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Abstract: Multicellular spheroids, which mimic the natural organ counterparts, allow the prospect of drug screening and 

regenerative medicine. However, their application is hampered by low processing efficiency or limited scale. This study 

introduces an efficient method to drive rapid multicellular spheroid formation by a cellulose nanofibril matrix. This matrix enables 

the facilitated growth of spheroids (within 48 hours) through multiple cell assembly into size-controllable aggregates with 

well-organized physiological microstructure. The efficiency, dimension, and conformation of the as-formed spheroids depend on 

the concentration of extracellular nanofibrils, the number of assembled cells, and the heterogeneity of cell types. The above 

strategy allows the robust formation mechanism of compacted tumoroids and hepatocyte spheroids. 
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Introduction 

The assembly of spatially ordered multiple cells as spheroids or tumoroids is a promising avenue for tissue 

engineering and personalized medicine (Tuveson and Clevers, 2019; Gonzalez-Rodriguez et al., 2012; 

Steinberg, 1962; Tevis et al., 2017; Chen et al., 2023). Researchers require models to replicate the multicellular 

nature and 3D stromal environment in an in vivo tumor (Tevis et al., 2017). Biomacromolecules from the 

extracellular matrix (ECM) are critical to connect the material surfaces and living tissues. These ECM 

biomacromolecules with specific topology as nanofibril or network between the material-organism interface are 

essential for organogenesis (Ren et al., 2019) and play a significant role in remodeling the surrounding tumor 

microenvironment (Huang et al., 2015; Yeatts et al., 2013). Thus, ECM nanofibrils or networks can modulate 

cellular fate or reorganize the tissue architecture or even change the progression of cancer metastasis. For 

example, the osteochondral interface for bone development undergoes nanofibril gradual transitions by the 

shifting of cell number, density, polarization, orientation, and nanofibril arrangement along the osteochondral 

interface (Ren et al., 2016; Jadin et al., 2005; Kronenberg, 2003). In pathological contexts, the ECM nanofibril 

can undergo remodeling (Martinez-Vidal et al., 2021; Goetz et al., 2011), which is a progressive transition to 

ECM anisotropy that occurs in many cancers (Martinez-Vidal et al., 2021; Di Martino et al., 2022; Park et al., 

2020; Mouw et al., 2014).  

Spheroids or tumoroids as multicellular aggregates embedded in an extracellular matrix are a prevalent 

model to mimic the natural microenvironment. The bottom-up assembly of a spatially ordered aggregate made 
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from multiple cells based on the assembly principle is a highly promising strategy for tissue engineering 

(Mueller et al., 2020; Rasoulinejad et al., 2020). Over the last decade, artificial materials acting as the 

extracellular matrix have facilitated multiple-cell aggregation, organization, differentiation, and 

functionalization (Alegret et al., 2019; Roi et al., 2019; Landry et al., 2018; Malafaya et al., 2007; Grassi et al., 

2019; Chen et al., 2017; Hale et al., 2018; Ortega-Prieto et al., 2018; Rossi et al., 2018). Spheroid formation 

requires multiple-cell assembly based on a scaffold matrix for mechanical support or biochemical signals 

(Edelman, 1983; Hegedüs et al., 2006). Artificial scaffold matrices for 3D culture systems can be derived from 

natural compounds to synthetic polymers. For example, decellularized matrix, electrospun nanofiber, hydrogel 

functionalized with peptides, or polymer-based macroporous scaffolds have been investigated for their varying 

functions in facilitating spheroid formation (Grassi et al., 2019; Rossi et al., 2018; Roerink et al., 2018; Jaeckel 

et al., 2018; Sun et al., 2007; Mohan et al., 2014; Louis et al., 2017). The as-formed units usually have a 

representative microstructure and biological function to their actual tissue counterparts (Tuveson and Clevers, 

2019; Gonzalez-Rodriguez et al., 2012; Steinberg, 1962). The artificial extracellular matrix in 3D culture 

systems, ranging from natural derivatives to synthetic polymers (Grassi et al., 2019; Rossi et al., 2018; Roerink 

et al., 2018; Jaeckel et al., 2018), provides a spatial scaffold as mechanical support (Rossi et al., 2018; Drost and 

Clevers, 2018; Amaral and Pasparakis, 2016). However, improving the processing efficiency (assembly time, 

spheroid dimension) and experimental throughput remain a challenge, as does the fabrication reproducibility, 

and scale-up capacity of such materials (Lawlor et al., 2021). 

Bioengineering tools and diversified nanomaterials modify the aggregating microenvironment for more 

efficient cell assembly (Cruz et al., 2017; Garreta et al., 2019; Broutier et al., 2017; Bryant et al., 2019; Bagley 

et al., 2017; Homan et al., 2019; Phipson et al., 2019; Karzbrun et al., 2018; Bergmann et al., 2018; Jager et al., 

2018; Miller et al., 2019; Qian et al., 2018). Biocompatible, long, flexible cellulose nanofibrils (CNFs) have 

been applied as biomaterials in tissue engineering as scaffolds (Ferreira et al., 2020; Yang et al., 2020; Mittal et 

al., 2018; Zhang et al., 2020; Curvello et al., 2020; Krüger et al., 2020), and have been increasingly popular in 

preparing functional scaffolds due to being cost-effective and straightforward (Ferreira et al., 2020; Yang et al., 

2020; Mittal et al., 2018; Zhang et al., 2020). Nanocellulose-based biomaterials such as foams and aerogels can 

be synthesized effortlessly using green, scalable approaches (Ferreira et al., 2020; Yang et al., 2020; Mittal et al., 

2018; Zhang et al., 2020; Karageorgiou and Kaplan, 2005; Abdul Khalil et al., 2014; Nechyporchuk et al., 2016; 

Nechyporchuk et al., 2016; Reid et al., 2017; Al-Qararah et al., 2015; Martoïa et al., 2016; Hu et al., 2014). The 

biocompatibility and physicochemical properties of CNFs make them a promising candidate for biomedical 

engineering (Curvello et al., 2020; Krüger et al., 2020; Park et al., 2015; Thunberg et al., 2015; Abouzeid et al., 

2018). Herein, we developed an effective CNF-driven method to facilitate spheroid formation. The strategy of 

CNF matrix-driven formation of spheroid (CMDO) involves the use of CNFs as a matrix quantitatively 

integrated into multiple cells. We validated this method in multiple cell types (including cancer cell lines, 

fibroblast cells, and hepatocytes). The as-fabricated tumoroid or spheroid represent the replication of the 

physiological structure of the actual tissue counterpart. 
 

Materials and Methods 

 

CNF preparation 

Never-dried sulfite softwood pulp (10 g) with a hemicellulose content of 13.8 wt% and lignin content of 

0.7% (Nordic Paper, Sweden) was placed into a three-necked round-bottom flask at a pulp concentration of 1.0 

wt%. Subsequently, 156 mg of 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO, Sigma-Aldrich) and 1,028 mg of 

sodium bromide (NaBr, Sigma-Aldrich) were added to the pulp, followed by mixing. Then, 30 mL of NaClO 

(14% solution, VWR International) was added to the mixture dropwise under stirring. Further oxidization of the 

pulp was conducted with 1% w/v NaClO2 in acetate buffer at pH 4.8 for 48 h. Following oxidation, the fibers 

were thoroughly washed with distilled water and disintegrated by passing through a microfluidizer. Finally, a 

CNF solution with a concentration of ~0.7 wt% and a charge density of 1476 µeq g-1 was obtained. 
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AFM characterization 

The surface charge density of CNFs was measured by polyelectrolyte titration at pH 9, with a poly 

(diallyldimethylammonium chloride) solution (PDADMAC). The topologic structures were assessed using a 

dimension ICON atomic force microscopy (AFM) fast scanning system (Bruker, Germany) set to tapping mode. 

 

Cell culture 

MDA-MB-231, A549, Min6, TTF, and L929 cells were obtained from the Chinese Academy of Sciences 

(Shanghai, China). A pancreatic cancer cell line was obtained from a xenograft mouse cell. All cell lines were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and 1X 

penicillin/streptomycin. Mouse hepatocytes were cultured in previously reported medium (Katsuda et al., 2017). 

Cell viability was examined by a Cell Counting Kit-8 (Dojindo). 

 

Mass Spectrometry  

TMT labeling: freshly prepared cell pellets were lysed using 8 M urea in 100 mM of Tris-HCl at pH 8.5. 

The protein concentration was measured by the BCA assay (Pierce), wherein 100 μg of each sample was 

transferred to a new tube for reduction and alkylation with Tris (2-carboxyethyl) phosphine and iodoacetamide, 

respectively. We took an equal amount of peptide for tandem mass tag (TMT) labeling based on the peptide 

concentration by following the manufacturer's protocol (Thermo Fisher Scientific, Waltham, MA, USA). The 

desalted peptide was analyzed using modified MudPIT separation. The sample mixture was analyzed on an 

Easy-nLC1000 chromatograph (Thermo Scientific). 

 

Quantitative proteomics 

Tandem mass spectrometry (MS/MS) analysis was performed by an Orbitrap Elite ETD mass spectrometer 

(Thermo Scientific) equipped with a nano-electrospray ionization source using distal 2-kV spray voltage. The 

full-scan resolution was set to 60,000 and MS/MS scan resolution was set to 30,000. 

 

Bioinformatics analysis  

Protein identification and quantification were conducted with the Integrated Proteomics Pipeline (IP2, 

http://integratedproteomics.com/). MS/MS spectra were applied against a Swiss-Prot Homo sapiens database 

using ProLuCID and DTASelect2.0. The differentially expressed lists were subjected to Ingenuity Pathway 

Analysis (IPA, Qiagen, Ingenuity Systems) and STRING for biological canonical pathways, functions, and 

network analysis. These analyses were performed herein as proof-of-knowledge to help classify, model, analyze, 

and understand complex biological and chemical systems.  

 

Dimension measurement of spheroid  

Images of CMDOs were captured by a Motic stereoscope (BM2000, 4X) with six replicates for each 

sample and processed by CellProfiler (https://cellprofiler.org/) using a customized pipeline. The measurement 

unit of MaximumRadius was the size of the spheroid. 

 

Quantitative polymerase chain reaction (qPCR) 

The total RNA of target cells was isolated with Trizol Reagent (Life/Invitrogen), and qPCR was performed 

with SYBR® Premix Ex Taq™ II with ROX (Takara) on a StepOnePlus™ PCR System (ThermoFisher 

Scientific). The primer sequences are listed in Table 1. 

Table 1. Primer sequences for qPCR. 

Gene Primers 

Afp-F CTTCCCTCATCCTCCTGCTAC 

Afp-R ACAAACTGGGTAAAGGTGATGG 

Alb-F TGCTTTTTCCAGGGGTGTGTT 
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Alb-R TTACTTCCTGCACTAATTTGGCA 

Hnf4α-F CACGCGGAGGTCAAGCTAC 

Hnf4α-R CCCAGAGATGGGAGAGGTGAT 

Cyp3a11-F TGGTCAAACGCCTCTCCTTGCTG 

Cyp3a11-R ACTGGGCCAAAATCCCGCCG 

Krt19-F GGGGGTTCAGTACGCATTGG 

Krt19-R GAGGACGAGGTCACGAAGC 

Tbx3-F GAGGCCAAGGAACTTTGGGA 

Tbx3-R AGGGAACATTCGCCTTCCTG 

Sox9-F TGCTGGTGTGGTGAAAGGTT 

Sox9-R CCAGGAGCAACAAAGTTGGC 

β-Actin-F GGCTGTATTCCCCTCCATCG 

β-Actin-R CCAGTTGGTAACAATGCCATGT 

 

Histology and immunohistochemistry 

All samples were fixed in 4% paraformaldehyde by standard protocols. The fixed samples were stained 

with hematoxylin and eosin (H&E) for histopathological evaluation, and the images were processed with Leica 

THUNDER Imager (Leica, Germany). 

 

Statistical analysis 

Statistical differences were assessed using an unpaired Student’s t-test by GraphPad Prism software. The 

significance levels were set at *p<0.05, **p<0.01, and ***p <0.001, whereas p>0.05 was considered as not 

significant.  

 

Results and Discussion 

CNF matrix-driven formation of spheroids (CMDO) 

In the CMDO system, CNFs (Fig. S1) were prepared as the biomimetic extracellular matrix. They were 

fabricated by following a previous report (Kobayashi et al., 2014), which yielded individual nanofibrils with a 

coniferous shape of 20–30 nm in width and 300-500 nm in length (Fig. 1). The properties of these CNFs are 

suitable for spheroid formation. CNFs are low-cost and biocompatible, with good performance on cell viability 

(Ferreira et al., 2020; Yang et al., 2020; Mittal et al., 2018; Zhang et al., 2020). The length/width dimension of 

as-fabricated CNFs is similar to the size of natural collagen nanofibrils (Holmes et al., 2018; Robins et al., 2006; 

Winkler et al., 2001; Fang et al., 2013; Davies, 2013), allowing the construction of a biomimetic 

microenvironment. In living tissues, cells exist in complex microenvironments, with cells in a 3D niche and 

interacting with the extracellular matrix. Hence, the flexible CNFs, based on their biomimetic nanostructure, 

should allow fast multi-cell aggregation for CDMO. The spheroid was achieved within 48 h (Fig. 1), with a 

significant improvement in processing efficiency compared to cells grown in Matrigel, with the latter taking 1-3 

weeks and yielding small cell clusters (Badea et al., 2019; Xiao et al., 2022). Thus, it was confirmed that CNFs 

are required for spheroid formation because the control group without CNF failed to form a whole unit.  
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Fig. 1 Cellulose nanofibril (CNF) matrix-driven formation of spheroids (CMDO). (A) The strategy of 

CMDO. (B) AFM images of CNFs at a gradient concentration of 0.76 wt%. (C) Pancreatic cancer cell aggregate 

without CNFs (48 h). (D). Pancreatic cancer cell spheroid formation (48 h).  

 

Furthermore, it was observed that the formation of tumoroid was dependent on CNF concentration (Fig. 

S2). To this end, a concentration of 0.38-0.76 μg/mL of CNFs was the optimal range for the formation of 

spheroids, to efficiently drive cell assembly into a single, integrated unit (Fig. S2). CNFs at lower 

concentrations (0-0.12 μg/mL) only formed small clusters sparsely dispersed in culture media (Fig. S2). Thus, 

by tuning the CNF concentration, the fabrication of CMDOs is controllable: the clustered or dispersed cells are 

assembled into aggregates with pre-set dimensions. To better understand the formation process, fluorescence 

images were used to explore the aggregation process for 24 h (Fig. 2A). H&E staining allowed the assessment 

of microstructure of the formed spheroids (Fig. 2B,C), which showed that spheroids were found in a 

mesostructured space surrounded by ring-shaped condensate cells (Lawlor et al., 2021; Saito et al., 2019; Fujii 

et al., 2016). 

 

Fig. 2 Microscopic Images of Spheroids. (A) Immunostaining of aggregated spheroids (with 0.38 μg/mL 
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CNFs) at 24 h: Actin staining (green); DAPI (blue); and merged image. (B, C). H&E staining at 48 h (pancreatic 

cancer cell spheroids with 0.38 μg/mL CNFs). 

 

Quantitative proteomics for tumoroids  

In order to understand the protein-protein interactions during spheroid formation, we conducted 

quantitative proteomics. Changes in protein expression occurring within the spheroid initiation phase (0-24 h) 

might be vital in developing this complex tumor-like structure. However, the molecular mechanisms involved 

in the onset of tumoroid remain elusive. We performed systematic quantitative proteomics involving TMT 

labeling, which allowed the simultaneous identification and quantification of the protein expression profile. 

 
Fig. 3 Quantitative proteomics for tumoroids.  (A) Heatmap of proteins related to cell junction and assembly 

during tumoroid formation (red represents upregulation while blue represents downregulation). (B) IPA protein 

function clusters based on quantitative proteomics (red represents upregulation while blue represents 

downregulation). (C) Western blot of LAMB3 at different CNF gradients, with GAPDH acting as control. 

 

The proteomic trajectories implicated in molecular mechanisms relevant to cell death and survival, cellular 

development, cellular growth, and proliferation were observed at 8 h. The proteomics profile transformed into 

one of cancer pathogenesis, cellular movement, and tissue development at 24-48 h (Fig. S3). These protein 

expression changes corresponded with the physiological features of the aggregating process at 8 h (Figure S3) 

and the stabilized stage at 24-48 h (Fig. S3). Numerous metabolic processes participated in epithelial cell 

development, cell junction organization, assembly, and related functions. Most of the identified proteins were 

classified into cell adhesion, movement and communication, which was a response to the microenvironmental 

change (Fig. 3B). The heatmap (Fig. S3) showed the proteomic profile during aggregation, and two enrichments 

during epithelial cell development (Fig. S4), cell adhesion and movement (Fig. S5) were also clearly illustrated. 

The enhancement of laminin (Fig. 3A) indicated cell movement and cell-cell communication, which was in 

good agreement with the results of IPA analysis (Fig. 3B) and protein–protein networks on STRING (Fig. S6). 

Laminin is a protein present in the extracellular matrix of organs or tissues, providing support and attachment 

for cells (Aumailley, 2013). Together with other extracellular matrix proteins, laminin molecules form sheets 
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and drive the cells to establish connective tissue (Rohn et al., 2018; Nguyen and Senior, 2006; Miner and 

Yurchenco, 2004). Furthermore, LAMB3, encoding the laminin protein, regulates cell movement and 

attachment (Zhu et al., 2020; Jung et al., 2018; Chung et al., 2014; Fitsialos et al., 2008) and is directly involved 

in the formation and organization of basement membranes during morphogenesis (Chung et al., 2014; Fitsialos 

et al., 2008; Buchroithner et al., 2004). Therefore, we validated its expression profile by Western blot (Fig. 3C) 

and found it to be highly promoted during tumoroid formation.  

 

CDMO generates highly reproducible spheroids  

We next assessed the reproducibility of CDMO on 96-well plates. With a given number of initiating cells 

and dosage of CNFs, the reproducibility of CMDO was high as shown by six repeats for each CNF 

concentration at 48 h (Fig. 4A). Furthermore, the stabilization of CMDO was achieved within 2 days, indicating 

significant improvement in processing efficiency compared with control groups without CNF. Additionally, the 

resulting tumoroid showed morphological homogeneity (Fig. 4A). Cell viability and dimension accuracy were 

reproducible across all 96 wells (Figs. 4B,4C).  

 

Fig. 4 Experimental reproducibility of CDMO. (A) Experimental reproducibility of pancreatic cancer cell 

spheroids on 96-well plates. The reproducibility was high, as evidenced by six repeats for each CNF 

concentration. (B) Viability of tumoroid and PBS group as control. (C) The dimension of spheroids (measured 

by maximum radius) within the 96-well plate.  

 

Application by CDMO on different cell types 

We further evaluated the performance of CMDO using different cell types, including cancer cell lines 

(A549 and MDA-MB-231), fibroblast cell line (L929), tail-tip fibroblasts (TTF), β-cells (Min6), and mouse 

hepatocytes (Hmm). A larger number of cells was found to generate greater-sized spheroids (Figs. 5A-F). The 

experimental reproducibility was high but with a slight standard deviation. Thus, CNFs were regarded as useful 

as a universal biomimetic scaffold that dynamically facilitates cell aggregation and spheroid formation (Figs. 

5B-F). The cell type was detected to determine the shape, conformation and dimension of the as-formed 
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spheroid. Cancer cells all exhibited a spheroidal morphology, whereas β-cells exhibited a polygonal shape (Fig. 

5G). Spheroids grown from L929 cells showed a typical round conformation, while TTF presented a 

condensation architecture (Fig. 7G).  

 

Fig. 5 CNF-induced spheroid formation at 48 h with increasing cell numbers.(A) Illustration of the 

relationship between spheroid dimension and cell number. Plots of spheroid size versus cell number for (B) 

A549, (C) MDA-MB-231, (D) Min6, (E) L929, and (F) TTF. (G) Brightfield images of CNF-induced spheroid 

formation at 48 h with increasing cell numbers (scale bar, 2 mm). 

 

Hepatocyte spheroid by CDMO 

Hepatocytes are the main components and functional cells of the liver (Katsuda et al., 2017). Herein, we 

constructed a hepatocyte spheroid by CMDO. CNFs were able to drive mouse hepatocytes into a spheroid with 

excellent reproducibility (Fig. S7). An integrated and stable hepatocyte spheroid array with hepatic function is 

in high demand for clinical research and the pharmaceutical industry. Thus, we built a high-throughput 

hepatocyte array, wherein liver spheroids were formed in unified and controlled dimensions. For each 
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hepatocyte spheroid, the hepatic function was validated by functional gene expression (Fig. 6). The expression 

of functional liver markers was significantly increased (hepatocytes markers: Alb, Hnf4α, Cyp3a11; 

cholangiocytes markers: Krt19), suggesting parallel lineage specification into hepatocytes and polarized 

cholangiocytes (Fig. 6). Furthermore, the hepatocyte spheroids exhibited higher expression of liver stem cell 

markers, such as Afp, Tbx3, and Sox9.  

 
Fig. 6. Comparison of liver function-related gene profiles between monolayer cells and spheroids 

(monolayer culture is represented by the standard collagen dish coating culture method). (A) Hepatocyte 

markers: Alb, Hnf4α, Cyp3a11; (B) liver stem cell markers: Afp, Tbx3, Sox9; (C) cholangiocyte markers: Krt19. 

 

Conclusion 

In this study, we developed a nanofibril-driven technology for multi-cell spheroid formation as a strategy 

of CDMO. This nanofibril-integrated technology effectively promoted cell aggregation into a well-organized 

unit that enhanced the physiological structure and biological function. This approach was demonstrated as 

practical, reproducible, and validated using various cell types. In addition, CNF-based CMDOs were shown to 

facilitate spatiotemporal support for spheroid or tumoroid formation.  
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