxidation lev-

Adv. Healthcare Mater. 2023, 12, 2202009

2202009 (10 of 11)

www.advhealthmat.de

els were imaged using a laser scanning confocal microscope (ZEISS LSM
T-PMT).

Quantitative RT-PCR:  The cells were collected using 0.5% trypsin. To-
tal RNA was extracted using RNAiso Plus (Takara Bio Inc.; Takara Bio
Inc., Japan), and the quantity and quality of RNA were measured using
NanoVue Plus (General Electric Company, USA). cDNA was synthesized
from 500 ng of RNA using the Prime Script RT Master Mix (RR036A; Takara
Bio Inc., Japan) according to the manufacturer’s instructions. Quantitative
real-time PCR was performed using an ABI 7900 Real-Time PCR System
(Thermo Fisher Scientific) with TB Grenn Premix Ex Taq Il (RR820A; Takara
Bio Inc., Japan) according to the manufacturer’s instructions. Analysis was
performed using the 2722Ct method. Each experiment was performed in
triplicate. The primer sequences used were as follows:

Forward Reverse
FTH1 CGACCACTTTGTCAAGCTCA CCCTGTTGCTGTAGCCAAAT
GPX4 TCCTACGTTTACCTGTCCATGT GTTTGTGCAGTTCCAGTAGTGA
GAPDH GAGGCAAGACCGAAGTAAACTAC CCGAACTGGTTACACGGGAA

Intracellular Detection of Hypoxia: Hypoxia was measured in living
MCSs using Image-iT Green Hypoxia Reagent (Thermo Fisher Scientific,
114833), which produces a green fluorescent signal below 5% O,. Fluo-
rescence images of hypoxia were captured using a laser scanning confocal
microscope (ZEISS LSM T-PMT).

Enzyme-Like Activity of Mn-Zn Ferrite Nanozymes and Characteriza-
tion of Heating Characteristics in Alternating Magnetic Field: MnZnFe,O,
nanoparticles was synthesized as follows: Briefly, iron acetylaceto-
nate [Fe(acac)3, 98%, 2 mmol], zinc acetylacetonate [Zn(acac)2, 96%,
0.4 mmol], and manganese acetylacetonate [Mn(acac)2, 97% 0.6 mmol]
were added in 20 mL benzyl ether (95%) which contained 9 mmol of oleic
acid (90%) and 3 mmol of oleylamine (90%). The mixture was heated to
220 °C at a heating rate of 3.3 °C min~" and refluxed for 1.5 h under the
flow of N2. Then the mixture was heated to 300 °C at a uniform heating
rate in the presence of N2 flow and maintained at 300 °C for 1.5 h. The final
product was washed three times with ethanol (95%) after magnetic sep-
aration and finally dispersed in chloroform (99%, 5 mL). Three different
coating agents (DSPE-PEG-OCH32000, DSPE-PEG-NH22000, and DSPE-
PEG-COOH2000; Nanosoft Polymer, dissolved with chloroform, 5 mL)
were added in above mentioned mixture and then 5 mL deionized (DI) wa-
ter was added gradually. After complete evaporation of chloroform by slow
evaporation (70 °C, 30 min), the Mn-Zn ferrite nanozymes became water-
soluble. After magnetic separation and 2x ultracentrifugation (100 000x g),
the concentration of Mn-Zn ferrite nanozymes was determined and then
stored at 4 °C.

The effect of pH on the peroxidase (POD)-like enzyme activities of
MnZnFe, O, modified by different coating agents was tested following the
method described below: 100 L buffers (pH = 4-6: HAc-NaAc; pH = 7-8:
PBS) with different pH values (pH =3, 4, 5, 6, 7, 8), 10 uL MnZnFe, O,
(0.25 mg mL™') modified with different coating agents, 10 uL H,0O, (5 mol
L="), 10 uL TMB (5 mg mL™") were mixed and reacted for 30 min. The
absorbance at 652 nm was measured to determine the POD-like enzyme
activity.

The concentration-dependent curves of POD enzymes, such as the ac-
tivity of MnZnFe, O, modified by different coating agents, were tested fol-
lowing the method described below:100 uL HAc-NaAc buffer (pH = 4),
10 uL MnZnFe,O,4 with different concentrations (0, 0.015, 0.03, 0.0625,
0.125, 0.25, 0.5 mg mL™") and modified with different coating agents,
10 uL H,0, (5 mol L™1), 10 uL TMB (5 mg mL~') were mixed and re-
acted for 30 min. The absorbance at 652 nm was measured to determine
the POD enzyme-like activity.

The time-dependent curves of the POD enzymes, such as the activity
of MnZnFe, O, modified with different coatings, were tested following the
method described below: PBS buffer pH = 7, 10 uL MnZnFe,O, (0.25 mg
mL~1) modified with different coating agents, 10 uL H,0, (5 mol L),
10 uL TMB (5 mg mL™") were mixed and reacted for 30 min. The ab-
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sorbance at 652 nm at different reaction time points was measured to
determine POD enzyme-like activity.

The effects of different temperatures on the activity of carboxyPEG-
modified MnZnFe,O4 POD-like POD enzymes were tested according to
the following methods: 100 uL HAc-NaAc buffer (pH =5.2), 10 uL (0.25 mg
mL~") carboxylPEG-modified MnZnFe,0,, 10 uL H,0, (5 mol L), 10 uL
TMB (5 mg mL™"); the absorbance at 652 nm was tested at different reac-
tion time points at 37 and 45 °C, respectively.

The heat generation of the MnZnFe,O, NPs (1.0 mg Fe mL™", 1 mL)
was carried out using a moderate/high radio frequency alternating mag-
netic field (Shuangping SPG-06-111 frequency: 390 KHz; current: 12 A).

Statistics: Data were tested using unpaired t-test when two groups
were compared and was tested by analysis of variance (ANOVA) and Tukey
post hoc test when more than two groups were compared. Statistical anal-
ysis was performed using R (version 3.6.1) and GraphPad Prism (version
8.2.7). For all experiments with error bars, standard deviation (SD) was
calculated and p values represent mean + SD. Presented data are an aver-
age of at least three independent experiments (n > 3) or representative of
independent experiments.
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