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Abstract

Cancer is driven by both genetic aberrations in the tumor cells and fundamental changes in the 

tumor microenvironment (TME). These changes offer potential targets for novel therapeutics, yet 

lack of in vitro 3D models recapitulating this complex microenvironment impedes such progress. 

Here, we generated several tumor-stroma scaffolds reflecting the dynamic in vivo breast TME, 

using a high throughput microfluidic system. Alginate (Alg) or alginate-alginate sulfate (Alg/

Alg-S) hydrogels were used as ECM-mimics, enabling the encapsulation and culture of tumor 

cells, fibroblasts and immune cells (macrophages and T cells, of the innate and adaptive immune 

systems, respectively). Specifically, Alg/Alg-S was shown capable of capturing and presenting 

growth factors and cytokines with binding affinity that is comparable to heparin. Viability and 

cytotoxicity were shown to strongly correlate with the dynamics of cellular milieu, as well as 

hydrogel type. Using on-chip immunofluorescence, production of reactive oxygen species and 

apoptosis were imaged and quantitatively analyzed. We then show how macrophages in our 

microfluidic system were shifted from a proinflammatory to an immunosuppressive phenotype 

when encapsulated in Alg/Alg-S, reflecting in vivo TME dynamics. LC-MS proteomic profiling of 

tumor cells sorted from the TME scaffolds revealed upregulation of proteins involved in cell-cell 

interactions and immunomodulation in Alg/Alg-S scaffolds, correlating with in vivo findings and 

demonstrating the appropriateness of Alg/Alg-S as an ECM biomimetic. Finally, we show the 
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formation of large tumor-derived vesicles, formed exclusively in Alg/Alg-S scaffolds. Altogether, 

our system offers a robust platform for quantitative description of the breast TME that successfully 

recapitulates in vivo patterns.

Statement of significance

Cancer progression is driven by profound changes in both tumor cells and surrounding stroma. 

Here, we present a high throughput microfluidic system for the generation and analysis of 

dynamic tumor-stroma scaffolds, that mimic the complex in vivo TME cell proportions and 

compositions, constructing robust in vitro models for the study of the TME. Utilizing Alg/Alg-S as 

a bioinspired ECM, mimicking heparin’s in vivo capabilities of capturing and presenting signaling 

molecules, we show how Alg/Alg-S induces complex in vivo-like responses in our models. 

Alg/Alg-S is shown here to promote dynamic protein expression patterns, that can serve as 

potential therapeutic targets for breast cancer treatment. Formation of large tumor-derived vesicles, 

observed exclusively in the Alg/Alg-S scaffolds suggests a mechanism for tumor survival.

Graphical Abstract
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1. Introduction

Considerable evidence has shown cancer is a systematic disease, driven not only by genetic 

abnormalities in cancer cells, but by profound changes in the surrounding stroma [1]. 

Cell-cell and cell-matrix interactions in the tumor microenvironment (TME) are viewed as 

pivotal for tumor progression [1,2]. The TME in breast cancer is of particular interest, as 

mechanisms tightly regulating normal functions in the tissue [3,4] are hijacked during cancer 

progression, resulting in an immunosuppressive and apoptosis-resistant TME [5].

Predominant players in the breast TME include leukocytes, fibroblasts and the extracellular 

matrix (ECM) [6–8]. Leukocytes account for up to 50% of the tumor mass, primarily 

macrophages and lymphocytes [6]. Immune cells phenotype in breast cancer were 

shown to shift with tumor progression, from anti-tumor proinflammatory in early tumor 

development to immunosuppressive tumor-promoting in progressed tumors [9,10]. Early 

Fridman et al. Page 2

Acta Biomater. Author manuscript; available in PMC 2022 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



tumor development is characterized by persistent inflammation, with presence of cytotoxic 

T cells and M1 macrophages, gradually transitioning into a tumor-tolerant environment, 

marked by immunosuppressive tumor-associated M2-like macrophages and anergic T cells 

[9,10]. Fibroblasts, in turn, secrete growth factors and cytokines that orchestrate tumor 

survival and progression [7]. Finally, the breast cancer extracellular matrix (ECM) was 

shown to not only provide structural support but to mediate cell-cell and cell-matrix 

interactions that promote tumor progression [8]. Increased stiffness in breast cancer is 

associated with ECM remodeling and crosslinking, higher integrin signaling, tumor cell 

proliferation, reduced responsiveness to chemotherapy and poor prognosis [11].

3D in vitro models offer a platform that can accurately recapitulate the human TME [12], 

and were shown to result in gene expression patterns that are comparable with in vivo 
patterns [13,14]. Yet, current 3D culture techniques are of low throughput or offer little 

control over cell distribution uniformity or spheroid size, restricting the study of the dynamic 

breast TME [15–19]. Microfluidic 3D systems have emerged in the last decade as valuable 

tools for the study of the TME. Recent advances in 3D microfluidics enabled the creation 

of advanced tumor-on-chip [20,21] and organ-on-chip models [22–24], as well as models 

for migration, extravasation, and immunotherapy evaluation [25–30]. However, these models 

are not suitable for the high throughput generation of tumor-immune 3D models. Ex vivo 
microfluidic models of murine and human patients were also reported [31,32]. While these 

systems offer recapitulation of the in vivo tumor, low reproducibility of spheroid size and 

cell composition render these models unsuitable for high throughput study.

Here, we present a microfluidic system for high throughput generation, culture, live-imaging 

and on-chip analysis of human tumor-stroma scaffolds. Using bio-inspired hydrogels, 

we applied this platform to study the dynamic microenvironment of breast tumor. We 

generated two human TME scaffold (hTMES) models: (i) Proinflammatory human tumor 

microenvironment scaffolds (P-hTMES), characteristic of the anti-tumor, proinflammatory 

breast TME of early tumor development; and (ii) Immunosuppressive human tumor 

microenvironment scaffolds (I-hTMES), characteristic of the tumor-tolerant breast TME 

in progressed tumors. The cellular milieu in the models generated in this study follows 

the tumor and stromal cell proportions and activation states that occur in the in vivo 
breast TME and include principal cells of the in vivo breast TME, namely macrophages, 

T cells, fibroblasts and epithelial cells. As ECM, hydrogels made of pristine alginate (Alg) 

or alginate-alginate sulfate (Alg/Alg-S) were used. Alg has been extensively used for 3D 

models and biomedical applications [33–37]. Its elasticity is readily adjusted to mimic the 

in vivo characteristics of the tissue studied, and is biocompatible and immunologically 

inert [36]. Alg-S is an alginate with the uronic acids sulfated [38], resulting in a heparin/

heparan mimic that promotes cell adhesion, tethering and presentation of growth factors 

and cytokines with equilibrium binding constants that are comparable or higher than those 

observed with heparin [38], and induce in vivo-like responses [39]. In this study, we 

demonstrate how the use of Alg/Alg-S hydrogel as an ECM-mimic results in the induction 

of vivo-like responses.
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2. Experimental

2.1. Microfluidic device design and fabrication

The microfluidic device design is shown in Fig. 1. Fabrication was conducted using 

standard soft lithography techniques previously described [21,40]. Briefly, a 4”silicon wafer 

(University wafer, MA) was spin-coated with SU-8 2075 (Microchem, MA) to achieve 

120 μm thickness of the array layer, and 40 μm thickness for the upper layer (perfusion 

channels). Structure integrity and channel dimensions were analyzed using 3D optical 

profilometer (Bruker, courtesy of Dr. Xiao Wang and Prof. Daniel Irimia, Massachusetts 

General Hospital, Boston, MA). Droplet generation occurs at a flow-focusing junction 

between the oil phase and the aqueous phase, with the aqueous includes cells encapsulated 

in partially crosslinked hydrogel. Generated droplets are trapped in an array composed of 

1,000 docking sites, 200 μm in diameter each, arranged in a matrix of 40 rows and 25 

columns. An additional inlet is then used for hydrogel crosslinking and media perfusion.

2.2. Cell culture

MCF7 human breast adenocarcinoma cells, CCD-1129SK human fibroblasts derived from 

breast tissue removed at bilateral mastectomy, and SC human monocyte/macrophage 

cells were purchased from American Type Culture Collection (ATCC HTB-22, ATCC 

CRL-2575, ATCC CRL-9855, respectively, ATCC, USA), and maintained according to 

manufacturer’s instructions. MCF10a non-tumorigenic human mammary epithelial cell line 

were generous courtesy of Prof. Vladimir Torchilin of the Department of Pharmaceutical 

Sciences (Northeastern University, Boston, MA), and maintained according to ATCC 

instructions. SC were polarized towards an M1 or an M2 macrophage phenotype according 

to previously published protocols [41,42]. Peripheral blood mononuclear cells (PBMC, 

Astarte Biologics, WA) were used for T cell collection, expansion and activation, according 

to a previously published protocol [43]. See Appendix SI, Supplementary Methods for 

detailed procedure. Activated macrophages and T cells were routinely analyzed for 

previously established activation markers [41,44,45] by flow cytometry. See Appendix SI, 

Supplementary Methods for detailed procedure. P-hTMES and I-hTMES were maintained 

in IMDM media supplemented with 10% FBS, 1% antibiotic-antimycotic, 10 μg x mL−1 

human recombinant insulin, 0.05 mM 2-mercaptoethanol, 0.1 mM hypoxanthine (Sigma­

Aldrich) and 0.016 mM thymidine, following media optimization experiments (data not 

shown).

2.3. Rheological characterization

The viscoelastic properties and the elastic modulus of 1% Alg (Pronova LVG up, Dupont, 

Norway) and Alg/Alg-S, composed of 1% alginate (w/v) containing 10% Alg-S (as 

percentage of total alginate, w/w, prepared in-house by the group of Prof. Smadar Cohen) 

were analyzed as previously published [46]. See Appendix SI, Supplementary Methods for a 

detailed procedure.
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2.4. On-chip generation of Alg and Alg/Alg-S TME scaffolds

Alg or Alg/Alg-S hydrogels were prepared by partially cross-linking 4% (w/v) pristine 

alginate or 4% alginate premixed with 10% alginate sulfate (w/w of total polymer), 

respectively, with equal volume of 0.8% (w/v) D-Gluconic acid calcium salt (Sigma-Aldrich, 

MO) by constant stirring at RT for 3 hr. For cell encapsulation and droplet formation, 

cells and alginate were mixed at equal volumes, resulting in a 1% cell-laden alginate 

hydrogel, containing 1E7 cells x mL-1. The cells in the partially cross-linked alginate 

were infused into the device via the aqueous phase inlet at 150 μL x hr-1. Droplets were 

generated in the flow-focusing junction by flow of oil (mineral oil with 2% Span-80 as 

surfactant, Sigma-Aldrich) through the continuous phase inlet, at 700 μL x hr-1. After 

sufficient filling of the array, the infusion of oil and aqueous phase were stopped, and 

media, supplemented with 150 mM calcium chloride (Sigma-Aldrich) was briefly infused 

through a third inlet to allow full cross-linking of the hydrogel and removal of oil. For the 

remaining duration of the experiment, this inlet was used for constant media perfusion of 

the scaffolds. For the generation of MCF7 scaffolds (MCF7-S), 1E7 cells x mL−1 MCF7 

cells were collected and mixed with the hydrogel and scaffolds were generated as previously 

described. MCF7 and non-immune stroma scaffolds (MCF7-EF-S) were composed of MCF7 

cells, MCF10a epithelial cells and CCD1129SK fibroblasts. For the generation of MCF7­

EF-S, MCF7 cells, CCD1129SK fibroblasts, and MCF10a epithelial cells were mixed at 

3:2 MCF7 to stroma, respectively, with the hydrogel, resulting in 1E7 cells x mL−1 total 

cell density. On-chip scaffold was proceeded as previously described. For the generation 

of P-hTMES or I-hTMES, MCF7 cells, MCF10a epithelial cells, CCD-1129SK fibroblasts, 

SC monocytes following M1 or M2 activation, respectively, and activated or non-activated 

T cells, respectively, were mixed at 4:4:2 ratio, MCF7 to immune to non-immune stroma, 

respectively, to reflect the cell ratios in the breast TME reported in vivo [9,47]. The cells 

were mixed with the hydrogel, resulting in total of 1E7 cells x mL−1, and on-chip scaffold 

generation was proceeded as previously described. Cells were routinely labeled with live­

cell trackers CFSE, CMAC or CMPTX (all purchased from Invitrogen, MA), according 

to manufacturer’s instructions prior to scaffold generation. All TME scaffold types were 

maintained with constant media perfusion at 50 μL x hr−1, incubated at 37°C, in a 5% CO2 

humidified controlled environment.

2.5. On-chip viability and cytotoxicity assays

Cell viability was monitored following 24 hr and 96 hr culture by perfusion of complete 

media supplemented with 2 μM ethidium homodimer (EtHD, Invitrogen) as a marker for 

dead cells. TME scaffolds were imaged by epifluorescence microscopy (Zeiss, Germany). 

MCF7 cell viability was analyzed in ≥ 50 scaffolds for each TME scaffold type (n=3). 

Viability was expressed as percentage of live MCF7 cells (out of total MCF7 cells per 

scaffold) using ImageJ. For analysis of cytotoxicity in 2D culture, MCF7 cells were seeded 

at 1E5 cells x mL−1 in 96 micro-well plates (Thermo Fisher Scientific, MA) and incubated 

with complete media supplemented with 0, 5 or 10 μM Doxorubicin (Dox, Abcam, MA) 

for 24 hr. The cells were then were washed twice and cell viability analyzed by Presto 

Blue (Invitrogen), according to manufacturer’s instructions using Synergy HT plate reader 

(BioTek, VT). Viability was calculated for triplets for each Dox concentration (n=3). For 

analysis of cytotoxicity in MCF7-S, MCF7-EF-S, and I-hTMES, the TME scaffolds were 
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perfused with complete media containing 0, 5 or 10 μM Dox for 24 hr, and then washed 

by 2 hr perfusion with complete media. Cell viability was monitored before and after Dox 

treatment, by perfusion of complete media supplemented with 2 μM EtHD, imaged by Zeiss 

epifluorescence microscopy. MCF7 cell viability was analyzed in ≥ 50 scaffolds for each 

TME scaffold type and Dox concentration (n=3), expressed as percentage of live cells using 

ImageJ.

2.6. On-chip Immunofluorescence and Confocal imaging

On-chip immunofluorescence in all experiments except for HLA-DR expression, was 

preceded by labeling of MCF7 cells with live cell-tracker CMAC prior to encapsulation 

in the Alg/Alg-S hydrogel. MCF7-S, P-hTMES and I-hTMES scaffolds were generated 

on-chip as previously described. TME scaffolds were fixed on-chip using fixation buffer 

(BD Biosciences, CA) perfused at 10 μL x hr−1 for 1 hr at RT, permeabilized by perfusion 

with 0.1% Triton X-100 (Sigma-Aldrich) in DMEM for 30 min at RT at 10 μL x hr−1, and 

blocked using 3% BSA in DMEM perfused at 10 μL x hr−1 for 3 hr. Immunolabeling by 

primary and secondary antibodies was then conducted by sequential perfusion in DMEM at 

10 μL x hr−1 for 1 hr at 4°C, followed by overnight incubation at 4°C. Each immunolabeling 

step was followed by a short wash by pristine DMEM perfusion at10 μL x hr-1. The 

following antibodies used were purchased from BioLegend: anti-CD3 mAb (mouse anti­

human, conjugated with Alexa 594, 1:100); anti-CD86 mAb (mouse anti-human, conjugated 

with Alexa 488, 1:100); anti-CD163 mAb (rat anti-human, conjugated with Alexa fluor 647, 

1:50); and anti-HLA-DR mAb (mouse anti-human, conjugated with Alexa 488, 1:50). The 

following antibodies used were purchased from Invitrogen: anti-CD86 (rabbit anti-human, 

1:100) as primary antibody, followed by labeling with a secondary antibody (goat anti­

rabbit, conjugated wit FITC); anti-IL-10 mAb (rat anti-human, conjugated with eFluor 660, 

1:50); anti-E-cadherin mAb (rat anti-human, conjugated with eFluor 660, 1:50). Cell nuclei 

were labeled using Hoechst33342 (1:200, BD Biosciences). For imaging of apoptosis, the 

TME scaffolds were perfused with Annexin V (conjugated with Alexa 594, Invitrogen) 

and CellEvent caspase 3/7 green detection reagent (Invitrogen) at 20 μl x mL−1 for 1 

hr. Flow rate was then reduced to 5 μL x hr−1 for 2 hr to allow binding. The TME 

scaffolds were then washed by perfusion with pristine media at 40 μl x mL−1 for 1 hr 

and then fixed as previously described. Reactive oxygen species (ROS) were labeled by 

perfusion of the TME scaffolds with complete media supplemented with cell-permeable 

CellROX green reagent (Invitrogen) at 20 μl x hr−1 for 1 hr. Access reagent was washed by 

perfusion with pristine media. The TME scaffolds were then fixed as previously described. 

Imaging was conducted using Zeiss LSM 880 confocal microscopy, using 20X or 40X 

magnification, 2 μm Z-stacking. ROS production, annexin V binding or protein expression 

were quantitatively analyzed as fluorescence intensity vs. background using ImageJ.

2.7. On-chip hydrogel dissolution and MCF7 cell sorting

Preceding TME scaffolds generation, MCF7 cells were labeled with live-cell tracker 

CFSE. On-chip generation of Alg or Alg/Alg-S MCF7-S and P-hTMES was conducted 

as previously described (n=3). The TME scaffolds were cultured for 24 hr with media 

perfusion. For cell collection, the TME scaffolds were perfused with complete media 

containing 4% (w/v) citrate and 5 mM Ethylenediaminetetraacetic acid (EDTA, Sigma­
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Aldrich) at 5 μl x hr-1. After removal from the device the cells were washed twice with ice­

cold PBS. CFSE-labeled MCF7 cells were sorted using Beckman Coulter MoFlo AstriosEQ 

4 laser system sorter (The Flow Cytometry Core Facility, Beth Israel Deaconess Medical 

Center, Boston, MA).

2.8. Preparation of cell lysate, protein digestion and LC-MS/MS analysis

The overall sample processing workflow followed a previously published on-micro SPE tip 

protocol [48]. For detailed procedure see SI Appendix, Supplementary methods.

2.9. Data and bioinformatics analysis

The Orbitrap Fusion Lumos acquired mass spectrometry data were analyzed with 

ProteomeDiscoverer (v.2.2, Thermo Fisher Scientific) and searched against a human protein 

database (UniProt, released March 13, 2018, containing 20,302 reviewed sequences) 

combined with common contaminant proteins. Orbitrap-detected HCD spectra were 

searched using the Sequest HT search algorithm with 15 ppm and 0.04 Da mass tolerance 

for precursor and fragment ions, respectively. The database search was limited to only fully 

tryptic peptides, with up to two missed cleavage sites per peptide in the search, and the 

minimum peptide sequence length was set to 5 amino acid residues. Carbamidomethylation 

of cysteine residues was set as a static modification. N-terminal protein acetylation, 

methionine oxidation, deamidation on asparagine/glutamine and lysine acetylation were 

selected as dynamic modifications. For protein identifications, at least one high confidence 

peptide sequence was required, and a target 1% false discovery rate (FDR) was used for 

protein identification. Protein quantitation was performed through label-free quantification 

(LFQ) analysis using ProteomeDiscoverer (v. 2.2, Thermo Fisher Scientific). The FDR 

≤ 1% was applied for all peptide-level identifications. Both, unique and razor peptides 

were used for quantification. Precursor abundance was calculated based on intensity and 

a normalization based on total peptide amount was used for all samples. Protein ratio 

calculation was done by summed abundance and a replicate-based resampling was used 

for LFQ intensity imputation. For differential expression of proteins, the fold-change (FC) 

was defined as the ratio of replicate averaged normalized LFQ intensities for the test 

and control case, respectively. Log2-ratios for proteins, were median centered to zero. 

Positive Log2(FC) values denote highly upregulated proteins in Alg/Alg-S MCF7-S and 

Alg P-hTMES, in the Alg/Alg-S MCF7-S versus P-hTMES and Alg P-hTMES versus Alg/

Alg-S P-hTMES datasets, respectively, and vice versa. The proteomic data set containing 

Entrez Gene identifiers and fold changes of identified protein was analyzed by the 

Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, USA). Core analysis with indirect 

and direct relationships, proteins interactions and pathways, upstream regulatory analysis 

and functional network identifications were carried out as per manufacturer’s instructions 

using the human database (Qiagen Inc) [49]. Activation or inhibition of cell functions and 

upstream regulators were analyzed using IPA, with Z-score ≥ |2| considered statistically 

significant. The proteomic data set containing UniProtKB accession numbers and fold 

changes of identified proteins was also analyzed by the StringDB database of known 

and predicted protein-protein interactions [50]. Core analysis of proteins interactions and 

pathways (using Gene Ontology biological processes annotation) was conducted, with FDR 

< 0.05.
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2.10. Image acquisition and processing

Imaging was acquired by epifluorescence microscope (Axio Observer.Z1 Microscope, 

equipped with Hamamatsu digital camera C10600 Orca-R2, Zeiss, Germany) using 5X 

and 20X objectives, and 2-μm z-stacking. Confocal microscopy (LSM 880 microscope, 

Zeiss, Germany) was conducted using 20X or 40X magnification, 2-μm z-stacking. Images 

were processed using Zen (Blue edition, Zeiss, Germany) or Imaris (Bitplane, Switzerland). 

Quantification of relative fluorescence intensity was conducted using ImageJ.

2.11. Statistical analysis

Viability of MCF7 cells in 2D cell culture was calculated as the mean of mean±S.D. 

of triplicates for each Dox concentration tested. Viability and cytotoxicity in microfluidic 

assays were calculated for a minimum of 50 TME scaffolds, n=3. Statistical analysis was 

conducted using two-way ANOVA, with p-value ≤ 0.05 considered statistically significant. 

Statistical analysis of relative fluorescence in immunofluorescence assays was conducted 

by using the Student’s two-tailed T-test (Fig. 7(d), Fig. S6(d) and Fig. S7(b)), or one-way 

ANOVA (Fig. 6, Fig. 7(a), Fig. S5, and Fig. S6(b)), with p ≤ 0.05 considered statistically 

significant.

2. Results

3.1. Microfluidic device design

The microfluidic device design used in this study enabled the on-chip high throughput 

generation, culture, imaging and analysis of breast tumor - stroma microenvironment in 

Alg or Alg/Alg-S scaffolds (TME scaffolds) (Fig. 1). The design used in this study was 

composed of an array layer, featuring a flow-focusing junction for rapid droplet generation 

and an integrated 1000-docking sites array, each 200 μm in diameter, where the TME 

scaffolds were trapped and maintained; and an upper layer of 20 μm channels (width), 

spanning over the array and facilitating efficient perfusion of the TME scaffolds, in addition 

to perfusion through the array channels (Fig. 1(a)). Successful fabrication was validated 

by interferometry (Fig. 1(b)). For TME scaffold generation, the cells were mixed with 

partially cross-linked Alg or Alg/Alg-S and infused into the microfluidic device, through 

the aqueous phase inlet. Simultaneously, oil flow via the oil inlet, resulted in the rapid 

generation of water-in-oil droplets that were trapped in the integrated array. The hydrogel­

containing droplets were then briefly perfused with complete media supplemented with 

calcium chloride through a third inlet, for complete cross-linking of the hydrogel and 

oil removal. During cultivation, the TME scaffolds were maintained by constant media 

perfusion at 50 μl x hr−1, equivalent to 575 μm x s-1. This flow rate mimics blood flow 

velocity in solid tumors in vivo, reported to vary from 100 to 800 μm x s−1 [51]. To assess 

the uniformity of droplets, in terms of droplet size and cell distribution per TME scaffold, 

imaging and analysis of droplet diameter and cell number per TME scaffold were conducted 

(Fig. S1 and S2), with average droplet diameter of 144±13 μm (n=100 scaffolds) and 43±15 

cells per TME scaffold (100 TME scaffolds, n=2).
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3.2. Viscoelasticity characterization of the Alg and Alg/Alg-S hydrogels

Solid tumors were reported to be stiffer compared to their corresponding normal tissue 

[52]. The Young’s modulus of the normal breast tissue is averaged at 400 Pa, while in the 

malignant breast tissue it is averaged at 3000 Pa [53]. Increased stiffness is associated with 

higher integrin signaling, tumor cell proliferation, reduced responsiveness to chemotherapy 

and poor prognosis [11]. The viscoelastic properties of the two hydrogels, 1% (w/v) Alg, 

and 1% Alg/Alg-S, containing 10% alginate sulfate as w/w of total alginate polymer, were 

analyzed before and after crosslinking with 0.2% (w/v) calcium gluconate (SI Appendix, 

Fig. S3). As expected, the mechanical spectra prior to cross-linking revealed a typical G” 

> G’ behavior (SI Appendix, Fig. S3(a)), whereas the cross-linked hydrogels exhibited a 

G’ > G” pattern (SI Appendix, Fig. S3(b)), indicating the formation of a hydrogel. In the 

analysis of the elastic modulus of the crosslinked Alg and Alg/Alg-S hydrogels, values of 

2.9±0.2 kPa and 3.1±0.1 kPa, respectively, were observed (SI Appendix, Table S1), with no 

significant differences between the samples. These values are in close agreement with the 

mean elastic modulus values of in vivo breast tumors (~3 kPa) [53]. Thus, the biomaterials 

chosen for this study were shown to form stable hydrogels and exhibit physical properties 

that are in line with in vivo properties of the breast cancer solid tumor.

3.3. On-chip generation, viability and cytotoxicity of hTMES models

hTMES models for proinflammatory and immunosuppressive breast TMEs were generated, 

cultivated and analyzed on-chip, with Alg and Alg/Alg-S hydrogels as biomimetic ECMs 

(Fig. 2). In the models, cell composition was carefully constructed to mimic the cell 

types, activation states, and proportions reported in in vivo human breast cancer [9,47]. 

Two main TME scaffold types were generated using our high throughput microfluidic 

system: (i) P-hTMES, designed to recapitulate proinflammatory microenvironment of 

early tumor development, where MCF7 breast adenocarcinoma cells were co-encapsulated 

with a proinflammatory milieu of M1-activated macrophages and activated T cells, as 

well as mammary fibroblasts and epithelial cells as the non-immune stroma; and (ii) I­

hTMES, designed to mimic the immunosuppressive microenvironment of progressed breast 

tumor, where MCF7 tumor cells were co-encapsulated with M2-activated macrophages 

and non-activated T cells, mammary fibroblasts and epithelial cells. Macrophage and T 

cell differentiation markers were routinely analyzed by flow cytometry using established 

differentiation markers [44,54,55] (SI Appendix, Fig. S4). The I-hTMES model was based 

on clinical studies, which have shown higher percentage of M2b and M2c macrophages 

in advanced breast tumor patients [41,45], compared to both healthy individuals and 

early-stage patients. Here, M2 differentiation resulted in a mixed M2b/M2c phenotype, 

characterized by: significantly low CD80 expression compared to M1 macrophages (a 

general characteristic of M2 polarization, P ≤ 0.0001); high expression of CD86 (compared 

to non-activated monocytes, P ≤ 0.01, non-significant compared to M1 macrophages), 

indicating M2b polarization; and high expression of CD163 (compared to non-activated 

monocytes, P ≤ 0.05), an established M2c marker. Non-immune stromal cells were 

incorporated into both models, with human mammary fibroblasts, originating from 

mastectomy samples, and human mammary epithelial cells. MCF7 scaffolds (MCF7-S), 

composed of MCF7 cells only; and ECF7-EF scaffolds (MCF7-EF-S), where MCF7 cells 

were co-encapsulated with epithelial cells and fibroblasts only; were generated as controls.
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MCF7-S, P-hTMES and I-hTMES were maintained in the microfluidic device with constant 

media perfusion. During cultivation, some changes in cell morphology across the TME 

scaffolds were observed over time (described here for day-1 to day-4 culture, Fig. 3 and SI 

Appendix, Fig. S5). Though no significant changes in total hydrogel area were observed, 

cells appeared more compact and darker in shade over time, particularly in P-hTMES and 

I-hTMES, compared to the MCF7-S (Fig. 3). These changes were more pronounced in the 

Alg/Alg-S hydrogels, as exemplified for I-hTMES in Fig. S5. Examining Alg/Alg-S TME 

scaffolds, while in the MCF7-S cells appeared to retain their original shape and overall 

size over time (Fig. 3), and were observed to preserve close cell-cell contacts, the cells in 

P-hTMES and I-hTMES were smaller, elongated and darker (in bright field) over time. In 

all TME scaffold types, formation and expansion of cell protrusions, by both tumor cells 

and stromal cells, was observed (Fig. 3 and SI Appendix, Fig. S5). Cell proliferation was 

minimal in all TME scaffold types. This is expected due to the nature of the stiff hydrogels 

used, shown to result in decreased proliferation [56], and mimic low proliferation patterns 

observed under similar conditions in vivo [57].

Viability and cytotoxicity in the TME scaffolds were imaged and quantitatively analyzed 

(Fig. 4). Viability of MCF7 cells in MCF7-S, MCF7-EF-S, P-hTMES and I-hTMES 

generated in Alg or Alg/Alg-S hydrogels was analyzed. Analysis was conducted for each 

TME scaffold type in Alg vs. Alg/Alg-S and for different scaffold types in Alg or Alg/

Alg-S, hypothesizing that both hydrogel type and cellular milieu affect viability. Following 

96 hr culture, viability was significantly lower in Alg P-hTMES compared to all other 

TME scaffold types (p ≤ 0.01, all, Fig. 4(a)). A similar pattern was observed in Alg/Alg-S 

P-hTMES, with viability significantly lower (p ≤ 0.01) compared to other TME scaffolds. Of 

note, a significant difference in viability was observed in Alg versus Alg/Alg-S P-hTMES, 

with higher viability in Alg/Alg-S scaffolds (p ≤ 0.05, Fig. 4(a-b)). Examining viability over 

time, viability in both Alg and Alg/Alg-S P-hTMES was observed to drop within the first 48 

hr of culture and then remained relatively steady at 96 hr.

Doxorubicin (Dox) cytotoxicity was analyzed in a 2D monolayer of MCF7 tumor cells 

and in the TME scaffolds on-chip. Dox is a commonly used chemotherapeutic drug, to 

which breast cancer cells cultured in 3D culture were previously shown to demonstrate 

higher resistance compared to 2D monolayer culture [58]. Here, following 5 μM Dox 

treatment, significant differences in viability between the 2D culture and the MCF7-EF­

S and I-hTMES, in both Alg and Alg/Alg-S were observed (p ≤ 0.05 and p ≤ 0.001, 

respectively, (Fig. 4(c)). Following 10 μM Dox treatment, significant differences in viability 

between the 2D culture and all TME scaffolds were observed (p ≤ 0.01, Fig. 4(d)). Of 

note, a significant difference in viability was observed in Alg versus Alg/Alg-S I-hTMES 

(p ≤ 0.05). Thus, both viability and Dox cytotoxicity were shown to be modulated by both 

cellular composition (for example viability in P-hTMES versus I-hTMES, or cytotoxicity in 

MCF7-S vs. MCF7-EF-S and I-hTMES in Alg/Alg-S) and hydrogel type (viability of Alg 

versus Alg/Alg-S P-hTMES, or cytotoxicity of Alg I-hTMES versus Alg/Alg-S I-hTMES).
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3.4. On-chip immunofluorescence in the hTMES models

The TME of solid tumors is generally characterized by increased oxidative stress, 

resistance to apoptosis, and production of immuno-suppressive cytokines such as IL-10. 

These characteristics were analyzed here by on-chip immunofluorescence and quantitative 

analysis of the MCF7-S, P-hTMES and I-hTMES, encapsulated in Alg/Alg-S, using 

confocal microscopy (Figs. 1–7). T cells were immunolabeled for CD3. Differentiated 

macrophages were immunolabeled for CD86 [41,42,59]. Here, CD86 expression was high 

and of similar expression levels in both M1 (P-hTMES) and M2 macrophages (I-hTMES) 

(SI Appendix, Fig. S4), and thus allowed the use of this marker for the detection of 

differentiated macrophages in both models. Moreover, this facilitated the identification 

of possible macrophage-T cell interaction sites, as CD86 and CD3 are both localized in 

the immunological synapse (though not forming direct interactions) [60]. Using confocal 

microscopy, areas of overlapping CD3 and CD86 labeling were clearly observed in both 

P-hTMES and I-hTMES (Fig. 5).

ROS production was imaged and analyzed using a commercially available ROS detection 

reagent, which is cell-permeable, emitting green fluorescence when oxidized by ROS (Fig. 

6(a, b)). ROS was detected in all TME scaffold types, which is in line with previous reports 

of ROS production in breast tumors [61,62]. In the quantitative analysis of ROS production 

(by quantification of relative fluorescence), a significant increase in ROS production by 

P-hTMES and I-hTMES compared to the MCF7-S was observed (p ≤ 0.0001, both, Fig. 

6(b)). A significant difference in ROS production was also observed in P-hTMES compared 

to I-hTMES (p ≤ 0.01), with higher expression in the I-hTMES. These results align with 

previous works, showing increased oxidative stress in solid tumors [63–65].

Analysis of apoptosis in MCF7-S, P-hTMES and I-hTMES was conducted next, using 

Annexin V and a detection reagent for caspases 3/7 activation as apoptosis markers (Fig. 

6(c, d)). In line with the results obtained in the viability analysis (Fig. 4), apoptotic markers 

were predominantly observed in the P-hTMES (Fig. 6(c)). In order to quantitatively analyze 

apoptosis in MCF7 tumor cells, the relative fluorescence intensity of bound annexin V 

was measured and quantitatively analyzed in the three TME scaffold types (Fig. 6(d)). 

Significantly higher Annexin V binding was observed in P-hTMES compared to the MCF7­

S and I-hTMES (p < 0.001 for both). As caspase 3/7 labeling was inconsistent with annexin 

V binding, we do not present the analysis of caspase 3/7 activation here. This may be due to 

non-apoptotic activities previously reported for caspase 3 [66–69], while annexin V remains 

a reliable marker for early surface change in apoptosis [70].

IL-10 expression was significantly higher in the I-hTMES compared to MCF7-S and P­

hTMES, (p ≤ 0.0001 for both, Fig. 7(a, b)). No significant difference in IL-10 expression 

was observed in MCF7-S versus P-hTMES. IL-10 labeling in I-hTMES was observed to 

coincide with CD86 labeling, suggesting that IL-10 in the I-hTMES was mainly produced 

by the M2-activated macrophages. Tumor cells were previously reported to modulate 

infiltrating macrophages into an M2-like phenotype, with the latter characterized by 

increased production of immuno-suppressive cytokines such as IL-10 [41,45]. To evaluate 

re-programming of macrophages into an M2-like phenotype in our system, P-hTMES 

encapsulated in Alg or Alg/Alg-S were imaged and quantitatively analyzed for IL-10 
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production following additional five days incubation (Fig. 7(c, d)). IL-10 production was 

detected in the Alg/Alg-S P-hTMES, and again coincided with CD86 labeling. IL-10 

production was significantly higher in Alg/Alg-S P-hTMES compared to Alg P-hTMES 

(p ≤ 0.01, Fig. 7(d)). Thus, IL-10 production by macrophages in the Alg/Alg-S P-hTMES 

was induced overtime, suggesting an M1 to M2 phenotype switch in macrophages in 

Alg/Alg-S scaffolds. As further support for this finding, we analyzed the expression of 

CD163 and HLA-DR in Alg P-hTMES versus Alg/Alg-S P-hTMES and I-hTMES (Fig. S6). 

CD163 is a well-established marker for M2 macrophage differentiation [41,44], observed 

to be highly expressed in our M2-differentiated macrophages (Fig. S4). CD163 levels were 

significantly higher in the Alg/Alg-S P-hTMES and I-hTMES compared to Alg P-hTMES 

(p ≤ 0.01 and p ≤ 0.001, respectively, Fig. S6(b)). Attenuation of HLA-DR expression, a 

validated surface marker for M1 macrophages [41], is a sensitive and reliable marker for 

immunosuppression [71]. Here, HLA-DR expression was significantly reduced in Alg/Alg-S 

P-hTMES compared to Alg P-hTMES (p ≤ 0.05, Fig. S6(c, d)). Collectively, these results 

support an M1 to M2 switch in Alg/Alg-S P-hTMES.

3.5. LC-MS proteomic profiling of MCF7 cells in P-hTMES

Significant differences were observed in the viability of MCF7-S versus P-hTMES, and 

of Alg versus Alg/Alg-S P-hTMES, indicating both cellular milieu and hydrogel type 

affect tumor cell survival. Elucidation of differences in protein expression in these models 

representing early breast TME may shed light on early events promoting tumor progression 

and potentially serve as valuable tools in future therapeutics. Two sets of comparative 

LC-MS-based proteomic profiling were conducted in MCF7 cells collected and sorted from 

on-chip TME scaffolds: (i) Alg/Alg-S MCF7-S versus Alg/Alg-S P-hTMES; and (ii) Alg P­

hTMES versus Alg/Alg-S P-hTMES. This way, protein expression patterns that are induced 

by cellular milieu (set (i)) or hydrogel type (set (ii)) could be differentially detected and 

analyzed. Bottom-up liquid chromatography-mass spectrometry-based proteomic analysis 

led to the identification of approx. 2,000 protein groups (at FDR≤1%). Analysis of the 

datasets was conducted using the Ingenuity Pathway Analysis (IPA) software and the 

STRING database (STRING-DB).

3.5.1. Proteomic profiling of MCF7 cells in Alg/Alg-S MCF7-S versus P­
hTMES—Over 800 proteins were found to be highly differentially expressed in this dataset, 

with log2 of fold change (log2(FC)) ≥ |1|, calculated as the log2 of the ratio of median 

protein abundance in MCF7-S to P-hTMES. Based on pathway enrichment analysis by 

IPA, top canonical pathways detected include the EIF2 signaling pathway, mitochondrial 

dysfunction and the sirtuin signaling pathway (SI Appendix, Table S2), previously described 

in human tumors [72–75]. Proteins involved in oxidation, ROS generation and response to 

oxidative stress differentially expressed in this dataset are summarized in SI Appendix, Table 

S3. Using IPA diseases and functions analysis, proteins highly associated with apoptosis 

were differentially expressed in Alg/Alg-S P-hTMES and are summarized in SI Appendix, 

Table S4.

A relatively large set (> 150) of differentially-expressed proteins involved in modulation 

of immune response and tumor progression were identified (SI Appendix, Table S5). 
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A few notable proteins involved in immunomodulation, significantly upregulated in Alg/

Alg-S P-hTMES include: CD47 (log2(FC)=−1.73, p-value ≤ 0.005), Protein S100-A8 

(log2(FC)=−2.22, p-value ≤ 0.1), and NF-kB activating protein (NKAP, log2(FC)=−1.47, 

p-value ≤ 0.01). In contrast, proteins involved in immuno-recognition and activation, such 

as HLA-C (Log2(FC)=1.15, p-value ≤ 0.01) were upregulated in MCF7-S. A summary 

heatmap of several differentially expressed proteins is depicted in SI Appendix, Fig S7(a). 

Upstream regulators highly upregulated in Alg/Alg-S P-hTMES, as predicted by IPA 

with z-score ≤ −2, and a p-value << 0.05, were associated with immunosuppression, 

epithelial to mesenchymal transition (EMT), and tumor progression such as TGF-β1 and 

Nanog (SI Appendix, Fig. S7(b)). Notable proteins induced by TGF-β1, upregulated 

in Alg/Alg-S P-hTMES include Integrin alpha-3 (Log2(FC)=−2.02, p-value ≤ 0.001), 

Vimentin (Log2(FC)=−2.15, p-value ≤ 0.0005) and Proliferation marker protein Ki-67 

(Log2(FC)=−0.97, p-value ≤ 0.01). Combined, expression of proteins involved in oxidative 

stress, immunomodulation, and EMT were upregulated in Alg/Alg-S P-hTMES.

3.5.2. Proteomic profiling of MCF7 cells in Alg versus Alg/Alg-S P-hTMES
—Approximately 400 proteins differentially expressed were detected here. While IPA 

analysis of canonical Pathways enriched revealed similar pathways to the pathways observed 

previously, pathways involved in cell-cell communication were found to be highly enriched 

in this dataset (SI Appendix, Table S6). Notably, remodeling of adherens junctions and 

Clathrin-mediated endocytosis, regulating cell surface signaling were highly enriched. Using 

STRING-DB hierarchical clustering analysis, clusters of proteins involved in immune 

response, apoptosis and regulated exocytosis were upregulated in the Alg/Alg-S P-hTMES 

(SI Appendix, Fig. S7(c)). Upstream regulators predicted by IPA in Alg/Alg-S P-hTMES 

included proteins previously shown to induce tumor progression, such as C/EBP alpha 

(encoded by CEBPA) [76] and La-related protein 1 (LARP1), predicted with z-score ≤ −2. 

IPA diseases and functions and networks analyses detected cell-cell contact, cancer and 

inflammatory response as the main activated functions in this dataset. Of note, proteins 

involved in modulation of immune response were differentially expressed in tumor cells 

collected from Alg/Alg-SP-hTMES compared to Alg P-hTMES. Finally, proteins involved 

in cell-cell interactions, such as Vinculin, Desmoglein-1 and Desmocollin-1 were all 

upregulated in Alg/Alg-S P-hTMES (all with log2(FC) ≤ −1, p-value ≤ 0.05).

4. Discussion

In this work, we developed a dynamic, high throughput 3D microfluidic platform for the 

study of the breast TME, using Alg and Alg/Alg-S hydrogels as ECM biomimetic. The 

use of Alg/Alg-S and high throughput microfluidics, coupled with the replication of in 
vivo parameters such as: (i) affinity binding of signaling factors to the Alg/Alg-S that is 

comparable with in vivo binding to heparin; (ii) hydrogel stiffness that is comparable to 

the in vivo breast tumor ECM; (iii) perfusion that follows in vivo blood flow velocity 

in solid tumors; and finally (iv) the co-culture of tumor and stromal cells, in proportions 

and activation states that replicate in vivo breast TME dynamics; resulted in in vivo-like 

responses, observed by judging three main categories : (i) Cell morphology and EMT; (ii) 

Oxidative stress and apoptosis; and (iii) Immunomodulation.
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Tumors expressing both epithelial and mesenchymal markers have been reported previously, 

representing a continuous spectrum of cell states between the two [77–79]. Several 

observations here indicate EMT phenotypes in Alg/Alg-S P-hTMES and I-hTMES. 

Morphologically, the epithelial cells in Alg/Alg-S P-hTMES and I-hTMES were observed 

to adopt an elongated and isolated shape, indicative of mesenchymal transition. Migration 

was not observed, which may be due to the cells’ inability to breakdown the alginate 

hydrogel and its density. LC-MS proteomic profiling showed increased expression of 

proteins involved in remodeling of adherens junctions and Clathrin-mediated endocytosis, 

which regulate cell surface signaling, in Alg/Alg-S P-hTMES compared to Alg/Alg-S 

MCF7-S and Alg P-hTMES. Upregulation of proteins involved in remodeling of adherens 

junctions by LC-MS correlated with the observed generation of cellular protrusions over 

time in the Alg/Alg-S P-hTMES and I-hTMES (Fig. S5). IPA prediction of TGF-β1 as 

an upstream regulator (z-score ≤ −2) further indicates EMT patterns. TGF-β1 has been 

highly correlated with inducing invasion, metastasis and EMT in breast cancer [80,81]. 

Tumor-associated macrophages isolated from breast cancer tissues were shown to express 

high levels of CD163, and correlated positively with TGF-β1 expression [82]. Here, high 

expression of CD163 in Alg/Alg-S P-hTMES and I-hTMES compared to Alg P-hTMES 

was observed (p ≤ 0.01, Fig. S6), further substantiates a possible EMT phenotype. Induction 

of EMT was shown to result in the attenuation of surface display of HLA molecules 

in tumor-associated macrophages in breast carcinomas [83–85]. Similarly, significant 

downregulation of HLA molecules in Alg/Alg-S P-hTMES compared to Alg P-hTMES 

was observed by both immunofluorescence and LC-MS proteomic profiling (HLA-DR, 

P ≤ 0.05, Fig. S6, and HLA-A and HLA-C, p-value ≤ 0.05, SI Appendix, Table S7, 

respectively). Downregulation of E-cadherin is a well-established EMT marker in breast 

cancer progression [86]. Significant downregulation in E-cadherin expression was observed 

in Alg/Alg-S P-hTMES compared to MCF7-S by immunofluorescence (p ≤ 0.05, Fig. 

S8), and LC-MS proteomic profiling (log2(FC)=0.9, p ≤ 0.05). As EMT is an important 

mechanism in driving tumor progression, its replication in vitro in our models is evident for 

their appropriateness to simulate the TME and the study of breast malignancy.

Oxidative stress, mitochondrial dysfunction and apoptosis are well-documented in tumor 

progression [87–89]. Here, using on-chip immunofluorescence, ROS production was 

significantly increased in Alg/Alg-S P-hTMES and I-hTMES compared to MCF7-S (p 

≤ 0.0001, both). This correlates with mitochondrial dysfunction detected in both LC-MS 

proteomic profiling datasets and differential expression of proteins involved in oxidation 

(summarized in SI Appendix, Table S4), ROS production and response to oxidative stress 

in Alg/Alg-S MCF7-S and P-hTMES (SI Appendix, Table S3). Upregulation of apoptotic 

proteins by LC-MS proteomic profiling aligns with the higher annexin V binding observed 

in Alg/Alg-S P-hTMES, indicative of apoptotic membrane flipping (Fig. 6). Comparison 

of ROS production and apoptosis in P-hTMES and I-hTMES with previous findings in 

primary tumors reveals similar patterns. Cancer cells are characterized by elevated rates 

of ROS production, compared to normal cells, due to a loss of redox regulation [90]. In 

primary breast tumors, high levels of both various antioxidant proteins (such as SOD) and 

ROS were detected compared to healthy individuals [91,92]. Moreover, increased levels of 

both were found to be correlated with disease stage [93,94]. Similarly, ROS levels were 
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shown to significantly increase from MCF-S to P-hTMES to I-hTMES. This associates 

with ROS as a signaling mechanism promoting cell survival in the TME [90], and deserves 

further study of the I-hTMES. Exposure to high ROS levels has been shown to have 

contradicting impacts, serving as both a signaling mechanism inducing metabolic changes 

that induce cells survival, but can also result in cell arrest and apoptosis [95]. In primary 

breast adenocarcinomas, expression of both anti-apoptotic proteins such as Bcl-2, as well 

as pro-apoptotic proteins such as Bax were detected [89]. Similarly, the induced expression 

of proapoptotic proteins such as Bcl2-L-13 in Alg/Alg-S P-hTMES by proteomic analysis 

(log2(FC)=−1.29, p-value ≤ 0.01) and higher apoptosis observed by immunofluorescence 

(Fig. 6(c), (d)) is indicative of analogous mechanisms. Immunofluorescence for apoptotic 

markers such as membrane flipping, detected by annexin V binding, and caspase 3/7 

activation yielded contradicting results. While annexin V binding proved consistent with 

viability analysis, analysis of caspase 3 activation did not align with annexin V binding. 

This may be attributed to previously reported non-apoptotic activities for activated caspase 

3, such as tumor proliferation and monocyte differentiation [66,68,69,96]. Indeed, further 

study into the potential role of caspase 3 activation may be of value in understanding of its 

role in tumor progression.

Significant evidence for immunomodulation in our models was gathered. First, the 

upregulation in IL-10 expression in Alg/Alg-S P-hTMES correlates with previous reports 

on IL-10 expression in vivo. In primary breast tumors, high expression of IL-10 was 

significantly higher compared to normal breast tissues [97], and high IL-10 expression 

was associated with higher tumor grade [98,99]. Tumor cells were previously shown to 

induce transition from M1 to M2 phenotype in infiltrating macrophages, characterized 

by increase in the expression of immunosuppressive cytokines, such as IL-10, supporting 

tumor progression and immuno-evasion [41,99,100] A similar trend was observed here, 

with significant increase in IL-10 expression in Alg/Alg-S P-hTMES (Fig. 7), further 

supported by significant increase in CD163 expression and downregulation of HLA-DR 

(SI Appendix, Fig. S6), both previously associated with immunosuppression and tumor 

progression [101]. Upregulation of proteins involved in Immunomodulation was also 

detected by LC-MS proteomic profiling, summarized in SI Appendix, Table S5. One 

notable example is NF-kB activating protein (NKAP), recently reported to promote tumor 

growth and induce immunosuppression in gliomas [102]. Specifically, NKAP was reported 

to alter the polarization and infiltration of tumor associated macrophages. Here, though 

changes in cell mobility were not observed, an M1 to M2 polarization was observed 

by the aforementioned changes in IL-10, CD163, and HLA-DR expression (Fig. 7 and 

S6, respectively). Combined, these observations may indicate a similar role for NKAP 

in promoting tumor progression. Two particular examples indicate the role of Alg/Alg­

S in promoting cell-cell interactions in the models presented here: (i) upregulation of 

monocarboxylate transporter 4 (SLC16A, or MCT4) in Alg/Alg-S P-hTMES versus both 

Alg/Alg-S MCF7-S and Alg P-hTMES (log2(FC)=−2.18 and −1.1, respectively, p ≤ 0.05, 

both). MCT4 is a lactate–proton symporter which supports glycolytic tissues by pumping 

out lactate and H+ [103]. In turn, the acidification of the extracellular space induces M2 

polarization of macrophages [104]. It was found to be highly expressed in breast tumor 

cells compared to normal mammary cells, both in vitro and in vivo, induced particularly 
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in areas under oxidative stress. Similarly, its high expression in the Alg/Alg-S P-hTMES 

can indicate a similar mechanism in inducing M2 polarization; (ii) Upregulation of both 

HLA-A and HLA-C in Alg P-hTMES versus Alg/Alg-S P-hTMES (log2(FC)=1.07 and 

0.9, respectively, p ≤ 0.05, both), indicating immuno-evasion mechanisms activated in the 

Alg/Alg-S scaffolds, similar to in vivo tumor progression. Collectively, our results suggest 

that signaling in the TME Alg/Alg-S scaffolds is dynamic, adaptive and mimics previously 

reported in vivo responses in breast cancer. The observations presented here cannot be 

explained by differences in hydrogel stiffness (non-significant statistically). It is more likely 

that the activity of alginate-sulfate in capturing and binding signaling molecules makes the 

matrix more active towards cells. As supporting evidence, formation of large tumor-derived 

vesicles (LTV, 2.3±0.3 μm in mean diameter (n=10)), previously reported to inhibit immune 

response [105] and promote tumor progression and metastasis [105–107], was observed in 

Alg/Alg-S scaffolds (Fig. S9). This, coupled with the upregulated expression of proteins 

involved in secretion and regulated exocytosis in the Alg/AlgS P-hTMES by proteomic 

profiling (SI Appendix, Table S7) suggest a possible mechanism for tumor survival.

System limitations include: (i) slight deviation from Gaussian distribution in cell number per 

scaffold (Fig. S2). Variability is expected due to flow patterns developing in the geometries 

employed here. However, the system presented here still offers a rapid and efficient way for 

high throughput generation of droplets of high uniformity; (ii) exclusion of endothelial cells 

and adipocytes, shown to play important roles in the breast TME [2,108,109]. However, 

incorporating stromal cells in in vivo proportions and activation states, application of 

constant perfusion, and controlling hydrogel stiffness, allowed us to present a meaningful 

model of the breast TME; (iii) the microfluidic design presented here enables a single 

experimental condition per device, however this can be easily solved by alternative designs, 

as demonstrated in previous studies [110,111]. Existing models [29,31,32,112] offer limited 

control over size or cell composition of the cell constructs, or use ex vivo tissues that offer 

limited viability. Here, we were able to generate complex and dynamic in vitro models 

of the breast TME, using high throughput microfluidics, that offer control over scaffold 

size, composition and stiffness. Our results confirmed increased expression of proteins 

involved in tumor progression and immune-modulation that were previously reported in 
vivo, demonstrating Alg/Alg-S as a powerful ECM-mimic.
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Fig. 1. Microfluidic device design, droplet generation and study work flow.
(a) Schematic representation of the microfluidic design used in this study, with 

magnification of the array docking sites. (b) Interferometry imaging of the 2-layer 

fabricated master. (c) Droplet generation, with MCF7 cells labeled with CFSE (green) and 

CCD1129SK human mammary fibroblasts labeled with CMAC (blue). Upper pannel: 5X 

magnification, after droplet formation; lower pannel: 20X maginification, after hydrogel 

crosslinking and oil removal. In the lower panel, the edges of the hydrogel are highlighted 

in white in the bright field and the merged images. (d) Study workflow. Scaffolds 
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were generated by mixing the cells in a partially cross-linked alginate, and infused 

into the device for droplet generation and final cross-linking. The scaffolds were then 

maintained by constant media perfusion, analyzed for viablity, Doxorubicin cytotoxicty, 

immunofluorescence, and finally collected and sorted for LC-MS proteomic profiling.Scale 

bar in ((b), and (c),(d) upper panels is 200 μm; scale bar in (c), (d) lower panels is 50 μm.
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Fig. 2. On-chip generation of Alg and Alg/Alg-S P-hTMES and I-hTMES.
Microscopy images of Alg and Alg/Alg-S (a) P-hTMES and (b) I-hTMES. Imaging shown 

in upper panels in (a)-(b) was conducted using epifluorescence microscopy (Zeiss Axio 

Observer.Z1), 5X magnification, using 2 μm Z-stacking, with MCF7 labeled with CFSE 

(green), and fibroblasts with CMAC (blue), Scale bar: 200 μm; Imaging of scaffolds in two 

lower panels in (a)-(b) was performed by confocal microscopy (Zeiss LSM 880) with 20X 

magnification, using 2 μm Z-stacking, with MCF7 labeled with CFSE (green), macrophages 

with CMPTX (red) and cell nuclei with Hoechst 33342 (blue), Scale bar: 20 μm.
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Fig. 3. Scaffold morphology in the MCF7-S, P-hTMES and I-hTMES during on-chip culture.
Microscopy imaging of (a) MCF7-S; (b) P-hTMES; and (c, d) I-hTMES in Alg/Alg-S. 

Imaging conducted using epifluorescence microscopy (Zeiss Axio Observer.Z1) in ((a), 

two upper panels), (b), and (c), with MCF7 cells labeled with CFSE (green), fibroblasts 

with CMAC (blue), and dead cells with EtHD (red), using 20X magnification and 2 μm 

Z-stacking, Scale bar: 50 μm. Confocal imaging (Zeiss LSM 880) in (a), two lower panels, 

was conducted using 20X magnification, 2 μm Z-stacking, with MCF7 cells labeled with 

CFSE (green), tubulin labeled with anti-human tubulin mAb (red) and cell nuclei with 

Fridman et al. Page 27

Acta Biomater. Author manuscript; available in PMC 2022 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Hoechst 33342 (blue), scale bar: 10 μm, upper panel, and 5 μm for magnified images (lower 

panel).Confocal imaging in (d) was conducted using 20X magnification, 2 μm Z-stacking, 

with MCF7 cells labeled with CFSE (green), macrophages with CMPTX (red), and cell 

nuclei with Hoechst 33342, Scale bar: 20 um, and 5 μm in the magnified image.
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Fig. 4. Analysis of on-chip viability and cytotoxicity.
(a) Viability of MCF7 cells in MCF7-S, MCF7-EF-S, P-hTMES and I-hTMES, encapsulated 

in Alg or Alg/Alg-S following 96 hr incubation with constant media perfusion. (b) Imaging 

of P-hTMES, in Alg (upper panel) and Alg/Alg-S (lower panel), with MCF7 labeled with 

CFSE (green), fibroblasts with CMAC (blue), and dead cells with EtHD (red). Imaging 

was conducted using epifluorescence microscopy, using 20X maginification and 2 μm Z­

stacking. Scale bar = 50 μm. (c) MCF7 cells viability following 24 hr perfusion with 5 μM 

Dox; or (d) 10 μM Dox. MCF7 cell viability is presented as mean viability ± S.D., n=3, 

calculated as the percentage of live cells in 50 scaffolds for each scaffold type, analyzed 
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using ImageJ. Viability in the 2D culture was analyzed using Presto Blue, mean viability 

± S.D., n=3. Statistical analysis in (a) and (c)-(d) was conducted by 2-way ANOVA, and 

one-way ANOVA, respectively, with p ≤ 0.05 considered statistically significant.

Fridman et al. Page 30

Acta Biomater. Author manuscript; available in PMC 2022 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig.5. On-chip imaging of immune cells in MCF7-S, P-hTMES and I-hTMES.
Imaging was conducted by Zeiss LSM 880 confocal microscopy, using 20X and 40X 

magnification, 2 μm Z-stacking, with MCF7 cells labeled with live cell-tracker CMAC 

(blue); T cells immunolabeled for CD3 (red); and Macrophages immunolabeled for CD86 

(green). Magnified images on the right show areas of CD3 and CD86 overlap. Scale bar: 

20 μm, except for right hand side magnified images: 3 μm for P-hTMES and 5 μm for 

I-hTMES.
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Fig. 6. On-chip analysis of ROS production and apoptosis in MCF7-S, P-hTMES and I-hTMES.
(a) Imaging of ROS productions, with MCF7 cells labeled with live cell-tracker CMAC 

(blue), T cells immunolabeled for CD3 (red), and ROS detected using a ROS detection 

reagent (green). (b) ROS production for each scaffold type, quantified by analysis of ROS 

fluorescence intensity vs. background in n=30 scaffolds for each scaffold type, expressed in 

relative fluorescence units (RFU). (c) Imaging apoptotic cells, with MCF7 cells labeled with 

live cell-tracker CMAC (blue); Apoptotic cells labeled by Annexin V (red); and activated 

caspase 3/7 (green). (d) Apoptosis of MCF7 cells quantitatively analyzed by measuring 

Fridman et al. Page 32

Acta Biomater. Author manuscript; available in PMC 2022 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Annexin V fluorescence intensity vs. background in n=30 scaffolds for each scaffold type, 

expressed in RFU. Imaging in (a) and (c) was conducted by Zeiss LSM 880 confocal 

microscopy, using 20X magnification, 2 μm Z-stacking. Scale bar: 20 μm, except for 

magnified image: 5 μm; Box plots in (b) and (d) are depicted as the 5–95 percentile, where 

the whiskers show the data range within this percentile, the box denotes the values in the 

25th to the 75th percentiles, and the horizontal bar depicting the median. The dots bellow 

and above the whiskers denote the min and max values measured. Statistical analysis was 

conducted by using one-way ANOVA for means of fluorescence intensity, with p ≤ 0.05 

considered statistically significant.
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Fig. 7. On-chip analysis of IL-10 expression in MCF7-S, P-hTMES and I-hTMES.
On-chip immunofluorescence for IL-10 expression (magenta); T cells immunolabeled for 

CD3 (red); macrophages immunolabeled for CD86 (green); and MCF7 labeled with live-cell 

tracker CMAC (blue). (a) Confocal immunofluorescence imaging of IL-10 expression in 

MCF7-S, P-hTMES and I-hTMES. (b) Quantitative analysis of IL-10 expression conducted 

by measuring IL-10 fluorescence intensity vs. background, in n=30 scaffolds for each 

scaffold type, expressed in relative fluorescence units (RFU). Statistical analysis was 

conducted for means of fluorescence intensity, using one-way ANOVA, with p ≤ 0.05 
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considered statistically significant. (c) IL-10 imaging in P-hTMES, encapsulated in Alg 

(upper panel) or Alg/Alg-S (lower panel), with labeling the same as described in (a). (d) 

Quantitative analysis of IL-10 production in the P-hTMES following 5 days of incubation 

was conducted as described in (b), with statistical analysis conducted by using two-tailed 

Student’s T-test, with p ≤ 0.05 considered statistically significant, in n=20 scaffolds. Box 

plots are depicted as the 5–95 percentile, where the whiskers show the data range within this 

percentile, the box denotes the values in the 25th to the 75th percentiles, and the horizontal 

bar depicting the median. The dots bellow and above the whiskers denote the min and max 

values measured. Imaging was conducted by Zeiss LSM 880 confocal microscopy, using 

20X magnification, 2 μm Z-stacking. Scale bar in (a) and (c) = 20 μm.
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