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Abstract 

In recent years, tissue engineering approaches are commonly used to develop in vitro models of 

cancer for both the primary sites of cancer as well as metastatic sites of cancer. Here, we review 

advanced nanocomposite materials and scaffolds used for the design of in vitro models of cancer. 

These models recapitulate the tumorigenic phenomena, including epithelial to mesenchymal 

transition, mesenchymal to epithelial transition, migratory characteristics of metastasis, and 

chemoresistance for creating environments.  We specifically illustrate the use of tissue-engineered 

bone as in vitro models for metastatic prostate and breast cancer, since these two types of cancer 

have the propensity to metastasize to bone. We also discuss the significant pros and cons related 

to each biomaterial and their improvement methods, thus highlighting the role of scaffolds in tumor 

evaluation and future directions for modulating cellular phenotype in 3D disease models.  

Introduction 

According to the World Health Organization, cancer is the second leading cause of death globally, 

resulting in an estimated 9.6 million deaths in 2018. Often, no effective treatment is available when 

cancer spreads to distant organs through a process called metastasis [1-3]. Preclinical studies on 

cancer drug developments often rely on conventional two-dimensional (2D) cultures, which do not 

faithfully recapitulate the three-dimensional (3D) tumor microenvironment, thus failing to capture 

realistic drug response, leading to ineffective translation of preclinical studies to clinical trials [4]. 

In 2D monolayer cultures, cell-cell, cell-matrix interactions are limited compared to in vivo, 

leading to poor phenotypic retention [5]. In vivo models mimic native 3D microenvironment and 

provide real-time insights into the mechanism of tumor initiation, progression, and drug response. 

However, these models are costly, time-consuming, and often fail to reflect human response due 
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to their immune-deficiency and species difference. Also, these models fail to achieve metastasis 

before the animal dies. Recently, 3D in vitro model systems have been at the forefront of cancer 

research due to attempts to mimic in vivo tissue while showing a good correlation with clinical 

outcomes [6]. These efforts are particularly crucial for the creation of microenvironments of 

metastasis.  

Tissue engineering approaches are commonly used to develop 3D disease models of various 

cancers efficiently. The tissue engineering approach includes isolation and culture of specific cell 

types onto 3D scaffolds to generate tissues for implantation into the patient to restore or augment 

tissue function [7]. The scaffolds are usually made up of degradable or non-degradable 

biomaterials. They can provide biophysical and biochemical cues to the cells to facilitate tissue 

formation, while porous microstructure helps nutrient supply and waste removal throughout tissue 

growth [8]. Natural materials such as chitosan, alginate, silk have been successfully used as 

biomaterials for tissue engineering applications. Synthetic materials such as polycaprolactone, 

polyurethane, polyethylene glycol, poly-L-lactide have also been used to develop scaffolds with 

improved mechanical properties compared to natural materials. Tissue engineering approaches 

help to improve cell attachment, proliferation, differentiation, and extracellular matrix (ECM) 

formation in vitro [9,10]. Some studies have incorporated nanoparticles within the polymer matrix 

to mimic the nanocomposite structure of natural tissue while improving the scaffolds' mechanical 

properties. Nanostructured biomaterials scaffolds have been shown to replicate tumorigenic 

phenomena in the form of 3D in vitro models, which could be used for the discovery and 

development of anti-cancer therapeutics.  

In this review, recent examples of how advanced nanomaterials are utilized to recapitulate 

tumorigenic phenomena, including epithelial to mesenchymal transition, mesenchymal to 
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epithelial transition, metastasis, and chemoresistance to create environments at both the primary 

and metastatic sites of cancer are shown. We specifically illustrate the use of tissue-engineered 

bone as in vitro models for metastatic prostate and breast cancer, since these two types of cancer 

have the propensity to metastasize to bone. We also discuss the significant pros and cons related 

to each biomaterial, thus highlighting the role of scaffolds in tissue-engineered tumor models and 

future directions for modulating cellular phenotype in 3D disease models. 

Hydroxyapatite-based scaffolds: 

The mineral hydroxyapatite (HAP) (Ca10(PO4)6(OH)2), with stoichiometries mimicking bone-like, 

Ca/P ratios of ~1.67 has been well investigated for bone tissue engineering. The current literature 

also suggests some application of HAP for a 3D in vitro cancer model, in particular for bone 

metastatic cancer such as breast cancer [11], prostate cancer [12], and osteosarcoma [13].   

Hydroxyapatite is a ceramic material, and it is challenging to fabricate 3D in-vitro models from 

them directly. Thus, HAP is frequently combined with other polymeric materials to construct 

composite scaffolds. At the nano level, HAP possesses a high surface area, which is known to be 

critical for cell-biomaterial interactions. The critical nano-sized HAP particles have also been 

evidenced for their antitumor activity [14]. Nano HAP particles were shown to promote the 

adsorption of serum proteins onto the scaffold surface that leads to increased breast cancer cell 

adhesion and growth compared to crystalline HA nanoparticles [15]. In a recent study, it is shown 

that nanocrystalline HAP stimulates the malignancy of ductal breast carcinoma cells (Figure 1). 

The exact cause of such enhancement in breast cancer malignancy is attributed to non-

stoichiometric hydroxyapatite associated calcification. The results showed increased expression of 

pro-tumorigenic cytokine IL-8 in MCF10.com breast cancer cells grown on HAP loaded 
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poly(lactide-co-glycolide) (PLG) scaffolds compared to control (PLG scaffolds without HAP) 

samples signifying that homing of breast cancer cells on HAP-based scaffolds provide suitable 

microcalcification environment that triggers their malignancy rate [11]. 

Tricalcium phosphate-based scaffolds: 

Tricalcium phosphate (TCP) chemically defined as Ca3(PO4)2 comprises of two phases, α-phase, 

and β-phase. Generally, β-TCP is more stable and has a higher biodegradation rate than α-TCP. 

However, in contrast to HA, β-TCP is less stable yet possesses a higher degradation rate. 

Previously, β-TCP has been considered as an excellent material for bone tissue-engineered 

constructs due to its higher biocompatibility and osteoconductive properties. These properties are 

mainly attributed to its Ca/P ratio of 1.5 that closely resembles the concentration of bone minerals. 

However, recently TCP has been investigated extensively in creating 3D in vitro and in vivo bone 

metastatic cancer models [16-18].  

Further, β-TCP is known to exhibit a high resorbable interlocking network within the bone defect 

site to promote its healing. A recent study demonstrated enhanced ectopic bone formation by the 

PCL/ TCP scaffolds generated by the electrospinning technique due to the excellent integration of 

scaffold into host bone tissue of NOD/SCID mice. Next, to mimic invasion of breast cancer cells 

on a naïve bone tissue, breast cancer cells were implanted adjacent to scaffold that led to the 

induction of osteoclastic bone reaction in bone tissue-engineered construct [17].  

Several fabrication methods have been employed to improve scaffold pore size and pore 

interconnectivity in the TCP scaffolds. For instance, a recent study showed tailored pore geometry 

of β-TCP scaffolds using 3D wax printing and a slip casting fabrication technique depicted in 

Figure 2, to study the behavior bone marrow metastasized neuroblastoma cells [18]. Another 
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approach employed to improve the porosity of β-TCP scaffolds is 3D printing technology. In a 

study, PCL/ β-TCP scaffolds were fabricated by 3D printing technology to generate a bone 

substitute for osteosarcoma. The outcomes of the study suggest a significant improvement in limb 

function with a gradual increase in weight distribution and decrease asymmetry over time [16]. 

Biobased scaffolds: 

Alginates are biobased materials obtained from extracts of brown algae that are block copolymers 

of β-D-mannuronate (M) and α-L-guluronate (G) linked via (1,4) linkage. The ratio of M/G plays 

a critical role in tuning the mechanical properties of alginate-based hydrogels. Alginate gels with 

high G-block concentration are usually stiffer and exhibit little or no immune response in vivo than 

high M-block alginates. Various studies have attempted to illustrate a pattern between substrate 

stiffness and cancer cell viability [19,20]. These scaffolds are often investigated to recapitulate the 

primary site breast cancer and also evaluate drug efficacies under 3D conditions[21]. 

Alginate has various advantages over other polymeric materials that include low cost and ease in 

achieving tailored mechanical properties by varying the crosslinker concentration and crosslinking 

time. However, an increase in crosslinker concentration of alginate scaffolds also enhances cellular 

toxicity that limits their application as tissue-engineered constructs. The other major limitation 

includes a lack of surface ligands on alginate scaffolds for cell attachment. Thus, the alginate 

scaffold surface is commonly covalently modified with adhesion peptides to improve cell-scaffold 

interactions such as incorporation of arginine-glycine-aspartic acid (RGD) peptide sequence on 

alginate scaffold surface [19].  

To further overcome these limitations, researchers have also investigated the various combination 

of alginate with other polymeric materials (e.g., matrigel, gelatin) [22,23]. These studies develop 



7 
 

alginate-Matrigel and alginate-gelatin based 3D in-vitro models for a highly metastatic breast 

cancer cell line (MDA-MB-231).  

Although significant studies have been conducted for the use of chitosan (a shrimp shell derived 

polymer) as drug delivery agents [24,25], recent studies also involve the use of chitosan-based 

scaffolds for bone tissue engineering for the development of cancer models [26,27]. Many efforts 

often use nano-hydroxyapatite to enable bone mineralization. Since the extracellular matrix of 

normal prostate tissue and prostate cancer both have chondroitin sulfate, this additive is also 

included in recent efforts to design prostate cancer in vitro models[28].  

Silk based scaffolds: 

Silk obtained from various sources such as Bombyx mori silkworm and Antheraea pernyi 

silkworm is a natural biodegradable material that consists of two major proteins, fibroin and 

sericin. The purification of silk to regenerated silk fibroin (RSF) involves the removal of the sericin 

layer that is believed to elicit prompt immune response during in-vivo applications. RSF based 

scaffolds have been extensively investigated for tissue engineering applications due to its fast 

biodegradation, excellent water holding capacity, and good mechanical properties [29]. The 

mechanical properties of silk fibroin are mainly attributed to a large number of β-sheets domains, 

which in turn influences the crystallinity of RSF. Recently, an increased interest has been 

developed to tailor the mechanical properties of RSF to create improved 3D in vitro cancer models. 

A recent study [30] suggested the effect of increasing mechanical properties of chemically 

crosslinked silk scaffolds on cancer migration rate. The results showed enhanced migration of 

cancer cells on 2% eSF hydrogels over 3%, where no cell migration was observed. The primary 
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cause of such variation in-migration rate is attributed to high matrix stiffness (1136 ± 94 Pa) of 

3% eSF hydrogels compared to lower stiffness of the 2% eSF hydrogels (488 ± 72 Pa).  

Decellularized biological scaffolds: 

Decellularized extracellular matrix (dECM) based scaffolds have been developed an immense 

interest in the field of tissue engineering. The objective of decellularization involves complete 

elimination of cells (<50 ng dsDNA per mg ECM dry weight) from the harvested tissue/organ 

using various physical, chemical, and enzymatic methods while preserving composition and 

ultrastructural architecture of native extracellular matrix. dECM approach has been widely to 

construct a bioengineered organ or tissue such as kidney [31], liver [32], blood vessels [33], and 

trachea [34]. However, in the case of generating 3D in-vitro tumor models, dECM techniques have 

four approaches. The first approach of dECM includes decellularization of harvested tissue and 

use it "in-situ" to create in-vitro tumor models that precisely mimics complex ECM niche. For 

instance, a 3D in-vitro cancer model of colon cancer was developed using scaffolds derived from 

decellularized porcine jejunum. The study showed coculturing of two different human colon 

cancer cell lines (Caco2, SW480) with fibroblast grown on dECM resulted in mesenchymal to 

epithelial transition (MET) and tumor-like aggregates formation of SW480. In contrast, Caco2 

cells were grown as a monolayer and made a separate compartment from fibroblasts [35]. The next 

approach of dECM is to ameliorate the biological activity of natural or synthetic materials. A recent 

study utilized a blend of alginate gel beads and decellularized liver matrix (DLM) powder to create 

a 3D in-vitro model of hepatocellular carcinoma. Alginate hydrogels do not possess receptors that 

are vital for cell adhesion; hence blending with ECM powder could overcome bio-inertness of 

alginate gels. The study evaluated a range of DLM powder concentrations on the mechanical and 

structural stability of the in-vitro model. The outcomes suggested that alginate beads with DLM 
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concentration ≤1% were mechanically more stable and had intact spherical geometry [36]. The 

third approach is to employ dECM as soft hydrogels for constructing the in-vitro tumor model. In 

a current study, the patient's brain tissue-derived ECM (pdECM) was employed to create 3D 

hydrogels as an in-vitro model of glioblastoma. The pdECM based hydrogel scaffolds showed an 

average elastic modulus of 78.09 ± 29.22 Pa that was comparable to brain tissue modulus [37]. 

The most recent and advanced application of dECM is to create a layered tissue matrix scaffold 

(TMS). Li and group have created a 3D-invitro model of MM231 breast cancer cells by coculturing 

MM231 with GM637 (fibroblast cells) in a separate hydrogel layer of dECM. The schematic of 

the scaffold formation is given in Figure 3. Briefly, decellularized breast tissue (DBT) of mice 

was utilized to fabricate porous DBT-TMS with a porosity of 100 μm. MM231 cells were seeded 

on this porous DBT-TMS followed by a coating of blank TMS layer and finally coated with a 

second hydrogel layer seeded with GM637 cells to create a 3D in-vitro model. The major 

advantage of such a multilayered system is to mimic layered tissue structures in-vivo and to 

evaluate the interactions of cancer cells with different cell lines using a single system [38]. 

Although various approaches of dECM have been defined yet designing in-vitro cancer models is 

always challenging due to variation in native ECM; thus, intensive optimization is required to 

evade batch to batch variation. Also, employing dECM as scaffolds is always relatively more 

expensive than other polymeric materials and sometimes needs strict adherence to the ethical 

procedure.  

Nanoclay-based In vitro Models of Bone Metastasis 

Clay minerals have been extensively used in the biomedical industry for a variety of applications, 

including wound healing, drug delivery, and tissue regeneration [39,40]. Nanoclays are 
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nanoparticles of layered silicates with one octahedral alumina sheet sandwiched between two 

tetrahedral silica sheets [41]. Nanoclays have previously been used as filler materials to improve 

the mechanical properties of polymeric materials when added in small quantities, and the altered 

phase model describes the mechanisms of property enhancement by nanoclays[42]. While 

commercial clays are investigated for biomedical applications, Katti & Katti group pioneered the 

use of engineered nanoclays with tailored clay modifications in tissue engineering scaffolds[43]. 

Further, nanoclay modified with amino acids was developed to mineralize hydroxyapatite (HAP) 

mimicking biomineralization in human bone [44]. The modified nanoclay was used to develop 

nanocomposite scaffolds with polymers, and hMSCs were cultured to investigate cellular response. 

Results indicated the formation of mineralized bone-like ECM via vesicular delivery by 

osteogenically differentiated MSCs on PCL/in situ HAPclay without the use of osteogenic 

supplements [45,46]. The sequential culture of prostate and breast cancer cells on the bone mimetic 

scaffolds nanoclay-based system indicates mesenchymal to the epithelial transition of prostate and 

breast cancer cells [47-50]. Further, the impact of cancer cells at the bone site was shown to impact 

and influence the osteogenesis through the role of Wnt/β-catenin signaling in breast cancer 

mediated osteogenesis at the metastatic bone site [51]. We observed that cancer-derived factors 

such as dickkopf-1 (DKK-1) and endothelin-1 (ET-1) were involved modulating bone 

mineralization via Wnt/β-catenin pathway. In another study, the prostate cancer phenotype was 

observed to influence bone mineralization at metastases [52]. Just as the evaluation of cancer at 

metastasis significant, so also is the impact of cancer cells on the bone site, as mortalities due to 

prostate and breast cancer result from skeletal failures due to metastasis. Further, the bone 

microenvironment is observed to confer drug resistance in breast cancer cells at metastases. 

Results showed bone-microenvironment secreted interleukin-6 (IL-6) activated signal transducer 
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and activator of transcription 3 (STAT3) in breast cancer cells, which conferred chemoresistance 

by inhibiting apoptosis and promoting efflux of drugs [53].  

 

Conclusion 

In recent years, studies towards building realistic 3D in vitro models of cancer are extensively 

popular. Although the pharmaceutical and drug delivery space is enthused towards the design of 

3D systems for evaluation of drug penetration and efficacies, the development of 3D systems by 

itself is insufficient for recapitulating the metastasis environment. Hence, efforts towards the use 

of hypoxia chambers to study 3D cultures are also limiting, since the true nature of hypoxia, is an 

inherent characteristic of cancer tumors and can be captured accurately in the in vitro 3D models 

are truly replicative of the biological environment.  

Here, we describe the efforts in the literature that use various novel bone tissue engineering 

approaches to develop bone-like environments using advanced biomaterials based on tissue 

engineering. While therapeutic strategies ranging from bone stabilizing drugs and tissue-

engineered bone replacement are currently administered, recent advances in the evaluation of bone 

metastasis through in vitro models are suggestive of transformative approaches in the future. One 

such study proposes inducing tumor dormancy in bone microenvironment at metastasis as a new 

therapeutic strategy for bone metastasis[54]. Indeed, the mortality of prostate cancer and breast 

cancer results from skeletal defects. The role of newly arrived cancer cells at bone site dramatically 

affects osteogenesis  [51], causing disruption in bone formation, and hence the skeletal defects, as 

also observed is the concurrent effect bone on breast cancer [55].  Thus both the role of the bone 

microenvironment in causing metastasis, as well as the role of cancer cells on bone remodeling, 

are essential. In addition, the use of patient-derived xenografts and organoid cultures over the 
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cancer cell lines are also being used [56] that further help duplicates the complexity of tumor-

stroma interactions. Overall, the advanced manufacturing studies in tissue engineering, as well as 

the use of advanced nanobiomaterials, are leading to the development of realistic 3D models of 

metastasis of cancer and it is expected that these studies will lead to new therapies resulting from 

advanced knowledge of the microenvironments at metastasis in the future that would reduce the 

substantial cancer burden on humanity.  

 

Acknowledgments 

This work is made possible through the support of NSF OIA NDACES-1946202. Authors would 

also like to acknowledge support from the NDSU Grand Challenges program for support of the 

Center for Engineered Cancer Testbeds.  

 

References 

Papers of particular interest, published within the period of review, have been highlighted as:  

* of special interest and * * of outstanding interest 

1. Chaffer CL, Weinberg RA: A Perspective on Cancer Cell Metastasis. Science 2011, 331:1559-1564. 
2. Valastyan S, Weinberg RA: Tumor Metastasis: Molecular Insights and Evolving Paradigms. Cell 2011, 

147:275-292. 
3. Lambert AW, Pattabiraman DR, Weinberg RA: Emerging Biological Principles of Metastasis. Cell 2017, 

168:670-691. 
** A comprehensive recent review on the detailed cellular and molecular mechanisms involved in 

metastasis. 
4. Unger C, Kramer N, Walzl A, Scherzer M, Hengstschläger M, Dolznig H: Modeling human carcinomas: 

physiologically relevant 3D models to improve anti-cancer drug development. Advanced drug 
delivery reviews 2014, 79:50-67. 

5. Sia D, Moeini A, Labgaa I, Villanueva A: The future of patient-derived tumor xenografts in cancer 
treatment. Pharmacogenomics 2015, 16:1671-1683. 

6. Katt ME, Placone AL, Wong AD, Xu ZS, Searson PC: In vitro tumor models: advantages, disadvantages, 
variables, and selecting the right platform. Frontiers in bioengineering and biotechnology 2016, 
4:12. 

* A comprehensive recent review of of various variables in the design of in vitro models. This review covers 
various models used to specifically study migratory behavior of cancer through transwell assays. 



13 
 

 
7. Langer R, Vacanti JP, Vacanti CA, Atala A, Freed LE, Vunjak-Novakovic G: Tissue engineering: biomedical 

applications. Tissue engineering 1995, 1:151-161. 
8. Dvir T, Timko BP, Kohane DS, Langer R: Nanotechnological strategies for engineering complex tissues. 

Nature nanotechnology 2011, 6:13. 
9. Wildt BWMd, Ansari S, Sommerdijk N, Ito K, Akiva A, Hofmann S: From bone regeneration to three-

dimensional in vitro models: tissue engineering of organized bone extracellular matrix. Current 
opinion in biomedical engineering 2019, 10:9. 

* This study covers recent advances in elaborating the extracellular matrix requirementsfor an optimal 3D 
bone metastasis in  vitro model. The article emphasizes the role of the complex ECM of bone 
environment for design of in vitro models. 

 
10. Chiara G, Letizia F, Lorenzo F, Edoardo S, Diego S, Stefano S, Eriberto B, Barbara Z: Nanostructured 

biomaterials for tissue engineered bone tissue reconstruction. International journal of molecular 
sciences 2012, 13:737-757. 

11. He F, Springer NL, Whitman MA, Pathi SP, Lee Y, Mohanan S, Marcott S, Chiou AE, Blank BS, Iyengar 
N: Hydroxyapatite mineral enhances malignant potential in a tissue-engineered model of ductal 
carcinoma in situ (DCIS). Biomaterials 2019, 224:119489. 

* This article shows experimental studies that demonstrate the role of hydroxyapatite on inducing the 
malignant potential. They have reported here that the hydroxyapatite mineral in scaffolds 
increased the expression of pro-tumorigenic interleukin-8 (IL-8) . Design of in vitro models of bone 
metastasis benefit from this study. 

 
12. Cruz‐Neves S, Ribeiro N, Graça I, Jerónimo C, Sousa SR, Monteiro FJ: Behavior of prostate cancer cells 

in a nanohydroxyapatite/collagen bone scaffold. Journal of Biomedical Materials Research Part 
A 2017, 105:2035-2046. 

13. Rong Z-J, Yang L-J, Cai B-T, Zhu L-X, Cao Y-L, Wu G-F, Zhang Z-J: Porous nano-hydroxyapatite/collagen 
scaffold containing drug-loaded ADM–PLGA microspheres for bone cancer treatment. Journal 
of Materials Science: Materials in Medicine 2016, 27:89. 

14. Zhang K, Zhou Y, Xiao C, Zhao W, Wu H, Tang J, Li Z, Yu S, Li X, Min L: Application of hydroxyapatite 
nanoparticles in tumor-associated bone segmental defect. Science advances 2019, 5:eaax6946. 

15. Pathi SP, Lin DDW, Dorvee JR, Estroff LA, Fischbach C: Hydroxyapatite nanoparticle-containing 
scaffolds for the study of breast cancer bone metastasis. Biomaterials 2011, 32:5112-5122. 

16. Choi S, Oh Y-I, Park K-H, Lee J-S, Shim J-H, Kang B-J: New clinical application of three-dimensional-
printed polycaprolactone/β-tricalcium phosphate scaffold as an alternative to allograft bone 
for limb-sparing surgery in a dog with distal radial osteosarcoma. Journal of Veterinary Medical 
Science 2019:18-0158. 

17. Quent VMC, Taubenberger AV, Reichert JC, Martine LC, Clements JA, Hutmacher DW, Loessner D: A 
humanised tissue‐engineered bone model allows species‐specific breast cancer‐related bone 
metastasis in vivo. Journal of tissue engineering and regenerative medicine 2018, 12:494-504. 

18. Aveic S, Davtalab R, Vogt M, Weber M, Buttler P, Tonini GP, Fischer H: Calcium phosphate scaffolds 
with defined interconnecting channel structure provide a mimetic 3D niche for bone marrow 
metastasized tumor cell growth. Acta biomaterialia 2019, 88:527-539. 

19. Khavari A, Nydén M, Weitz DA, Ehrlicher AJ: Composite alginate gels for tunable cellular 
microenvironment mechanics. Scientific reports 2016, 6:30854. 

* This article demonstrates the use of tuning the mechanical behavior of scaffolds to match cancer primary 
site, to influence the cellular proliferation.   

 



14 
 

20. Cavo M, Fato M, Peñuela L, Beltrame F, Raiteri R, Scaglione S: Microenvironment complexity and 
matrix stiffness regulate breast cancer cell activity in a 3D in vitro model. Scientific reports 2016, 
6:35367. 

21. Li XR, Deng QF, Zhuang TT, Lu Y, Liu TJ, Zhao WJ, Lin BC, Luo Y, Zhang XL: 3D bioprinted breast tumor 
model for structure-activity relationship study. Bio-Design and Manufacturing:12. 

22. Cavo M, Caria M, Pulsoni I, Beltrame F, Fato M, Scaglione S: A new cell-laden 3D Alginate-Matrigel 
hydrogel resembles human breast cancer cell malignant morphology, spread and invasion 
capability observed “in vivo”. Scientific reports 2018, 8:1-12. 

* A detailed experimental study for demonstration of a alginate-based scaffold for design of primary site 
breast cancer in an effective in vitro model. 

 
23. Jiang T, Munguia-Lopez JG, Gu K, Bavoux MM, Flores-Torres S, Kort-Mascort J, Grant J, Vijayakumar S, 

De Leon-Rodriguez A, Ehrlicher AJ, et al.: Engineering bioprintable alginate/gelatin composite 
hydrogels with tunable mechanical and cell adhesive properties to modulate tumor spheroid 
growth kinetics. Biofabrication 2020, 12. 

24. Jain K, Kesharwani P, Gupta U, Jain NK: A review of glycosylated carriers for drug delivery. 
Biomaterials 2012, 33:4166-4186. 

25. Thambi T, Deepagan VG, Yoon HY, Han HS, Kim S-H, Son S, Jo D-G, Ahn C-H, Suh YD, Kim K, et al.: 
Hypoxia-responsive polymeric nanoparticles for tumor-targeted drug delivery. Biomaterials 
2014, 35:1735-1743. 

26. Kievit FM, Florczyk SJ, Leung MC, Veiseh O, Park JO, Disis ML, Zhang M: Chitosan-alginate 3D scaffolds 
as a mimic of the glioma tumor microenvironment. Biomaterials 2010, 31:5903-5910. 

27. Dhiman HK, Ray AR, Panda AK: Three-dimensional chitosan scaffold-based MCF-7 cell culture for the 
determination of the cytotoxicity of tamoxifen. Biomaterials 2005, 26:979-986. 

28. Xu KL, Wang Z, Copland JA, Chakrabarti R, Florczyk SJ: 3D porous chitosan-chondroitin sulfate 
scaffolds promote epithelial to mesenchymal transition in prostate cancer cells. Biomaterials 
2020, 254:13. 

29. Thurber AE, Omenetto FG, Kaplan DL: In vivo bioresponses to silk proteins. Biomaterials 2015, 71:145-
157. 

30. Carvalho MR, Maia FR, Vieira S, Reis RL, Oliveira JM: Tuning enzymatically crosslinked silk fibroin 
hydrogel properties for the development of a colorectal cancer extravasation 3D model on a 
chip. Global Challenges 2018, 2:1700100. 

31. Fedecostante M, Onciu OG, Westphal KGC, Masereeuw R: Towards a bioengineered kidney: 
recellularization strategies for decellularized native kidney scaffolds. The International Journal 
of Artificial Organs 2017, 40:150-158. 

32. Chen Y, Geerts S, Jaramillo M, Uygun BE: Preparation of decellularized liver scaffolds and 
recellularized liver grafts. In Decellularized Scaffolds and Organogenesis. Springer; 2017:255-270. 

33. Porzionato A, Sfriso MM, Pontini A, Macchi V, Buompensiere MI, Petrelli L, Bassetto F, Vindigni V, De 
Caro R: Development of small-diameter vascular grafts through decellularization of human 
blood vessels. Journal of Biomaterials and Tissue Engineering 2017, 7:101-110. 

34. Xu Y, Li D, Yin Z, He A, Lin M, Jiang G, Song X, Hu X, Liu Y, Wang J: Tissue-engineered trachea 
regeneration using decellularized trachea matrix treated with laser micropore technique. Acta 
biomaterialia 2017, 58:113-121. 

35. Nietzer S, Baur F, Sieber S, Hansmann J, Schwarz T, Stoffer C, Häfner H, Gasser M, Waaga-Gasser AM, 
Walles H: Mimicking metastases including tumor stroma: a new technique to generate a three-
dimensional colorectal cancer model based on a biological decellularized intestinal scaffold. 
Tissue Engineering Part C: Methods 2016, 22:621-635. 



15 
 

36. Sun D, Liu Y, Wang H, Deng F, Zhang Y, Zhao S, Ma X, Wu H, Sun G: Novel decellularized liver matrix-
alginate hybrid gel beads for the 3D culture of hepatocellular carcinoma cells. International 
journal of biological macromolecules 2018, 109:1154-1163. 

37. Koh I, Cha J, Park J, Choi J, Kang S-G, Kim P: The mode and dynamics of glioblastoma cell invasion into 
a decellularized tissue-derived extracellular matrix-based three-dimensional tumor model. 
Scientific reports 2018, 8:1-12. 

38. Rijal G, Li W: A versatile 3D tissue matrix scaffold system for tumor modeling and drug screening. 
Science advances 2017, 3:e1700764. 

39. Sandri G, Bonferoni MC, Rossi S, Ferrari F, Aguzzi C, Viseras C, Caramella C: Clay minerals for tissue 
regeneration, repair, and engineering. In Wound Healing Biomaterials, Vol 2: Functional 
Biomaterials. Edited by Agren MS. Woodhead Publ Ltd; 2016:385-402. 

40. Khatoon N, Chu MQ, Zhou CH: Nanoclay-based drug delivery systems and their therapeutic 
potentials. Journal of materials chemistry. B 2020. 

41. Martin RT, Bailey SW, Eberl DD, Fanning DS, Guggenheim S, Kodama H, Pevear DR, Środoń J, Wicks FJ: 
Report of the clay minerals society nomenclature committee: revised classification of clay 
materials. Clays and Clay Minerals 1991, 39:333-335. 

42. Sikdar D, Pradhan SM, Katti DR, Katti KS, Mohanty B: Altered phase model for polymer clay 
nanocomposites. Langmuir 2008, 24:5599-5607. 

43. Katti KS, Ambre AH, Peterka N, Katti DR: Use of unnatural amino acids for design of novel 
organomodified clays as components of nanocomposite biomaterials. Philosophical 
Transactions of the Royal Society a-Mathematical Physical and Engineering Sciences 2010, 
368:1963-1980. 

44. Ambre A, Katti KS, Katti DR: In situ mineralized hydroxyapatite on amino acid modified nanoclays as 
novel bone biomaterials. Materials Science and Engineering: C 2011, 31:1017-1029. 

45. Ambre AH, Katti DR, Katti KS: Biomineralized hydroxyapatite nanoclay composite scaffolds with 
polycaprolactone for stem cell‐based bone tissue engineering. Journal of Biomedical Materials 
Research Part A 2015, 103:2077-2101. 

46. Katti KS, Ambre AH, Payne S, Katti DR: Vesicular delivery of crystalline calcium minerals to ECM in 
biomineralized nanoclay composites. Materials Research Express 2015, 2:13. 

47. Katti KS, Molla M, Karandish F, Haldar MK, Mallik S, Katti DR: Sequential culture on biomimetic 
nanoclay scaffolds forms three‐dimensional tumoroids. Journal of Biomedical Materials 
Research Part A 2016, 104:1591-1602. 

48. Molla S, Katti DR, Katti KS: In vitro design of mesenchymal to epithelial transition of prostate cancer 
metastasis using 3D nanoclay bone‐mimetic scaffolds. Journal of tissue engineering and 
regenerative medicine 2017. 

** design of nanoclays based 3D in vitro models for in vitro bone metastasis models. This article 
demonstrates a metastasis stage and mesenchymal to epithelial stage prostate cancer at bone 
site in a in vitro environment. 

 
49. Molla MDS, Katti DR, Katti KS: An in vitro model of prostate cancer bone metastasis for highly 

metastatic and non-metastatic prostate cancer using nanoclay bone-mimetic scaffolds. MRS 
Advances 2019, 4:1207-1213. 

50. Kar S, Molla MDS, Katti DR, Katti KS: Tissue‐engineered nanoclay‐based 3D in vitro breast cancer 
model for studying breast cancer metastasis to bone. Journal of tissue engineering and 
regenerative medicine 2019, 13:119-130. 

51. Kar S, Jasuja H, Katti DR, Katti KS: Wnt/β-catenin Signaling Pathway Regulates Osteogenesis for 
Breast Cancer Bone Metastasis: Experiments in an in vitro Nanoclay Scaffold Cancer Testbed. 
ACS Biomaterials Science & Engineering 2019. 



16 
 

** This study shows the role of newly arrived cancer cells on influencing osteogenesis. This study is 
important because current therapies for bone metastasis often address bone fractures and bone 
health and this work shows the mechanisms of the influence of cancer on bone.   

 
52. Molla MDS, Katti DR, Iswara J, Venkatesan R, Paulmurugan R, Katti KS: Prostate cancer phenotype 

influences bone mineralization at metastasis: A study using an in vitro prostate cancer 
metastasis testbed. JBMR Plus. 

53. Kar S, Katti DR, Katti KS: Bone Interface Modulates Drug Resistance in Breast Cancer Bone Metastasis. 
Colloids and Surfaces B: Biointerfaces 2020:111224. 

54. Hu WH, Zhang LC, Dong YT, Tian ZS, Chen YQ, Dong SW: Tumour dormancy in inflammatory 
microenvironment: A promising therapeutic strategy for cancer-related bone metastasis. 
Cellular and Molecular Life Sciences:21. 

55. Li K, Pan WT, Ma YB, Xu XL, Gao Y, He YQ, Wei L, Zhang JW: BMX activates Wnt/beta-catenin signaling 
pathway to promote cell proliferation and migration in breast cancer. Breast Cancer 2020, 
27:363-371. 

56. Fong ELS, Harrington DA, Farach-Carson MC, Yu H: Heralding a new paradigm in 3D tumor modeling. 
Biomaterials 2016, 108:197-213. 

57. Ferreira MSV, Bergmann C, Bodensiek I, Peukert K, Abert J, Kramann R, Kachel P, Rath B, Ruetten S, 
Knuchel R, et al.: An engineered multicomponent bone marrow niche for the recapitulation of 
hematopoiesis at ectopic transplantation sites. Journal of Hematology & Oncology 2016, 9. 

  



17 
 

 

 

 
Figure 1. Hydroxyapatite (HA) containing poly(lactide-co-glycolide) (PLG) scaffolds stimulates 
the malignancy of ductal breast carcinoma cells (A) Surface mineralization shown by Alizarin Red 
S staining in PLG scaffold (left) and HA containing PLG scaffold (right). (B) MicroCT cross-
sections are displaying mineral distribution as a function of the attenuation coefficient, which 
increases with the atomic number. (C) Schematic showing breast cancer cells seeding on the 
scaffold and then dynamically cultured. (D) Enhanced calcium phosphate mineralization (black) 
measured by Von Kossa-staining in breast cancer seeded (cell nuclei stained with pink) HA 
scaffolds (right) compared to PLG control scaffolds (left). Reprinted from [11] with permission 
from Elsevier. 
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Figure 2. 3D wax printing and a slip casting fabrication technique utilized to tailor the pore 
geometry of β-TCP scaffolds (A) Fabrication of different β-TCP scaffold geometries using a wax 
casting mold. (B) Representation of the β-TCP scaffolds. (C) SEM representation of the β-TCP 
scaffolds. (D) Schematic showing mesenchymal stromal cells (MSCs) culturing on β-TCP 
scaffolds; MSCs (pink), β-TCP (blue), and collagen I/III (green). (E) Table showing porosities of 
scaffolds. (F) Immunostaining of neuroblastoma cells (GFP tagged -green) and stromal cells (F 
actin-red) showing their interactions. Adapted from [57] Copyright (2016) Springer Nature. 
Reprinted from [18] with permission from Elsevier. 
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Figure 3. Decellularized extracellular matrix (dECM) based multilayered hydrogel scaffolds (A) 
Fabrication steps of layered tissue matrix scaffold (TMS) system and culturing of breast cancer 
cells (MM231) and fibroblast cells (GM637) in separate layers of a hydrogel. (B) Hematoxylin 
and eosin (H&E) staining of MM231 and the first layer of hydrogel. (C) H&E staining of MM231 
cells, a middle blank layer, and second GM637 cells loaded hydrogel layer. (D) Cell distribution 
analyzed after 3 days of culture using DAPI staining. (E) Immunostaining of Ki-67 (green, MM231 
cells) and HER2 (red, GM637 cells) representing the location of two cell types. (F to I) Cell 
migration between different hydrogel layers was analyzed by Live/Dead Cell staining. Scale bars, 
100 μm. Adapted from [38] Copyright (2017) American Association for the Advancement of 
Science. 
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Figure 4. Nanoclay based scaffolds showing bone metastasis of prostate and breast cancer (A-B) 
Prostate cancer cells MDAPCa2b (left) and PC3 (right) grown on human mesenchymal stem cells 
(hMSCs) derived bone-mimetic nanoclay based scaffold. Adapted from [52] Copyright (2019) 
Wiley Periodicals, Inc. (C-D) breast cancer cells MCF 7 (left) and MDAMB 231 (right) grown on 
hMSCs derived bone-mimetic nanoclay based scaffold. Scale bars, 10 μm. Reprinted from [50] 
with permission from Elsevier. 

 


