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Abstract

Osteosarcoma is one of the most common metastatic bone cancers, results in significant morbidity 

and mortality. Unfolding of effectual therapeutic strategies against osteosarcoma is impeded due 

to the absence of adequate animal models, which can truly recapitulate disease biology of humans. 

Tissue engineering provides an opportunity to develop physiologically relevent, reproducible, 

tunable in vitro platforms to investigate the interactions of osteosarcoma cells with its 

microenvironment. Adipose derived stem cells (ASCs) are detected adjacent to osteosarcoma 

masses; considered to have protumor effects. Hence, the present study focuses on investigating the 

role of reactive ASCs in formation of spheroids of osteosarcoma cells (Saos 2) within a three-

dimensional (3D) niche, which is created using gellan gum – silk fibroin. By modifying the 

blending ratio of gellan gum - silk, the optimum stiffness of the resultant hydrogels such as GG 

and GG75: S25 is obtained for cancer spheroid formation. This work indicates that the co-existence 

of cancer and stem cells can able to form spheroid, the hallmark of cancer, only in a particular 

micro-environment stiffness. The incorporation of fibrillar silk fibroin within the hydrophilic 

network of gellan gum in GG75: S25 spongy-like hydrogels closely mimics the stiffness of 

commercially established cancer biomaterials (e.g. Matrigel, HyStem). The GG75: S25 hydrogel 

maintains the metabolically active construct for longer time with elevated expression of OPN, 

OCN, RUNX 2 and BSP genes, the biomarkers of osteosarcoma, compared to GG. The GG75: 

S25 construct also exhibits intense alkaline phosphatase expression in immunohistochemistry 

compared to GG, indicating the potentiality of it to serve as biomimetic niche to model 

osteosarcoma. Taken together, the gellan gum – silk fibroin blended spongy-like hydrogel is 

envisioned as an alternative low-cost platform for 3D cancer modelling.
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1. Introduction

Osteosarcoma is the most common and devastating bone cancer in children and adolescents, 

accounting approximately 20% clinically detectable metastasis at presentation.1 The ever-rising 

evidences are indicative of establishment of an autocrine network by cancer cells that remodel 

tumor microenvironment to fuel disease progression and metastasis.2-3 Adipose tissue is 

increasingly considered as the largest endocrine organ in body3 that recruits adipose-derived stem 

cells (ASCs) or cancer-related adipocytes into tumor microenvironment, facilitating protumor 

effects.4-5 ASCs stimulate the proliferation and metastasis of ovarian cancer cells and are the major 

component of pre-metastasis niche in omentum.6 ASCs are also abundant in intermuscular tissue, 

adjacent to osteosarcoma masses.7 Further, late local recurrence of osteosarcoma is reported after 

autologous fat grafts,8 indicating detrimental role of ASCs in osteosarcoma. Therefore, the present 

investigation dissects the contribution of ASCs in osteosarcoma invasion and vice-versa in three-

dimensional (3D) tumor microenvironment.

The popular strategy to compensate much complex xenografts and inter-species negative barriers 

on relevance of xenografts9 is development of 3D in vitro tissue models employing tissue 

engineering strategies. Diverse extra cellular matrix (ECM) resembling natural (such as collagen 

type I, silk fibroin, fibronectin, hyaluronan etc.) and synthetic materials (e.g. polyethylene glycol, 

poly-ε-caprolactone and poly-lactic-co-glycolic acid) used in tumor microenvironment 

engineering, are well elaborated in recent reviews.10-11 To our best knowledge, none of them 

addresses the use of protein-polysaccharide composites to recapitulate the physical cues of cancer 

microenvironment (except few investigations on immobilized hyaluronic acid in gelatin).12 

Generally, ECM biopolymers are categorized into fibrous proteins and polysaccharides; therefore, 

taking into consideration to include both protein-polysaccharide into ECM modeling of Cancer is 

more appropriate for a clinically relevant model. 

The first account of choice for designing tumor microenvironment is a well interconnected 3D 

stable scaffolding network. The most obvious and extensively used cancer associated extra-cellular 

matrix scaffold component is collagen, due to its profound complex role in cancer progression, 

which is identified as tumor-associated collagen signatures.13 In addition, the hierarchical 
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arrangement of collagen type I provides the framework to natural bone cells for hydroxyapatite 

mineralization.14 Therefore, for culturing human osteosarcoma cells (Saos 2), collagen is the ideal 

choice as scaffolding material. The commercially available collagen (i.e. type I of bovine origin), 

which is exploited extensively in research purposes, possesses transmissibility of infectious 

pathogens due to its veterinary origin15 with low structural stability for long term culture. Alike 

col I, silk protein fibroin of Lepidopteran origin is fibrous in nature; supporting long-term co-

culture microenvironment of bone and cancer cells including multiple myeloma, breast and 

prostate.16 

In this study, we foresee the incorporation of silk protein within the cell-adhesive hydrogel network 

of Gellan gum, the bacterial exopolysaccharide resembling ECM glycosaminoglycan, is of great 

utility to regenerate biologically competent bone-like niche. Our strategy for this model is to 

recapitulate conditions encountered by metastasized osteosarcomas, featuring dynamic mechano-

transduction of ECM and cell-cell interaction. During metastasis, the cancer cells remodel the 

ECM, results in change in pore sizes, porosity, interconnectivity and stiffness.17 In order to recreate 

this, we set out to generate a library of gellan gum- silk biomaterials with variable blending ratios 

to reflect composition induced cellular interaction and tumor spheroid formation. The invasion 

affinity is analyzed microscopically and revealed by migration of ASCs towards Saos 2 and vice 

versa. Therefore, tissue engineering approaches not only be able to recreate the damage tissue but 

also be capable to galvanize cancer research. Data obtained from the present investigation 

attributes to the insights of cellular cross-talk in relation to cell-cell and cell-matrix communication 

within osteosarcoma microenvironment, revealing greater caution in using autologous ASCs for 

cancer and regenerative therapies18-19 post-chemotherapeutic treatments.  

2. Methods and materials

2.1.  Preparation of gellan gum-silk spongy-like hydrogel 

Aqueous silk fibroin of Bombyx mori was prepared as described elsewhere.20-21 Briefly, removal 

of silk protein sericin was taken place by boiling silk cocoon cut pieces in sodium carbonate 

solution (0.02 M, Sigma-Aldrich, St. Louis, MO) for 60 min. The degummed fibers were then 

rinsed thrice in deionized water, dried overnight and solubilized in freshly prepared aqueous 
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lithium bromide (9.3 M, Sigma-Aldrich, St. Louis, MO). Silk solution thus obtained was dialyzed 

against deionized water using cellulose dialysis tubing (Dialysis Tubing, benzoylated, Sigma, USA) 

over 3 days. After dialysis, aqueous silk solution was centrifuged (at 8000 rpm, 5 oC, 20 min) to 

remove the insoluble debris (if any). The concentration of silk solution (S) was determined 

gravimetrically and adjusted to 2 wt% for hydrogel preparation.

Aqueous solution of gellan gum (GG) was prepared following a standard protocol22 by dissolving 

appropriate amount of gelzan powder (2 wt%) (Sigma, USA) in deionized water under constant 

stirring at 90 °C. 

For the preparation of gellan gum (GG)-silk fibroin (S) hydrogels, once the clear solution of gellan 

gum was obtained, the solution was then cooled down to 45°C for 5 min while stirring vigorously. 

Silk solution (2 wt%) was added to gellan gum in a ratio of 1:3, 1:1 and 3:1 and represented as 

GG75:S25, GG50:S50 and GG25:S75 respectively throughout the manuscript [Scheme 1]. The 

reaction mixture was then mixed gently and casted into molds immediately after adding the cross-

linker (CaCl2,10 mM) (Merck Millipore, Germany). Only cross-linked gellan gum hydrogel (2 

wt%) was also fabricated and represented as GG.

The hydrogels thus formed were stabilized in PBS solution (pH 7.4, Sigma, USA) for 48 h with 

successive change in buffer, punched into 8 mm diameter using a biopsy puncher and frozen at -

20 °C for 24 h. Spongy-like hydrogels were collected after freeze drying the samples for 3 days 

using a freeze-dryer (LyoAlfa 10/15, Telstar, Spain).

2.2.  Physical characterization of cell free spongy-like hydrogels

2.2.1. Hydrogel topography

To investigate the micro-architecture of the hydrophilic network, the freeze-dried spongy-like 

hydrogels were sputter coated with platinum (5 nm) and imaged with a JEOL JSM 6301F/Oxford 

INCA Energy 350/Gatan Alto 2500 microscope. For quantitation, the diameter of 10 randomly 

chosen pores within an image was measured using ImageJ (National Institutes of Health, version 

1.50).21
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2.2.2. Hydrogel microarchitecture

To further validate the interconnectivity within the spongy-like hydrogels, X-ray 

microtomography was carried out (μCΤ1272, SkyScan 1272, Belgium). The samples were scanned 

dry in air at an energy of 50kV, an intensity of 200 μA and integration time of 1s, with a nominal 

resolution of ~2 μm. A global threshold of 4.5 % of maximum grayscale value was applied to a 

dataset of 150 slices to distinct hydrogels from the background and to binarize the images. The 

resulting 3D volumes were evaluated morphometrically (CT Analyzer v1.17.0.0, SkyScan, 

Belgium) for hydrogel pore size distribution, porosity and pore wall thickness as described 

previously.22 The 3D virtual models of the representative regions were also generated using image 

processing software (CT-Vox and Dara Viewer, SkyScan, Belgium).

2.2.3. Mechanical stability

Spongy-like hydrogels were equilibrated in PBS at room temperature (~ 24 h), placed in a confined 

sample holder and the compressive strength was investigated under static compression using an 

INSTRON 5543 (Instron Int. Ltd., USA) equipped with 10 N load cell. The samples were subjected 

to a pre-load of 0.1 N, tested up to 85 % of strain at a loading rate of 2 mm min-1.

2.2.4. Contact angle measurement

The wettability of the samples was measured by adding a droplet of deionized water (5 μl) on 

cylindrical 3D dried sponge surfaces. The contact angle at the intersection of liquid and solid 

surface was measured using a Goinometer (OCA 15PLUS, DataPhysics, Germany).

2.2.5. Water uptake

Pre-weighed dried sponges were submerged in PBS (pH 7.4) for up to 7 days at 37°C to investigate 

the water uptake profile of the spongy-like hydrogels. At each pre-determined time interval, excess 

water from the surface of the hydrogels was wiped out using paper towels and weighed. The water 

content of hydrogels was determined as follows:

Water uptake (%) = (Ww ―  Wd)
 Wd × 100

Where, Wd is the weight of dried state and, Ww is the weight of the wet state of hydrogels 
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2.2.6. Stability of the hydrogels

The stability of gellan gum-silk fibroin spongy-like hydrogels was assessed as a function of 

released protein fibroin from the composite constructs over time.21 Concisely, the hydrogels were 

incubated within the known volume of phosphate buffer saline (PBS, pH 7.4) containing 0.02 wt.% 

sodium azide (to avoid fungal contamination) at 37oC, followed by the collection of PBS extracts 

regularly at pre-selected time intervals. 

The amount of protein released in solution was determined using Micro BCA assay at 562 nm 

using a microplate reader (Microplate Reader - Gen 5 2.0, BioTek, USA). Absorbance readings 

were translated into protein concentrations using a calibration curve built using known silk fibroin 

dilutions. 

2.2.7. Structural conformation

The infrared spectra of gellan gum-silk hydrogel films were obtained using ATR-FTIR 

spectrophotometer (IRPrestige 21, Shimadzu, Japan). The samples to be analyzed were placed 

onto ATR and spectra were obtained in the range of 4000–400 cm−1 at an average of 25 scans and 

resolution of 4 cm−1.

2.3. Cell isolation and culture

Human adipose-derived stem cells (ASCs) were acquired from the Hospital da Prelada (Porto, 

Portugal) with patient’s informed consent after liposuction and processed at 3B’s Research Group 

following the ethical guidelines approved by both the Institutions.22-23 The ASCs were then 

characterized by flow cytometry before use. Briefly, ASCs (P2) were resuspended in a 3% BSA 

(Sigma-Aldrich, France) solution and incubated for 30 minutes at room temperature, following 

manufacturer-recommended concentrations, with mouse anti-human antibodies CD105-FITC, 

CD73-PE, CD90-APC, CD45-FITC and CD34-PE (BD Biosciences, Germany). Cells were 

subsequently washed with phosphate-buffered saline (PBS) (Sigma, USA), centrifuged, fixed in 1% 

paraformaldehyde (Sigma, USA) and analysed on a FACS Aria III (BD Biosciences, USA) using 

BD FACS Diva Software version 7.0.
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Saos 2 cells were procured from the European Collection of Cell Cultures (ECACC, UK). Both 

types of cells were maintained in αMEM supplemented with 10% fetal bovine serum (FBS) - 1% 

penicillin/streptomycin at 37oC and 5% CO2-humified atmosphere. ASCs till passage 2 were used 

for the experiments.

2.3.1. Preparation of cell embedded 3D compartmentalized-hydrogel system for co-

culture

Freeze-dried spongy-like hydrogels were sterilized with ethylene oxide treatment (EO; 3 h at 

52 °C), followed by wetting using dilute alcohols (70% ethanol) under UV light in sterile hood. 

The sterilized hydrogels were then punched individually into a core (~ 5 mm), which yielded 

doughnut shaped counterpart (outer ring) (scheme 2). The hydrogels (both inner core and doughnut 

shaped outer ring) were rinsed several times with sterile PBS (pH 7.4) to remove the traces of 

alcohol. Each hydrogel was individually transferred into separate culture wells (marking 

specifically each core with respective to its doughnut counterpart) and hydrated by soaking 

overnight in αMEM supplemented with 10% fetal bovine serum (FBS) at 37oC and 5% CO2-

humified atmosphere. Prior to cell seeding, the medium was taken out and the hydrogels were left 

for partial dehydration (~ 4 h).21,24 

Cells after reaching to 90 % confluence, were trypsinized, centrifuged and brought into suspension 

using fresh αMEM supplemented with 10% fetal bovine serum (FBS) - 1% penicillin/streptomycin. 

For co-culture, both cells, Saos 2 (approximately 1x105 cells to per core hydrogel) and ASCs 

(approximately 5x104 cells to per doughnut shaped hydrogel) seeded dropwise (10 μl αMEM 

containing desired cell concentration) on the top of partially dehydrated hydrogels, while placed 

in separate wells of 24 well plates (coated with 1 wt.% agarose). The cell laden constructs were 

then left undisturbed for 30 min at 37oC and 5% CO2-humified atmosphere for cellular infiltration. 

To keep the total cell number same per construct, for monoculture, approximately 1.5x105 cells in 

10 μl αMEM for both Saos 2 and ASCs were seeded at the respective part of the compartmentalized 

hydrogels (while the other part left non-seeded) as described above and left uninterrupted for 

cellular infiltration. After initial cellular adhesion, adequate amount of media (500 μl in each well 

of 24 well plate) was then dispensed slowly at the corner of each well using pipette and the cell-

laden hydrogels were left overnight separately.
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Next, the doughnut shaped hydrogels were placed back into its corresponding core (both 

homotypic and co-culture system). The resultant 3D compartmentalized-hydrogel systems were 

then maintained at 37oC and 5% CO2-humified atmosphere. The medium was replaced in every 

alternate day.

2.3.2. Proliferation of cells within the compartmentalized-hydrogel constructs

The proliferation of cells within the constructs with respect to time was measured using Alamar 

blue assay (Alamar Blue, Bio-Rad, England). At each pre-selected time point, the medium was 

aspirated, the constructs were rinsed gently with PBS and incubated with Alamar blue (10% v/v, 

diluted in basal culture media) for 4 h at 37 °C - 5% CO2. The fluorescence of Alamar blue was 

measured using a spectrofluorometer (Synergy HT, Bio-Tek, USA) at excitation and emission 

wavelength of 530 and 590 nm, respectively.

The amount of DNA per construct was also quantified at each time point using Picogreen dsDNA 

assay kit (Alfagene, Portugal). Briefly, at each time point, the media was taken out from each 

construct. The constructs were then washed gently with sterile PBS and then transferred to 1.5 ml 

Eppendorf tube containing 1 ml ultra-pure water. The tubes were then placed into water bath at 37 
oC for 1 h, followed by - 80 oC for 1 h. The content of each Eppendorf tube was then thawed and 

briefly ultrasonicate.25 Cell lysates were then diluted using assay kit buffer prior to quantification. 

The DNA concentration in constructs was obtained by comparing the values against a standard 

DNA curve (0.2 to 2 μg/ml) and used to normalize the cell proliferation values.

2.4.  Microscopy and image analysis

At the end of the culture, the constructs were rinsed with PBS and fixed in 10% formalin 

(Enzifarma, Portugal) for 30 min at room temperature. After fixation, the constructs were washed 

with PBS again. 

To envision actin filaments, the cells were stained using rodhamine-labeled phalloidin (1:500 v/v 

in PBS, Sigma-Aldrich, USA) and counterstained with 4′,6-diamidi- no-2-phenylindole (DAPI, 

1:1000 v/v in PBS, Sigma-Aldrich, USA) for nuclei at room temperature. After staining, the 

constructs were rinsed in PBS and imaged using inverted confocal microscope TCS SP8 (Leica 
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Microsystems, Germany). The samples were observed by using fluorescence λex = 415 nm and 

λem= 461 nm for nuclei, and λex = 560 nm and λem = 630 nm for actin filaments.

The morphologies were further investigated using scanning electron microscope after dehydrating 

the fixed samples in a gradient series of ethanol solutions and dried using critical point dryer 

(Critical Point Dryer (Autosamdri-815, Series A, Tousimis). The dried samples were then sputter 

coated with platinum (5 nm) and imaged with a JEOL JSM 6301F/Oxford INCA Energy 

350/Gatan Alto 2500 microscope.

2.5.  Histology and Immunohistological (IHC) analysis 

The fixed constructs (after formalin fixation as mentioned above) were subjected to standard 

histological tissue processing for paraffin embedding (EC350-2, Microm, Thermo Scientific, 

Waltham, MA, USA). Sections of 5 μm thickness were obtained using a microtome (HM355S, 

Microm, Thermo scientific). The sections were stained with hematoxylin-eosin (H&E) (05-

12011/L, 05-M10003, Bio-optica) following a standard protocol and using an automatic stainer 

equipment (HMS740, Microm, Thermo Scientific). 

For collagen, the sections were stained with Masson Trichrome (with aniline blue) assay kit (04-

010802, Bio-Optica Milano S.p.A.) following manufacture’s protocol. 

For IHC, mouse IgG monoclonal antibody for Alkaline Phosphatase (ab126820, Abcam, UK, at 

1:100 dilution) was used. Detection was done by using Alexa Fluor® 488 donkey anti-mouse IgG 

(A21202, Invitrogen, CA, at 1: 500 dilution) and counterstained with DAPI. 

All sections after staining were dehydrated and mounted with Entellan® (4111, Inopat) before 

being observed under a transmitted and reflected light microscope (Leica DM750, Germany) with 

an MRc5 camera. 

2.6.  3D time-lapse confocal microscopy

Cells were fluorescently labeled with CellTrackers, ASCs were labelled with PKH26 Red 

Fluorescent Cell Linker (Sigma-Aldrich, MO, USA), while Saos 2 were labelled with PKH67 

Green Fluorescent Cell Linker (Sigma-Aldrich, MO, USA) for easy visualization. Briefly, cells 

after trypsinization were washed with serum free media and incubated with dye (1x dye prepared 

Page 10 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

in Diluent C provided in the kit) for 5 min. After incubation, equal volume of fetal bovine serum 

was added to dye mixture to stop the reaction. Fluorescently labeled cells were then washed twice 

with complete media to remove the traces of dye. Approximately 5 x 104 cells of each type (in 10 

μl αMEM) were seeded in the respective compartment of the compartmentalized-hydrogel system 

as mentioned in Section 2.3.1. The cells were allowed to adhere to the constructs overnight in an 

ultra-low-attachment six-well plate (coated with 1% agarose for low-attachment).26 Cell 

movement was imaged under a confocal microscope TCS SP8 (Leica Microsystems, Germany) at 

490 nm (PKH67) and 551 nm (PKH26) excitation and time-lapse series of 7 days interval (Day 1, 

7 and 14). Attention was paid to discriminate cell-mediated contraction from cell migration. Cell 

contraction was marked by buckling of micro-architecture of the constructs compared to 

surrounding. The overnight incubation time post-seeding and prior to initial confocal imaging was 

to allow cell contraction to occur. Care was also taken to maintain the sterility of the constructs 

during imaging and kept back to culture after imaging. The medium was replaced in every alternate 

day.

2.7. RNA isolation and real-time RT-PCR

Total mRNA was extracted from GG and GG 75: S25 constructs (from the complete 

compartmentalized hydrogels as the core and doughnut shaped outer part sealed into one) on day 

14, using TRI Reagent® RNA Isolation Reagent (ThermoFisher Scientific, Germany), according 

to the manufacturer’s guidelines. The concentration and purity of RNA were measured by mean 

of Nanodrop® ND‐1000 spectrophotometer (ThermoFisher Scientific, Germany). The synthesis of 

cDNA was carried out using qScriptTM cDNA Synthesis Kit (Quanta BioSciences, USA). Final 

volume of 20 μL reaction mix was prepared adding nuclease-free water, 4 μL qScript Reaction 

Mix, 1 μL qScript Reverse Transcriptase (RT) to the mRNA template (100 ng total RNA). The 

single-strand cDNA synthesis was occurred by incubating the complete reaction mixture for 5 

minutes at 22°C, followed by 30 minutes at 42°C and terminated with an incubation of 5 min at 

85°C. RT‐PCR was performed using PerfeCTA® SYBR Green FastMix (Quanta BioSciences), 

following manufacturer’s instructions, on RT‐PCR Mastercycler Realplex machine (Realplex, 

Eppendorf). Primer sequences (Eurofins Genomics, UK) were designed using Primer‐BLAST tool 

(details are included in Table 1). Livak’s method (2‐ΔΔCt) was used to quantify the relative gene 

expression.27 The mRNA expression was first normalized to the average expression of internal 
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housekeeping gene (glyceraldehyde‐3‐phosphate dehydrogenase, GAPDH). Three samples of each 

condition were considered and the results are represented as fold change towards the gene 

expression in the GG condition. 

2.8. Statistical analysis 

Results were represented as mean ± standard deviation (SD). Comparisons of data were performed 

using one-way analysis of variance (ANOVA) followed by Tukey’s test. Statistical significance 

was considered at p <0.05; except for gene expression p <0.01. The experiments were carried out 

in triplicates (or otherwise mentioned) for standards and references. 

3. Results 

3.1. Impact of matrix composition on the architecture of spongy-like hydrogels

Ionic cross-linking chemistry was used to chemically cross-link gellan-gum at low temperature 

(Scheme 1). The reaction was rapid, yielding stable ionic bonds between Ca2+ and -COOH groups 

of gellan-gum. Silk was initially inter-penetrating within the cross-linked network of gellan-gum, 

yielding the semi-interpenetrating network of protein-polysaccharide ECM-like hydrogel. The 

porosity and interconnectivity of the spongy-like hydrogels were revealed by scanning electron 

micrographs (Figure 1(A)). Adding silk fibroin (S) into GG caused the loss of lamellar formation, 

improving the micro-porous nature, while incorporating fibrillary-like structure into the network 

(Figure 1(A)). The incorporation of further -COO- groups from amino acid side chains of silk 

fibroin within gellan gum network reduced the rapid aggregation of gellan gum double helices. 

This retarded the immediate formation of ice-crystals, resulting in larger pores as characterized by 

X-ray μCT (Figure 1(B)). Figure 1(C) shows hydrogel microstructure as a function of composition. 

GG-hydrogels exhibited wide distribution of pores ranging from 34 – 60 μm (average 42 ± 14 μm) 

with ~ 92 % porosity, while GG75: S25 revealed relatively narrow distribution of pores, 53 – 70 

μm (average 65 ± 13 μm) with ~ 93 % porosity.  The GG50: S50 and GG25: S75 hydrogel revealed 

average pore size of 64 ± 15 μm (with ~ 91 % porosity) and 60 ± 27 μm (with ~ 90 % porosity), 

respectively. The incorporation of fibroin, improved the interconnectivity of hydrogel (up to 

GG50:S50) (Figure 1(D)). However, silk as major component of the hydrogel reduced the 

interconnectivity due to collapsing or highly aggregated network.
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3.2.  Interpenetration of fibroin manipulates matrix rigidity and wettability

The control over micro-architecture of spongy-like hydrogels via blending ratios of initial polymer 

mixture further allowed to tune the mechanical cues of the hydrogels very effectively. To ensure 

the mechanical properties of the fabricated hydrogels, compression mechanical testing was carried 

out. The compressive modulus of GG-S blended spongy-like hydrogels is represented in Figure 

2(A). Among all spongy-like hydrogels, GG25: S75 exhibited the highest average compressive 

modulus of 2.48 ± 0.8 kPa compared to 0.416 ± 0.2 kPa of GG hydrogels. However, more variation 

in results were observed in blended spongy like hydrogels compared to pure GG hydrogels. The 

stiffness of GG75: S25 was 0.575 ± 0.1 kPa. Surface wettability of the hydrogels was investigated 

by water contact angle. The hydration degree of porous GG-S spongy-like hydrogel ranged from 

34o ± 4 o to 88o ± 6 o, while only GG exhibited 28o ± 1 o [Figure 2(B)].

3.3.  Blended hydrogels (GG-S) represent stable protein interpenetration within GG, but 

declining water content

All dried spongy-like hydrogels readily uptake water, reached an equilibrium within 48 h 

independent of composition (Supplementary Figure 1(A)). Not much differences were observed 

between blends and pure GG (2467 ± 95 after day 7) except GG50: S50 (3720 ± 91 after day 7), 

which revealed significantly larger amount of water uptake (in %) among all. The GG75: S25 and 

GG25: S75 revealed swelling ratio (in %) of 1980 ± 117 and 2396 ± 69, respectively after day 7. 

The penetration of fibroin within the cross-linked gellan gum was stable, approximately 85% of 

initial protein concentration remain entrapped within the fabricated hydrogels at the end of 14 days 

[Supplementary Figure 1(B)]. 

To understand the interaction between protein – carbohydrate within the semi-interpenetrating 

network, FTIR analysis was carried out [Supplementary Figure 1(C)]. The FTIR spectra of pure 

silk fibroin28 and gellan gum29 have been well described. The characteristic vibrational modes of 

amide II (1600-1480 cm−1) is attributed to coupling of N-H in-plane bending and C-N stretching 

mode and amide III (1350-1100 cm−1) is due to C-N stretching coupled to the in-plane N-H 

bending mode.28 In addition, the adsorption bands with 1480-1350 cm−1 and 1190-700 cm−1 

regions are attributed to vibration of amino acid side chains and perhaps contributed little to the 
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intensity of characteristic protein amide bands. Gellan gum exhibited an absorption band at 2960 

cm−1 due to sp3 hybridization of C-H stretching of branched alkane and at 912 cm−1 due to alkane 

C-H bending.29 The spectrum of the blended hydrogels of gellan gum and silk fibroin was no more 

than an overlapping spectrum of two, confirming the physical entrapment of silk within the cross-

linked network of gellan gum. 

3.4.  Cell culture

In spite of increasing understanding about the influence of stem cells on tumor evolution, the 

knowledge of their direct effect on cancer cell behavior is still elusive due to the limitation of 

mimicking the physiological 3D tumor micro-niche. To gain greater insight of cancer spheroid 

formation, the advantage of compositional and mechanical versatility of fabricated hydrogel 

library was taken into consideration in this investigation.

3.4.1. ASCs identification

After initial culture and passages, ASCs exhibited the typical fibroblast-type morphology, as 

observed in Supplementary Figure 2. The investigation of surface markers by flow cytometer 

confirmed that these cells express the typical panel of markers characteristic of mesenchymal stem 

cells >90% expression of CD105/73/90 and <2% CD45/34 (Figure 3(A)).30

3.4.2. The proliferation of cells within 3D compartmentalized hydrogels

Alamar blue cell proliferation assay was performed with cell-laden compartmentalized hydrogels 

of diverse compositions (Figure 3(B)).  At the beginning, cells co-cultured in GG75: S25 exhibited 

greater rate of proliferation, compared to other hydrogel compositions. With time, proliferation 

rate in all co-culture system independent of composition increased. Similar phenomenon was 

observed in homotypic/mono cultures (Supplementary Figure 3). The Saos 2 cultures revealed 

higher cell proliferation at day 1 compared to ASCs, followed by relatively comparable cell 

proliferation at the end of day 14. The content of DNA in co-culture system was quantified as a 

measure of cell proliferation and corroborated with Alamar blue cell proliferation assay (Figure 

3(C)).
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3.4.3. Mechanically dynamic hydrogels recapitulate the physiological niche for 

spheroid formation

With the aim to find out which hydrogel recapitulates the optimal biomimetic property for the 

formation of cancer spheroids (i.e. sphere-like three-dimensional cellular aggregate), all the fixed 

constructs (i.e. cell laden hydrogels) were stained with phalloidin (for actin) and counter stained 

with DAPI for nuclei after 14 days of culture. Cells co-cultured into softer spongy-like hydrogels 

such as GG and GG75: S25 (0.4 kPa and 0.6 kPa respectively) facilitated the formation of 

spheroids, which were localized at the core/center part of the co-cultured compartmentalized 

hydrogels (Figure 3(D)). In contrast, the homotypic cultures in GG and GG75: S25 and co-culture 

systems on other hydrogels resulted flatten cell morphologies throughout the compartmentalized 

hydrogels (Figure 3(D)). Phalloidin staining of spheroids indicated irregular cortical actin staining 

in GG with ellipsoidal-like cellular aggregates. Typical interwoven cortical actin with dense 

packing of nuclei indicative of well cell-cell interactions in spheroid of GG75: S25 (Figure 3(D)). 

However, some disintegration of actin filament was also observed (as indicated by white dotted 

square). ASCs alone revealed filopodia like structures with various length in diverse hydrogels. 

Furthermore, visualization of complete field of compartmentalized hydrogel constructs revealed 

the confinement of spheroids only into the central portion (core) of the spongy-like hydrogels [GG, 

Figure 4(A) and GG75: S25 Figure 4(B)]. Gene analysis of the corresponding constructs (GG and 

GG75: S25) further confirmed a slightly upregulation of expression related to the osteosarcoma 

[Osteopontin (OPN),31-32 Bone sialoprotein (BSP),33 Osteocalcin (OCN),34 and Run related 

transcription factor 2 (RUNX 2),35 when the cells (ASCs and Saos 2) were co-cultured on 

GG75:S25 [Figure 4(C)]. These genes are considered as clinical markers of osteosarcoma and the 

obtained results revealed a more aggressive phenotype of the cells laden into GG75: S25 

compartmentalized hydrogel. Immunohistochemical analysis of Alkaline Phosphatase (ALP) is 

used to discriminate other primary bone tumors from osteosarcoma and considered to be superior 

to OCN in osteosarcoma diagnosis.34 Positive immunoreactivity of ALP was observed in both GG 

and GG75: S25 constructs, however, more intense in GG75: S25 [Figure 4(D)]. In addition, the 

stiffness of GG75: S25 hydrogel (0.6 kPa) was closely mimic the stiffness of Matrigel (0.98 ± 0.30 

kPa) and HyStem (a hyaluronic acid-based hydrogel) (0.64 ± 0.15 kPa), the commercially 
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available hydrogels used for cancer spheroid culture.36 Recognizing this, we focused all further 

cellular investigations with GG75: S25 compartmentalized co-cultured constructs.

The characteristic phenomenon of multi-cellular spheroid is its 3D morphology, which is 

confirmed by Z-height (Z-stack) imaging of GG75: S25 constructs (Figure 4(E)). The histological 

findings (Figure 5(A)) revealed the confinement of spheroids only into the central portion of the 

gel (core), which well corroborated with confocal images [Figure 4(B)]. Masson's trichrome 

staining of collagen demonstrated the deposition of newly formed collagen (Figure 5(B)), which 

sealed the compartmentalized constructs into one as observed in scanning electron micrograph 

(Figure 5(C)).

3.4.4. Homing of ASCs into engineered osteosarcoma

Fluorescence micrographs (Figure 4(B)) and histological analysis (Figure 5(A)) revealed the 

colonization of cells into the central core and formation of cell aggregates or spheroids. Thereby, 

the migration of ASCs (as they were seeded on outer compartment) toward the core was 

investigated in time dependent manner. For visualization, the ASCs were stained with PKH26 Red 

Fluorescent Cell Linker. Cells were expected to migrate along the struts of the hydrogel — the 

phenomenon referred as contact guidance. ASCs exhibited non-straight-line movement through 

the spongy-like hydrogels. 

4. Discussion

The development of pre-clinical model of osteosarcoma is challenging due to the dynamic 

mechanical robustness of ECM during disease progression, spheroid formation and hypoxic 

phenomena of solid tumor. The cross-talk of cells with its niche regulates the fate of the cells. To 

our best knowledge, no exploration of cellular cross-talk of ASCs and Saos 2 in 3D dynamic 

mechanical environment has been done. Hence, the present study demonstrates the possibility of 

using silk fibroin and gellan gum blended spongy-like hydrogels as physiological cancerous niche 

to recapitulate the 3D mechanical dynamic of cancer. Saos 2 cells, obtained from metastatic human 

tumor, is osteoblastic in nature with unlimited in vitro proliferation ability. Thus, one of popular 

choice to model osteo-carcinoma. The ASCs used in the present study, are obtained from adipose 
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tissue adjacent to knee. Therefore, inherits multiple aspects of ASCs of skeletal niche and a rational 

choice.

The phenomenon of semi-interpenetrating network is employed to establish protein-

polysaccharide ECM-like hydrogel. After inter-penetration, the -COO- groups of fibroins interact 

with Ca2+ of CaCl2, further maturing the hydrophilic network.37 These hydrogels thus formed are 

stabilized in phosphate buffer saline (PBS, pH 7.4) to attain the equilibrium state by ion-exchange. 

Ions from high-ionic external aqueous solution entered into the hydrophilic network based on its 

elasticity and enhanced the formation of self-assembled anti-parallel double-helices of gellan-

gum.38-39 In nature, the concentration of Ca2+ (from 5 to 15 mM) and K+ (from 5 to 8 mM) within 

the glands of silkworms enhances as silk advances towards spinneret, lowering the pH of silk 

solutions.37 At low pH, the repulsion among silk fibroin molecules decreases, resulting in strong 

inter-chain interactions and sheet structure through hydrophobic interaction leading to sol-gel 

transition. Hence, the post-fabrication stabilization using PBS, augments the degree of cross-

linking of polymeric network. 

The pores of 42 to 65 μm are ideal for cellular infiltration and nutrient diffusion. Present 

investigation demonstrates relative preference of cells towards blended spongy-like hydrogels, 

perhaps due to the presence of bioactive silk.20 The study further confirms the models of metabolic 

coupling, in which ASCs after activated by osteosarcoma, promote the tumor growth 

[Supplementary Figure 3].3 In contrast to 2D culture, 3D cancer spheroids are obtained in hydrogel 

with stiffness of 0.4 – 0.6 kPa, indicating optimum cell-cell and cell-matrix interaction, exerts at 

certain intermediate ECM stiffness (Figure 2(A)). Our data further contribute to growing literature 

on regulation of cancer spheroid formation by ECM stiffness.36 The co-relation between ECM 

stiffness and cell migration has been first described for vascular smooth muscle cells40 and herein, 

we reported similar relation for human adipose stem cells. 

Initial cell adhesion takes place by non-receptor mediated interactions between cell surface 

molecules and substrate groups of surfaces via electrostatic or polar interactions and ionic 

bonding,41 which is demonstrated by contact angle of individual surfaces. The diverse values of 

contact angles in blends is due to the content of hydrophobic silk fibroin within the inter-
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penetrating network and micro-porosity of different surfaces. Porous architecture forms air-

pockets, which affect the contact angle of water, preventing the spreading of the drop on surface.42 

The greater experimental contact angle, therefore, generates from air-pockets trapped at solid-

liquid interphase, which is expected to prolong the cell adhesion time. Swelling kinetics of 

hydrophilic network is usually explained by means of (i) the rate of infusibility of solvent and (ii) 

rate of relaxation of polymeric network.43 High cross-linking of gellan gum (GG and GG75:S25) 

and silk fibroin (GG25:S75) in spongy-like hydrogels restricts the swelling behavior. This is well 

corroborated with the interconnectivity of the hydrogels (Figure 1(A)). The initial release of 

protein immediately after half an hour post-casting is due to the unreacted free protein, collected 

in PBS.21 Thereafter, quantitatively negligible release of protein is obtained, indicative of stable 

blended network.

Non-immune mesenchymal cells, like fibroblasts and their precursor mesenchymal stem cells are 

the determinant player of cancer niche, where they are “trained” by neoplastic cells and vice-

versa.5,44 An augmented level of ASCs migration into osteosarcoma and stimulated disease 

progression have been observed upon co-culturing ASCs with Saos 2 in conventional plastic-

adherent conditions.3 In the present study, a qualitative analysis of ASCs-Saos 2 in 3D co-culture 

system has been carried out, which concludes beyond doubt that ASCs facilitate osteosarcoma 

tumor formation in 3D micro-niche. The simplest conventional model of ASCs— Saos 2 co-

culture is mixed the cell populations,45 in which the two cell-types are in direct contact with each 

other that restricts the systematic investigation of migration of sub-population of cells. Porous 

membrane, a popular approach, is used to compartmentalize the co-culture of endothelial cells and 

astrocytes to study the blood-brain barrier but fails to establish effective contacts between cell 

types due to the nature of porous membrane.46 Therefore, a compartmentalized culture model is 

developed that offers the spatio-temporally regulated microenvironment to incorporate effective 

cell-cell contacts, while allow easy monitoring and facile scale-up with high-throughput systems.

It is well documented that cancer cells induce increasing number of stem cells during initial 

encounter, which later be beneficial for tumor progression due to the capillary producing 

capabilities of ASCs.47 The rate of cell proliferation in 3D co-culture condition in present study 

also corroborates well with conventional plastic-adherent culture system, which reveals a decrease 
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in mean doubling time of ASCs-Saos 2 (36 h) compared to ASCs alone (72 h) as reported by Paino 

et al.45 Conversely, the findings of Wang et al.,3 suggest that ASCs promote the proliferation and 

metastasis of osteosarcoma (Saos 2) by activating signal transducer and activator of transcription 

3 (STAT 3). Together, the rate of cell proliferation is more in co-culture condition compared to 

homotypic culture system, which is observed at the end of the present study (at day 14) 

(Supplementary Figure 3). Notably, GG75: S25 reveals the highest rate of proliferation in ASCs -

Saos 2 system throughout the culture time (Figure 3(C)) suggesting the larger-interconnected pores 

facilitate cell infiltration/migration.22 The discrepancy exhibited in terms of over-estimation of cell 

proliferation by metabolic assay in comparison to Picogreen dsDNA assay (DNA binding 

fluorophores) is due to mis-correlation of metabolic activity of cells with cell density, which 

exhibits a non-linear function especially in case of high cell density (such as cancer cells) or while 

assessing cell proliferation in 3D matrix.48 The decreasing intensity of fluorescence of cell tracker 

dye is consistently been corelated with cell proliferation and well corroborated with the fluorescent 

membrane intercalating dye PKH 26.49 In contrast, an disagreement is reported in dye transfer 

behavior of green fluorescence probe PKH67, reveals an increased fluorescence intensity in the 

apoptotic or transitional cells (apoptotic and necrotic cells), while decreased fluorescence in 

necrotic cells.50 The increased intensity at later stage of the culture is unlikely due to released dye 

from necrotic cells perhaps reuptake by other viable cells, results in increased intensity.50 The lack 

of tumor spheroid formation and dwindling rate of proliferation in certain 3D conditions are the 

reflection of inability of substrate composition to mechanically transduce physiological cancer 

micro-niche.

As the mechanics and architecture of ECM varies widely, the morphology and migration of cells 

attune to these biophysical variations.5149 Given the versatile biophysical characteristics of ECM 

in vivo, it is challenging to design dynamic ECM-cell models that unwind the systematic 

deconstruction of how the cells respond to these inputs. Our data demonstrate that by integrating 

the approaches of tissue engineering and biomaterial designing, a myriad signal producing 3D 

cancer niche can be developed, which undergoes change in substrate alignment on command. The 

on-command change (by manipulating the blending ratio of polymers) in substrate pore size, 

stiffness and fibrillar versus non-fibrillar architecture effectively influence cell morphology at 

cancerous niche. 
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Besides the application in cancer therapy or diagnostic of early marker, the investigation of stem 

cell motility through mechanically dynamic 3D hydrogels improve extensively the knowledge of 

stem cell base therapies with the aim of site specific-delivery of stem cells for tissue repair. The 

3D compartmentalized culture system developed herein, can further be used not only for screening 

of chemotherapeutics but also to direct stem cell as delivery vehicles of chemical cues. However, 

the investigation of guided cell migration in absence of any growth factors and only by scaffold 

architecture, is still elusive. The culture system used in the present study is compatible with most 

standard microscopy techniques that eventually play role in high-throughput screening.

Limitations inherit in the present investigation includes the recognition of chemokines (secreted 

by osteosarcoma cells) that governing the migration of stem cells towards cancerous niche, 

providing further opportunity of detection of early stage metastatic markers. Moreover, the detail 

study of recruitment mechanism of ASCs in bone tumor formation needs to be addressed. Also, 

the stemness of the construct after co-culture is needed to be investigated in order to get the insight 

of cancer stem cells. Only qualitative analysis of cell spheroids is considered in the present study. 

The critical regulator of cancer stroma, the MMPs mediated cross-talk between cellular and non-

cellular components may provide precise information on matrix re-modeling and construct 

stemness — is the scope of future study.

5. Conclusion

The gellan gum-silk fibroin spongy-like hydrogels designed herein results versatile nano-micro 

architectures and mechanical stiffness, which can be regulated simply by blending ratios of 

polymers. The GG75: S25 spongy-like hydrogel with the compressive modulus of ~ 0.6 kPa, 

exhibits a favorable tissue mimetic micro-niche for co-culturing human osteosarcoma and adipose 

derived stem cells that resembles the in vivo solid tumor like morphology of osteosarcoma. Co-

cultured Saos 2- ASCs also reveals elevated expression of osteosarcoma biomarkers including 

osteopontin, bone sialoprotein, osteocalcin and Run related transcription factor 2. The therapeutic 

implications of the co-culture system are notably, from identification of unique cancer phenotype 

associated with Saos 2-ASCs cross-talk that can serve as early marker of disease progression — 

to the establishment of practicalize 3D co-culture system that opens new avenue in tumor-
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repopulating cancer cells identification. The system also well paired with conventional microscopy 

techniques, therefore, may serve as high-throughput screening platform. The simplicity in 

fabrication process and mechanical versatility of the resultant hydrogel system, anticipate it as an 

attractive choice to elucidate the critical role of biophysical cues such matrix stiffness to regulate 

polarized cell motility and tumor formation.

SUPPORTING INFORMATION

Swelling ratio (%), cumulative protein release, FT-IR, time and composition-dependent 

proliferation of cells under homotypic and heterotypic conditions results. The morphology of 

ASCs in monolayer.
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Table 1: Primer sequences used for real-time PCR analysis of mRNA expression of target 
and housekeeping

Annealing 
Gene Primer sequences Amplicon 

(bp) T (ºC)
ID

Rv - GGGGACAACTGGAGTGAAAA
OPN Fw -  CCCACAGACCCTTCCAAGTA

244
56.2 NM 000582.2

Rv - CTTCCAACAGCCAATCACTG
BSP

Fw - ACTGAGCCTGTGTCTTGAAA
102

59.4 NM 001330205.1

Rv- TCAGCCACTCGTCACAGC
OCN

Fw - GTGCAGAGTCCAGCAAAGG
549 59 NM_020773.3

Rv - CAGCGTCAACACCATCATTC
RUNX2

Fw - TTCCAGACCAGCAGCACTC
181 58.1

NM_001024630.4

Rv - GTCATGAGTCCTTCCACGAT
GAPDH

Fw - AGCCTCAAGATCATCAGCAA 
101 - NM_001289745.2
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Scheme 1: Schematics of gellan gum-silk fibroin spongy-like hydrogels preparation and summary 
of formulations.
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Scheme 2: Preparation of cell-laden gellan gum-silk fibroin 3D compartmentalized construct and 
experimental outline. Aqueous-based gellan gum-silk fibroin sponges (~ 8 mm diameter) are 
obtained by freeze-drying method. Discs around 5 mm diameter are cut out using biopsy puncher 
at the central space of 8 mm sponge; leaving behind a donut like shape. The center sponges are 
pre-seeded with human osteosarcoma cells (Saos 2); while donut-shaped sponges are seeded with 
human adipose derived stem cells (hASCs) and culture together to investigate the cross-talk 
between cells at different time-points.
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Figure 1: (A) Scanning electron micrographs of freeze-dried hydrogels revealing pore structures 
and inter-connectivity. Scale bar is 100 μm. (B) Visualization of freeze-dried spongy-like 
hydrogels based on 3D images reconstructed using the DataViewer software revealing its 
microstructure in the transversal plane (below) and sagittal plane (up). (C) Pore size distribution 
of hydrogels with polymer blending ratios. (D) Table summarizing the porosity and pore wall 
thickness of spongy-like hydrogels in composition dependent manner, as obtained by microCT 
observation.
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Figure 2: (A) Composition dependent compressive modulus (Ec) of hydrogels. (B) Wettability of 
freeze-dried hydrogels measured by means of contact angle using milli-Q water. 
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Figure 3: (A) Characterization of ASCs by flow cytometry; (B) Cell proliferation; and (C) DNA 
content of cells/construct (cells laden hydrogels) over time as assessed by Alamar Blue and 
PicoGreen assays, respectively. (D) Confocal laser scanning micrographs of rodhamine-labeled 
phalloidin stained actin of constructs (cell-laden compartmentalized hydrogel) and counterstained 
with DAPI after coculturing Saos 2 and adipose stem cells for 14 days. Scale bar = 50 μm.
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Figure 4: Confocal laser scanning micrographs reveal the distribution of cell spheroids at center of 
the compartmentalized hydrogel system, (A) GG and (B) GG 75: S25. Scale bar = 100 μm. ASCs 
are seeded into outer doughnut shaped hydrogel while Saos 2 are seeded in inner core as illustrated 
schematically. (C) Expression analysis of osteosarcoma-related genes. * p<0,01; (D) Fluorescence 
micrographs of immunoreactivity of alkaline phosphatase (green), counterstained with DAPI (blue) 
for nucleus. The section, which is only treated with fluorescence tagged secondary antibody in 
absence of primary ALP antibody and counterstained with DAPI (blue) for nucleus is served as 
controlled. Scale bar = 50 μm. (E) Z-Stacked images of Tumoroids obtained after co-culturing 
Saos 2 with ASCs in GG75: S25 for 14 days. Actins are stained with rodhamine-labeled phalloidin 
and nucleus are with DAPI. Scale bar = 50 μm.
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Figure 5: (A) Hematoxylin and eosin staining of GG75: S25 constructs and the detail morphology 
of the cell-aggregates (the inset pictures). (B) The detection of neo-collagen synthesized by GG75: 
S25 co-cultured construct. The biomarker is stained as blue. Scale bar = 50 μm. (C) The 
compartmentalized hydrogel system appeared as one entity in SEM image with a relatively smaller 
size, which is indicative of matrix degradation and remodeling. Scale bar = 500 μm. Inset 
individual co-cultured spheroids. (D) Time-dependent migration of ASCs towards Saos 2 over a 
period of 14 days. ASCs and Saos 2 are labelled separately with PKH26 Red Fluorescent Cell 
Linker and PKH67 Green Fluorescent Cell Linker, respectively for easy visualization. Scale bar = 
100 μm.

Page 34 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Graphical abstractPage 35 of 35

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


