UNIVERSITYOF
BIRMINGHAM

iversit}/]of iIrmingham
esearch at Birmingham

Design of synthetic extracellular matrices for
probing breast cancer cell growth using robust
cyctocompatible nucleophilic thiol-yne addition

chemistry
Macdougall, Laura J.; Wiley, Katherine L.; Kloxin, April M.; Dove, Andrew

DOI:
10.1016/j.biomaterials.2018.04.046

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version _
Peer reviewed version

Citation for published version (Harvard):

Macdougall, LJ, Wiley, KL, Kloxin, AM & Dove, A 2018, 'Design of synthetic extracellular matrices for probing
breast cancer cell growth using robust cyctocompatible nucleophilic thiol-yne addition chemistry', Biomaterials.
https://doi.org/10.1016/j.biomaterials.2018.04.046

Link to publication on Research at Birmingham portal

General rights

Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

*Users may freely distribute the URL that is used to identify this publication.

*Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.

*User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
*Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.

Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 18. Apr. 2024


https://doi.org/10.1016/j.biomaterials.2018.04.046
https://doi.org/10.1016/j.biomaterials.2018.04.046
https://birmingham.elsevierpure.com/en/publications/c5aa136e-25fd-4109-ab59-b7fe643bcc21

Accepted Manuscript

Biomaterials

Design of synthetic extracellular matrices for probing breast cancer cell growth using
robust cyctocompatible nucleophilic thiol-yne addition chemistry

Laura J. Macdougall, Katherine L. Wiley, April M. Kloxin, Andrew P. Dove

Pl S0142-9612(18)30310-7
DOI: 10.1016/j.biomaterials.2018.04.046
Reference: JBMT 18632

To appearin:  Biomaterials

Received Date: 29 January 2018
Revised Date: 27 March 2018
Accepted Date: 23 April 2018

Please cite this article as: Macdougall LJ, Wiley KL, Kloxin AM, Dove AP, Design of synthetic
extracellular matrices for probing breast cancer cell growth using robust cyctocompatible nucleophilic
thiol-yne addition chemistry, Biomaterials (2018), doi: 10.1016/j.biomaterials.2018.04.046.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.biomaterials.2018.04.046

= PEG alkyne

o~

-

=PEG thiol

= CGRGDS

= breast cancer
cells

Thiol-yne crosslinked
cell culture platform

Controlled degradability
High cell viability
Cell cluster formation



Design of Synthetic Extracellular Matrices for
Probing Breast Cancer Cell Growth Using Robust
Cyctocompatible Nucleophilic Thiol-yne Addition

Chemistry

Laura J. Macdougalf *Katherine L. Wiley> * April M. Kloxin® %" and Andrew P. Dov&™

& Department of Chemistry, University of Warwick bBet Hill Road, Coventry, CV4 7AL,

UK

P School of Chemistry, University of Birmingham, Bdgton, Birmingham, B15 2TT, UK

¢ Department of Chemical and Biomolecular Enginegrisniversity of Delaware, Newark,

DE 19716, USA

4Department of Materials Science and Engineeringyéisity of Delaware, Newark, DE

19716, USA
Laura J. Macdougall and Katherine L. Wiley contried equally to this work

KEYWORDS

Poly (ethylene glycol), Nucleophilic thiol-yne, Hymjels, Breast cancer, 3D culture,

Synthetic extracellular matrices



ABSTRACT

Controlled, three-dimensional (3D) cell cultureteyss are of growing interest for both tissue
regeneration and disease, including cancer, erpblypothesis testing about the effects of
microenvironment cues on a variety of cellular gsses, including aspects of disease
progression. In this work, we encapsulate and oulin three dimensions different cancer
cell lines in a synthetic extracellular matrix (EMising mild and efficient chemistry.
Specifically, harnessing the nucleophilic additiohthiols to activated alkynes, we have
created hydrogel-based materials with multifuncigeoly(ethylene glycol) (PEG) and select
biomimetic peptides. These materials have definatdatrolled mechanical propertieS’E
4-10 kPa) and enable facile incorporation of pengeptides for cell adhesion, relevant for
mimicking soft tissues, where polymer architectafldws tuning of matrix degradation.
These matrices rapidly formed in the presence pn$isee breast cancer cells (MCF-7) for
successful encapsulation with high cell viabiligyeatly improved relative to that observed
with the more widely used radically-initiated thihe crosslinking chemistry. Furthermore,
controlled matrix degradation by both bulk and locgechanisms, ester hydrolysis of the
polymer network and cell-driven enzymatic hydradysif cell-degradable peptide, allowed
cell proliferation and the formation of cell clustenithin these thiol-yne hydrogels. These
studies demonstrate the importance of chemistiGM mimics and the potential thiol-yne
chemistry has as a crosslinking reaction for theapsulation and culture of cells, including

those sensitive to radical crosslinking pathways.



1. INTRODUCTION

Three-dimensional (3D) culture systems are of ol and growing interest for studies
of both tissue regeneration and disease, includamrer:” For example, in the study of
breast cancer, seminal works have demonstratedetaeance of 3D culture foin vitro
studies to recaptura vivo breast cancer phenotypes and the importance ohoetular
matrix (ECM) signaling in cancer cell growth and tastasis.’ Traditionally, such 3D
culture studies often have utilized protein masibarvested from tissues, such as basement
membrane extract (or Matrigelnd collagen 1: *° Owing to the complex nature of cancer
progression and many other maladies, design antbydepnt of well-defined synthetic
mimics of the extracellular matrix provides oppoities for hypothesis testing about the
effects of specific microenvironment cues, as vesl systems for the screening of drug
candidates, without the batch-to-batch variation hafrvested materiafs. *? Synthetic
biomaterials, such as hydrogels, have proven taseéul tools for mimicking key aspects of
the mechanical and biochemical properties of theME@ a variety cell culture
applications®*® In recent years, there has been heightened intémesynthetic PEG
hydrogel-based ECM mimics as a consequence of ¢batrolled mechanical properties and
ability to include a wide range of biochemical clfeén particular, seminal studies have
demonstrated how matrix degradability and intedpiimding can be key properties for a many
cellular processes, from cell adhesion and praiffen to motility and differentiatioh,*°
where a variety of chemistries with different dexgref biocompatibility and property control
have been used. These studies highlight the opptytthat such well-defined materials
provide for 3D cell culture and the need for masbust and cytocompatible chemistries for
the generation and modification of these systentarpresence of cells.

In the study of breast cancer, such well-definedensds have provided unique tools for

multidimensional culture studies and insights ik&y cell-matrix interactions in different



aspects of disease progressidorf> ' For example, the use of high-throughput methods of
PEG hydrogel components has enabled better preascofin vivo cancer cell behaviors
while allowing us to refine the specific charactaas of different cancer microenvironments
that influence cell behavior and cancer progres€iéh Further to this, the capability to
encapsulate breast cancer cells into PEG hydrogebspheres for high throughput analysis
has been demonstrated, an approach which proviigesadives to screening assays typically
performed on tissue culture treated plastic wite potential for increased physiological
relevance® Additionally, several groups have utilized PEG togkls to probe the influence
of matrix stiffness on breast cancer progressio® Combined with recent advances in
characterization of cytokine secretion from 3D meas, it is understood that the role of
matrix interactions on the phenotypic propertiesafcer cells is incredibly influenti&. %
29 39 These observations have confirmed that materiapeties are fundamental to
furthering our understanding of breast cancer @=ponse to different microenvironments
and the ability to fine-tune the mechanical andcbemical properties of their culture
environment**® Building upon these studies, opportunities remiaithe establishment of
new robust and accessible chemistries for the foomand modulation of matrix properties
for the 3D culture of breast cancer cells and eelatiche cells. Of particular interest are
chemistry-based approaches for the formation ofdgels in the presence of cells sensitive
to chemical stimuli€.g, free radicals or catalysts).*® Further, the formation dfiydrogels
that do not swell, and hence retain their mechampoaperties for longer, would provide
opportunities for the seamless integration of su@hl-defined materials systems within
microfluidic devices for more complex studies ofl-ceicroenvironment interactionse(g,
under fluid flow and in co-culturey.

The judicious choice of the crosslinking chemistised for the formation of synthetic

matrices is important for the facile encapsulatdra range of cell types and their culture



over time?® Bioorthogonal click chemistries ey, copper catalyzed azide-alkyne
cycloaddition (CuAAC), strain promoted azide-alkyogcloaddition (SPAAC), thiol-ene,
oxime, inverse electron demand Diels-Alder andline reactions) enable the synthesis of
hydrogels under physiological conditions (pH 7.8at°C)***** These chemistries have been
widely used with a range of different synthetic avadural polymef%' *°to form hydrogels
that are not only biocompatible but can also beeduto certain mechanical properties
depending on the application requiféd® Furthermore, these materials are incredibly
versatile: the networks can be post modified withvide range of biologically relevant
molecules €.g, binding peptides) to increase the biocompatibiif these materials and to
mimic specific ECM compositiorf$; *° and their mechanical propertiesd, stiffness) can
be tuned to mimic the naturally occurring maffix®* In this respect, thiol-ene chemistry
stands out amongst these, owing to the easg pHEptide incorporation within networks by
inclusion of cysteines within sequences of interestluding integrin-binding ligands and
cell-degradable crosslinks, an@ control of matrix modulus with functional group
stoichiometry and monomer concentration during bgdt formatior> °2 However, these
existing chemistries are not without drawbacks. Example, the cytotoxicity of copper
catalyzed click chemistry motivated the move to 8EAchemistry® for 3D culture
applications, yet the synthesis of SPAAC precursensains challenging and commercially-
available products costly. Although radical inidt thiol-ene chemistry has been used
successfully for a broad range of cell culture mapions, the sensitivity of particular cells to
free radicals and the reactive oxygen species ey generate could hinder their use with
some cellular systent$.Consequently, chemical approaches for the creatic8D culture
systems are still needed that not only provide diek chemistry trademark of rapid gel
formation at physiological conditions but also e of catalyst or initiator using accessible

and easily synthesized hydrogel precursors.



In this work, we aimed to provide a complementgrgraach by establishing the utility and
versatility of nucleophilic thiol-yne addition cheéstry for encapsulation and culture of cells
within hydrogels that undergo both programmed altddriven degradation, particularly for
sensitive breast cancer cells. The nucleophilicltyme addition is a reaction in which the
situ generation of a thiolate anion by mild base (p#) @allows for nucleophilic attack on an
activated alkyne such as a propiolate ester, thisviag the formation of robust
cytocompatible hydrogel materials in an efficierdmmer without the need for an external
catalyst €.g, light or a metal catalyst), free radicals, or awternal stimulus>™>’ The
precursors are easy to incorporate into the polypnecursors and the resultant hydrogels
require no additional purification steps. Overdlle tnucleophilic thiol-yne reaction is
unparalleled in its simplicity and therefore anadesaction for the synthesis of hydrogels
under physiological conditions. Previously, we hatewn that this crosslinking chemistry
can be used to form biocompatible hydrogel materiaht are tunable and robdStand
through careful consideration of architecture, dam nonswelling® Herein, we have
developed a nucleophilic thiol-yne PEG hydrogelfplan to act as an ECM mimic for the
encapsulation and 3D culture of a range of diffel#east cancer cell lines: MDA-MB-231,
highly aggressive, invasive triple negative breeahcer cells; T47D, estrogen receptor
positive (ER+) breast cancer cells; and most ngt&lfLF-7, ER+ breast cancer cells that are
used extensively as a model ER+ breast canceliref In this work, the nucleophilic thiol-
yne chemistry uniquely has been exploited to demnatesthe ability of this platform to
create materials that mimic the mechanical properof soft tissues, enable the facile
incorporation of bioactive peptides for promotirgll @adhesion, and allow fine-tuning local
and bulk network degradation. This work showcabespotential for thiol-yne PEG-based

hydrogels to be used for the culture of breast @anells for probing cell-microenvironment



interactions in a matrix with highly controlled nfamical and biochemical properties and of

relevance for future studies with other sensitigk types.



2. MATERIALS AND METHODS
2.1 Materials

Unless otherwise noted, all reagents were purchased Sigma-Aldrich or Fisher

Scientific and used without purification.
2.2 Instrumental methods

'H NMR spectra were recorded on a Bruker DPX-40&spmeter at 293 K. Chemical
shifts are reported a%in parts per million (ppm) and referenced to thernical shift of the
residual solvent resonances (CRCH 6 = 7.26 ppm; (CB),CO:*H 6 = 2.05 ppm).

Size exclusion chromatography (SEC) was used termd@te the molar masses and molar
mass distributions (dispersitie®y) of the synthesized polymers. SEC conducted in
chloroform (CHC}) (0.5% NE$) used a Varian PL-SEC 50 system equipped withP2_gel
5 uM MIXED-D columns in series and a differential @dtive index (RI) detector at a flow
rate 1.0 mL mift. The system was calibrated against a Varian Palymboratories Easi-
Vial poly(styrene) (PS) standard and analyzed bysthftware package Cirrus v3.3.

SEC conducted itN,N-dimethyl formamide (DMF) (5 mM NEBF,) used a Varian PL-
SEC 50 system equipped with 2 x PLgalM MIXED-C + guard columns in series and a
differential refractive index (RI) detector at ai rate of 1.0 mL min. The systems were
calibrated against Varian Polymer Laboratories &gl linear poly(methyl methacrylate)

(PMMA) standards and analyzed by the software pgekarrus v3.3.

Rheological testing was carried out using an Angamr MCR 302 rheometer equipped
with parallel plate configuration with a diametdr5 mm. A Peltier system was used to
maintain the temperature at 20 °C throughout thedyst Data was analyzed using

RheoCompass software.



Compression testing was carried out using singleinaoe universal materials testing
machine M100-1CT Testometric with a load cell of$0Data was analyzed using Wintest

analysis software.
2.3Cell culture and maintenance

The MDA-MB-231, T47D, and MCF-7 cell lines were dse this study. MDA-MB-231
and T47D cell lines were maintained in Dulbecco’'sdified Eagle Medium (DMEM;
Corning 10-013-CV) supplemented with 10 vol% fetadvine serum (FBS), 1 vol%
Glutamax and 1 vol% penicillin/streptomycin (PSheTMCF-7 cell line was maintained in

DMEM supplemented with 5 vol% FBS and 1 vol% PS.
2.4 Synthesis of gel precursors

3-arm alkyne functionalized PEG (1 kg mof). In a typical esterification, as previously
published®® glycerol ethoxylate (molar mass 1.0 kg thal0 g, 10 mmol) was esterified with
propiolic acid (4.2 g, 60 mmol) to collect the puatias a light yellow oil (Yield 8.1 g, 70%).
H NMR ((CD3),CO, 400 MHz):6 4.32-4.34 (t,°Juy = 8 Hz, -GH,0CO-), 3.89 (s, -
CH=CC(0)0O-), 3.71-3.74 (m, -O€,CH,0-), 3.58 (s, -CE.0); 'H NMR spectroscopy
indicatedca. 92% conversion of the hydroxyl group to propiolgteup. SEC (DMF)M,, =

3.3 kg mof* (By = 1.04).

3-arm thiol functionalized PEG (1 kg molY). In a typical esterification as stated in the
above procedure, glycerol ethoxylate (molar ma8sd.mol*, 10 g, 10 mmol) was esterified
using 3-mercaptopropionic acid (4.2 g, 60 mmol)ed 9.4 g, 74%)*H NMR (CDCk, 400
MHz): 6 4.20-4.22 (t334y = 8, -CH,0CO-), 3.58 (M, -O8,CH,0-), 2.69-2.74 (CIun = 12,

-OCCH,CH,SH), 2.61-2.64 (t2Jun =12, -OCCEH,CH,SH), 1.61-1.66 (Jun = 20, -$), *H



NMR spectroscopy indicatedca. >99% conversion of the hydroxyl group to

mercaptopropionate group. SEC (DMR); = 1 .6 kg mol' (By = 1.08).

2-arm thiol functionalized PEG (2 kg mol%). In a typical esterification, as stated in the
above procedure, 2-arm PEG-OH (10 g, 10 mmol) veéeriied with 3-mercaptopropionic
acid (2 equivalents per arm/ 0.5 kg fMplo collect the product as a white solid (Yiel@ @,
85%). 'H NMR (CDChk, 400 MHz): 6 4.26-4.28 (t,°Juy = 8, -GH,OCO-), 3.65 (m, -
OCH,CH,O-), 2.75-2.80 (q,%Jun = 12, -OCCHCH,SH), 2.67-2.70 (t,%Jn =12, -
OCCH,CH,SH), 1.67-1.69 (t3Jun = 8, -H), 'H NMR spectroscopy indicatech. >99%
conversion of the hydroxyl group to mercaptopropiengroup. SEC (CHEt M, = 2.7

kg.mol* (By = 1.26).

Thiol functionalized peptide synthesis.Both the pendant adhesion peptid@GRGDS)
and MMP-degradable crosslinking peptideClRDVPMS|MRGGDRCG) were synthesized
using standard solid phase peptide synthesis (SRIPS)MBHA rink amide resin
(Novabiochem) on a peptide synthesizer (Proteirhiielogies PS3) using Fmoc-protected
amino acids (ChemPep), deprotected with 20% piperich N,N-dimethylformamide (DMF)
and activated with O-(Benzotriazole-1-yIN,N,N’,N*-tetramethyluronium
hexafluorophosphate (HBTU) at>d excess. Peptide was cleaved from resin with avatga
solution containing 95% v/v trifluoroacetic acidRA), 2.5 v/v triisopropylsilane (TIPS),
2.5% v/v water, and 5% w/v dithiothreitol (DTT) forevent disulfide formation. The
cleavage solution containing the peptide producs weecipitated into cold ether, then
pelleted by centrifugation (4400 rpm, 4 °C, 5 mibgcanted for a total of three ether washes
and then dried overnight. Peptides were purifiedhigyh-performance liquid chromatography
(HPLC; XBridge BEH C18 OBD um column; Waters, Milford, MA) with a linear water-

acetonitrile gradient and molecular weight was fiei by electrospray ionization mass

10



spectrometry (ESI-MS; Waters Acquity H-Class UPLQI®, Waters, Milford, MA; ESI

Figure S1).

Thiol-ene gel precursors.Thiol-ene gel precursors, including PR@GSH), macromer,
alloc-functionalized peptides (K(alloc)GWGRGDS &id(alloc)GGPQIWGQGK( (alloc)K),
and lithium acylphosphinate (LAP) were synthesiaedording to the previously published

protocol®® ©2

2.5Hydrogel fabrication

Thiol-yne hydrogel synthesisA 1:1 molar ratio of alkyne group to thiol grou@svused
for all gelations by thiol-yne chemistry unlesstathotherwise and the precursor content was
kept at 10 wt%. In a typical procedure for makinthial-yne PEG gel, PE(SH) (7.9 mg,
6.23 x 10° mmol) was dissolved in 7L Dulbecco’s phosphate-buffered saline (PBS, pH
7.4) solution or DMEM. A separate solution of PRG=CH)3 (7.2 mg, 6.23x 10° mmol) in
75uL PBS (pH 7.4) or DMEM. The two solutions were nix@gether on a vortex mixer for

5 s. 20uL of hydrogel solution was then pipetted into a1 syringe mold and left to cure.

Validation of pendant peptide incorporation. Standard solutions of thiol-functional
fluorescent peptide in PBS were prepared at vamonsentrations (0.1, 0.5, 1, 2, 3, 4 mM).
Thiol-yne hydrogels were formed according to thevabprotocol and soaked in the standard
fluorescent peptide solutions overnight. Thiol-ymgdrogels were synthesized with 5 mM
thiol-functionalized fluorescent peptide and swollex PBS or phenol red free media
overnight. Images of fluorescence were capturedh witLSM 810 confocal microscope
(Zeiss), with a 488 nm laser. Fluorescence of eachge was quantified in ImageJ.

Fluorescence of standards were graphed by contientrand fit linearly. The linear fit

11



equation was used to determine the concentrationflmfrescent peptide covalently

incorporated into the gels.

Thiol-ene hydrogel synthesis.A solution of 10 wt% PE&(SH),, a stoichiometric
amount of alloc-functionalized crosslinker (KK(at)&GPQIWGQGK( (alloc)K) and 2 mM of
alloc-functionalized fibronectin mimetic peptide(éloc) GWGRGDS) and 2 mM LAP were
combined in DMEM. 2QuL of the hydrogel solution was then pipetted intd enL syringe

mold and polymerized by exposure to 365 nm lightrtdW cnmi®) for 1 min.
2.6 Mechanical Characterization

Rheological Testing.All rheology was performed on an Anton Parr MCR 3B2ometer
fitted with a parallel plate configuration (diameté 8 mm) at 21 °Cln a typical rheological
test for gelation kinetics, PE@SH); (5.5 mg, 4.33x 10° mmol) and PEG(C=CH); (5.0
mg, 4.33x 10° mmol) were dissolved in separate solutions ofgBODMEM. The two
solutions were mixed together and injected on &ltlwer plate, at 21 °C. The upper plate
was lowered immediately to a plate separation win2, and the measurement was started. A
frequency of 5 Hz and a strain of 5% was appliethivimize interference with the gelation
process and keep the measurement within the lwvisaoelastic region. The normal force
was also kept constant at 0 N. The gelation kisetias characterized by the evolution of
storage moduli®’) and loss moduli@”) as a function of time. The gel point was deterea
by the cross-over between tGéand G”. A point was recorded each second until 8ieand
G” plateaued. The amplitude and frequency sweeps wa@mied out on the gel formed from
this experiment. The amplitude sweep applied ateandrequency of 10 rad’sand the
strain was ramped logarithmically from 0.01% to %00 he normal force was kept constant
at 0 N and 6 points were recorded for each decalemeasurements were repeated in

triplicate and representative charts are shovine frequency sweep applied a constant strain

12



of 0.5%, and the angular frequency was ramped ibgaically from 100 rad $to 0.1 rad s
! The normal force was kept constant at O N througlhe test, and 5 points were taken
each decade. All measurements were repeated licdtgy and the average storage and loss

moduli were calculated from the frequency sweepegrgents at 10 rad’sand 0.5% strain.

Young’'s Modulus calculations Young's Moduli were calculated from the average

rheologicalG’ andG” values using the equatidh:

E=2G(1+ 9)andG =VGZ+G™

WhereE = Young’'s Modulusy = 0.5 (Poisson’s ratio for hydrogel materidfs§= shear

modulus,G'= shear storage modulus afitk shear loss modulus.

Uniaxial compressive testsAll uniaxial compressive testing was performed ollE00-
1CT Testometric fitted with a load cell of 50 N. ddggel samples were prepared with a 2
mL syringe to give a cylindrical shape with a diaeneof 9 mm and thickness of 4 mm.
Samples were left to cure for 1 h after forming,etesure the crosslinking reaction was
complete before being tested. A preload force bfNDwas set, and each test was carried out
at a compression velocity of 5 mm rlirEach hydrogel was subject to strain until failire
order to determine the ultimate compressive steggk strain. All compression tests were
repeated 10 times, and an average of the dataakes to find the ultimate compressive

stress and strain. Data was analyzed using Wiatedysis software.

2.7 Biocompatibility studies and 3D cell encapsulation

Cell encapsulation in 3D thiol-yne and radically-iritiated thiol-ene hydrogels.Trypsin
(0.25% Trypsin / 0.1% EDTA) was added to cells, ammlibated at 37 °C, until all the cells
detached (~3 mins), the solution was then quenchigd culture medium. Cells were

centrifuged (1,000 rpm, 5 mins) and resuspendesemnm-free DMEM. Cells were mixed

13



with hydrogel precursor solution, and polymerizatioproceeded as noted for hydrogel
fabrication. For thiol-yne chemistry, it is criticiat cells be mixed with the thiol-containing
gel precursor first to limit exposure to any poigntydrolysis products of PEG alkyne

before polymerization.

Cell metabolic activity (two-dimensional (2D) cultue). For 2D cell culture, cell
metabolic activity was assessed using the CellTterassay, a colorimetric assay which
includes a tetrazolium compound and an electroploay reagent, phenazine ethosulfate. On
day -1, cells were seeded in a 96-well plate (r&t3) concentration of 15,000 cells €nOn
day 0, cells were exposed to the desired treatmeatseach treatment, 30 of solution was
added to each well and incubated at room temperdturl5 mins. The only treatment that
was not incubated for 15 mins was the radicallgiated thiol-ene treatment. Treatments
included: Medium (control), PBS solution, thiol-er®EG alkyne, cysteine only, and thiol-
yne. The thiol-ene treatment mimicked thiol-eneagieh conditions and included a 10 wt%
solution of PEG4(SH), 2-allyl functionalized peptide, and LAP in PBShish was added
to wells, then exposed to long wavelength UV lig85 nm, 10 mW cif) for 1 min. The
PEG alkyne treatment included a solution of REG=CH); in PBS (concentration
equivalent for making 10 wt% gels). The cysteinb dreatment was a solution of cysteine in
PBS (concentration equivalent to the number ofltgroups present in 10 wt% thiol-yne
PEG gel formation). The thiol-yne treatment mimidk#hiol-yne gelation conditions by
incorporating concentrations of PRLZC=CH); and thiol (cysteine) required to form a 10
wt% thiol-yne PEG hydrogel in PBS. Once the treatingas removed, 10QL of fresh
culture media were added to each well. The mediee ve&changed after 1 h. Metabolic
activity of the cells was assessed on day 1 andBd&ypr day 3 samples, the 100 of media

were changed on day 2. The metabolic activity veaessed according to the manufacturer’s
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instructions. Briefly, 2QuL of CellTiter 96 solution was added to each wiik plates were

incubated for 4 h; and then the absorbance wasurezhen a plate reader at 490 nm.

Cell metabolic activity (3D culture). For 3D cell culture, cell metabolic activity was
assessed using the alamarBlue assay. On day §,vweeleé encapsulated in gels (n=4) and
placed in 48-well plates with 5Q0. of media. Metabolic activity was assessed on Hajay
3, and day 7. Metabolic activity of the cells wasessed according to the manufacture’s
instructions. Briefly, alamarBlue reagent was a@itut1:10 in phenol red free media, then
media were removed from each well, and H0@0of diluted alamarBlue solution added to
each well. Well plates were incubated for 4 h, ttlenfluorescence was measured on a plate
reader (Ex = 560, Em = 590). Media were replacedhengels, since the same gels were

measured at each time point.

Cell viability assay (3D culture).Cell viability for 3D cell culture was assessedngsa
Live/Dead Assay Kit, including calcein AM and etiuoh homodimer. Working solution was
prepared by adding 0. of calcein AM and ZiL of ethidium homodimer to 1 mL of PBS.
On day 0, cells were encapsulated in gels (n=3)packd in 48-well plates with 5Q of
media. Cell viability was assessed on day 1, daja$,7, and day 10. On the day of assay,
media were removed, and 5@QL of working solution was added. Thiol-yne gels wer
incubated for 30 mins and thiol-ene gels were iatetb for 10 mins, to account for
differences in diffusion due to variation in matrdensities between the two systems.
Fluorescence imaging in three-dimensions was ocegtuvith a LSM 810 confocal
microscope (Zeiss). Staining for live cells (CafcekEx. = 495 nm, Em. = 515 nm) was
excited with a 488 nm laser, while staining for dlells (Ethidium homodimer, Ex = 528

nm, Em = 617 nm) was excited with a 514 nm lasestacks with an average thickness of

15



200 um were collected from three different x-y zones esich sample and orthogonal
projections were obtained from each Z-stack. Imaga® processed using ImageJ software.
Analysis of cell cluster diameter was carried ostng confocal microscopy and
images processed using Volocity (Perkin Elmer). @&mpositions were formed in serum
free media (2,500 celisL™). Cell clusters were stained with calcein and iesagere taken
in 200 um stacks (interval = 5.7um) by confocal microscopy (LSM 810 confocal
microscope; Zeiss). Images were then processed Wslocity (Perkin Elmer), the diameter
of cell clusters stained with calcein was analyzeihg the longest axis measurement
function in Volocity. Analysis with Volocity inclugld use of the following functions: find
objects, close, fill holes in objects, remove ndieen objects, separate touching objects, and

exclude objects by size (objects <1500°).

Immunostaining of cells in 3D culture.Hydrogels containing cells were rinsed with PBS
(2 x 5 min, 37 °C) and then fixed with 4% paraformalglid (15 mins, room temperature).
Gels were washed with PBS K5 min, room temperature), and then with a solutb8%
bovine serum albumin (BSA) and 0.05% Triton-X inPE X 5 min, room temperature).
Cells were permeabilized and blocked by incubatiity a solution of 5% BSA and 0.1%
Triton-X in PBS (1 h, room temperature). Ki-67 sd@spwere stained by incubating with
solution of 2ug mL* Anti-Ki-67 antibody (abcam), 5% BSA, and 0.1% ®ritX in PBS (4
°C, overnight). Gels were washed with a solutio%f BSA and 0.05% Triton-X in PBS (3
x 30 mins, room temperature). Secondary antibodyadaed by incubating in a solution of
goat anti-mouse AF647 (Invitrogen), phalloidinTRIT&®% BSA, and 0.1% Triton-X in PBS
(4 °C, overnight). Gels were washed with 3% BSA arti5% Triton-X in PBS (3 30 mins,
room temperature). Gels were incubated with DARutsmn (700 nM DAPI in PBS, 1 h,

room temperature). Gels were washed with PBSx(30 mins, room temperature) and
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imaged immediately with a LSM 810 confocal micrgsedZeiss). FIJI was use for image

processing and quantification of Ki-67 positivelgel
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3. RESULTS AND DISCUSSION

3.1Design of nucleophilic thiol-yne PEG hydrogel-ba&&tiM mimics

Click chemistries have shown great utility for tia@id formation of synthetic hydrogels
for cell culture applications; yet, a need remdaranaterials chemistries free of catalyst and
initiator that allow the formation of well-definedynthetic mimics of the ECM using
accessible precursors. Thiol-yne chemistry offersopportunity to easily create a versatile
cell culture platform that provides control of cheat and mechanical properties with
reaction conditions relevant for the encapsulatérthe wide range of cells that may be
sensitive to significant changes in temperature, fadicalsetc Towards establishing this
cell culture platform for breast cancer cell cudtua range of PEG precursors with different
architecture and molecular weights were functiaeali with alkyne or thiol end groups
(conversion >84%). As previously reporf8d3 arm (1 kg mol) PEG alkyne was
synthesized using propiolic acid through a simplsclier esterification process. Thiol
terminated PEG precursors were synthesized in gasimanner using 3-mercaptopropionic
acid with 2 or 3 arm PEG precursors at 2 kg'ot 1 kg mol* respectively. Hydrogels were
then formed at 10 wt% in either PBS (pH 7.4) or DWIih a 1:1 alkyne:thiol ratio. As a
consequence of the highly efficient nature of thieltyne reaction, no further purification
steps were needed, and the hydrogels were usedepar@d. Hydrogel nomenclature is
dependent on the PEG precursors and peptide in@tigo, each component is denoted
considering the number of arms, molecular weightl #he incorporated functionalitsg for
thiol, A for alkyne orP for peptide. Hence3;s refers to the 3-arm thiol terminated PEG
precursor (1 kg mot) (Scheme 1).

Hydrogels, formed using this chemistry, degrade dsyer hydrolysis over time,
allowing for cell proliferation, which often is tigal to long term cell culture in three

dimensions. However, if degradation occurs toodigpithe structural support will not be
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maintained for the duration of the cell study. Heve have selected tl8a3;sSystema high
modulus network@’= 10 kPa), to ensure the capability of prolongdti @éture, (10 days).
This system has been shown to rapidly form robusterrals which are stable for over 30
days, as a consequence of its slow degradatiofigiwfiqueous environmemnts.

We have previously demonstrated the initial cyctopatiblity of the nucleophilic
thiol-yne PEG hydrogeB:a3:s systent® however, its design lacked the incorporation of
either cell-degradable or cell adhesive peptidegatd mimicking aspects of native cell-
matrix interactions. Incorporating short receptording peptides inspired by the insoluble
proteins present in the native ECM allows the dellsiteract with the synthetic network and
can provide handles to maintain cell viability odeng-term cell culture, promote cell
proliferation, or mimic various extracellular ersiments’> ° In particular, the
vitronectin/fibronectin mimetic adhesion sequenB&DS, has been incorporated into a
variety of synthetic matrices to impart biologieativity and has been previously shown to
be relevant for promoting adhesion of breast cacedls, including MCF-78% ® Here, a
thiol functionalizedCGRGDS was thus selected for incorporation withiolthine synthetic
matrices as an initial demonstration of the cajgbibf this materials chemistry for
incorporating receptor-binding ligands relevant f8D culture, similar to previous
demonstrations in thiol-ene hydrogel matricesThe versatile nature of the thiol-yne
hydrogel system allows for gelation even when th@ckiometry of the end groups
(alkyne:thiol) deviates from 1:1. In fact, robustdnogel networks can be synthesized with a
large range of thiol end group concentrations (PG mM less PEG thiol functionality, data
not shown), supporting the potential to incorpordigh concentrations of bioactive
functionalities into the network. To allow for tipeptide incorporation, the stoichiometry of
thiol functional groups was reduced by 5 mM enaphwailable alkyne groups to react with

the added 5 mM of RGDS while maintaining the stmotetric ratio of overall thiol and
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alkyne content within the syste®is31sPrcps. This increased the gelation time of the system
by reducing the number of crosslinking sites asREDS did not contribute to the overall gel
formation. We were able to confirm that the pend®@@®DS was covalently incorporated in
the network throughout the cell study experimenys nbonitoring the fluorescence of
hydrogels modified with a fluorescent RGD® AB:1Prcps System), (Figure S2). The results
demonstrate the successful incorporation of 1.8 pdétide into the network upon the
inclusion of 5 mM peptide at network formation. ldoncentration is comparable to other
systems incorporating bioactive peptides, in whieh attachment and interaction with the
matrix was observe¥f. This further highlights the thiol-yne hydrogelsilip to mimic
aspects of the ECM through the facile inclusiorE@fM-inspired adhesion peptides. Note,
RGDS alone previously has not be observed to sogmfly impact high-level responses of
MCF7s in 3D culture (e.g., morphology, proliferajoinvasion)® however, with our
demonstration of successful peptide incorporatismgi RGDS, the impact of different
ligands (or combinations of them) on cell functamuld be investigated in future studies with
this thiol-yne 3D culture system.

In addition to imparted bioactivity, cells needhave space to grow and proliferate,
which can be achieved in a number of wagg.( matrix degradation or stress relaxation),
ultimately allowing encapsulated cells to remodhelit surroundings; indeed, this remodeling
process has been shown to be a key feature ipgiieaion of synthetic materials as 3D cell
culture scaffolds, particularly to allow for praifation over tim&°° Control over
degradability of gels can be obtained by eitheoiporating a thermally-responsive segment
or by modifying the PEG architectut® Although the3;43:s system provides the desired
stability for long-term cell culture, the limitecedradability of the dense network over the
observed culture time may prevent the proliferaton spreading of cells. Toward testing

this, a di-thiol PEG precursor24, 2 kg mot?) was incorporated into th&:43;s and
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31a31Preps hetworks to create two blended systeBig2:s31s and 3;422s31Preps, and tune
the degradability of this system. In these blendgstems, the thiol functional groups are
mixed at a ratio of 10:9Q,53;s(See Sl for optimization of the PEG thiol ratio,bl&a S1).
Furthermore, to increase the ability of cells tteract with their synthetic environment and
increase degradability of the system, a matrix Hogteoteinase (MMP) degradable di-thiol
functionalized linker was incorporated into the watk, (31a2umps31s) Which allows the
network to be locally degraded by the céflSimilar to the above blended systems, the thiol
functional groups were mixed at a ratio of 102Wps:31s. For the3ia2umps31sSystem, the
MMP linker was incorporated into the system by sitosng it for the PEG di-thiol
precursor, as they have similar molecular weightg kg mof*and 2 kg mot respectively).
The 3:1a2umvps3is system includes 5 mM RGDS similar to th&a3:sPreps and
31a225315Preps Systems to increase cell interaction with the Isgti¢ matrix and promote cell
viability. For clarity the addition oPrgps has not been included in nomenclature for the
31a2umps3is System; however, RGDS has been incorporated thoaugine testing of the
31a2umps 31s System.

Overall, in this study, five different thiol-yne tigogel networks have been synthesized
(314315, 31a315PRaDs, 314225315, 31a225315PReps and 31a2umps31s, Scheme 1yvith the aim of
creating synthetic extracellular matrices incorpiama different peptide motifs and tuning
their degradation profiles. Furthermore, theseistudlustrate the importance that chemistry
has in the synthesis of biomaterials, where cardésign and selection of monomers was
used to easily tune matrix properties with robust accessible thiol-yne reaction, which

ultimately will lead to their success in encapsaaand supporting the culture of cells.

3.2Characterization of thiol-yne PEG hydrogels

Initial characterization of various network comgimsis was carried out through

gelation time (vial tilt method) and swelling kireeprofile characterization. All the hydrogels
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formed within 5 minutes in PBS; however, in DMEMetnetworks formed much faster (less
than 1 minute), (Table S2) as a consequence ahtlneased pH of the medium, increasing
the rate of the nucleophilic thiol-yne addition cean. While fast, this rate of gelation is
similar to that observed with other chemistriesduder the formation of step growth

hydrogels used for cell encapsulation (e.g., SPAK®)-maleimide)> *°

The swelling profile of the materials varied grgatihen the networks were formed off
stoichiometry (alkyne:thiol groups deviate from )l Which is desirable for adding bioactive
pendant peptides into the network structure (Fiduae As previously demonstrated, when
formed in PBS, th&;a3;ssystem shrinks initially and then maintains a syestdte for over
30 days® However, when the network is formed with 5 mM lesisl end groups, this initial
shrinking is prevented, and the swelling profileneens consistent for the duration of the 30-
day experiment (Figure 1a), thus providing an ueelgd advantage for cell encapsulation
and culture. As expected, when the stoichiometmhefreactive groups changes (-5r3M),
the density of the network decreased, thus allowmoge water to be drawn into the network
and enabling the system to swell, ultimately chaggihe swelling profile of the system.
Moreover, the3;a3:1sPreps (addition of RGDS to the3;a3:s5mM system) gives an
intermediate swelling profile, demonstrating théuence the peptide has on the swelling
profile of the network. However, all systems visyaksist degradation, with their robust
structure maintained over 30 days.

When formed in serum-free medium in the presenceceadfs, the gelation time
increased to several minutes allowing for the ssfte encapsulation of cells. Additionally,
the initial shrinkage of3;a3:1Preps is reduced compared to the origiral3;s system,
(Figure 1b) which is further observed when a doths also incorporated into the system,
31a22531Preps, and the networks start to swell and degrade hapidhis rapid degradation is

a result of the presence of cells during the cnalsisig reaction, disrupting the efficiency of
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the reaction, reducing the density of the netwarknied. This in turn allows more water to
infiltrate into the system and increases the rdt@ster hydrolysis of the functional end
groups, causing the hydrogels to degrade morelyaeévertheless, the increase in swelling
over the course of 3D cell culture gives rise teslelense pore structures, allowing for
additional cell proliferation at later time poiras detailed below.

Characterization of hydrogel stiffness was carreat through rheological and
compression experiments, to understand the hydsogaekchanical properties for the
development of ECM mimics. Based on the rheologaral compression data, thiol-yne PEG
hydrogels synthesized in serum-free media allovesciteation of environments ranging in
stiffness fromG’= 10 kPa for the origind@;a3:ssystem toG’= 4 kPa for the3;42,s31Prcbs
system (Figure 1c and S3). Only tBg2,s3:Prcps System was significantly differenp
0.05) from the original3;a3:s system, as a result of the incorporation of a ditHEG
precursor in addition to the pendant peptide inoafion. The stiffness of the materials
decreased as the crosslinking density decreasechinig the hydrogels off stoichiometry
reduced the number of crosslinked sites, redudiegrigidity of the hydrogel and therefore
reducing G’. Furthermore, through the addition of a pendardrdghilic peptide to the
network, more water is drawn into the system, snglthe network and making a softer gel
with a lowerG’. However, the compressive strength of these nadd¢eis not affected by the
change in stoichiometry of the end groups or byatdition of RGDS to the network (no
significant differencep < 0.05), demonstrating the robust nature of nudidapthiol-yne

addition to form hydrogels (Table S2 and Figure.S3)e Young's moduli E), calculated

from E =2G(1+ 9) where G =VG'?+G"™ and 9 = 0.5 (Poisson’s ratio), for these
materials ranges from 30.9 + 0.4 kPa 8k3:sto 13.4 = 0.035 kPa foBi1a22s319PracDs,
(Figure 1d and S3), mimicking the moduli of a rafsoft tissues including different stages

of breast cancer progressiond.,low to high grade infiltrating ductal carcinonfa).” As
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observed in the rheological data, the only sigatiiity difference in Young’'s modulus was
for the 3:a2,53:Praps System, as a result of the dithiol PEG precursdrtae incorporation
of RGDS decreasing the number of crosslinked sitéise network and therefore decreasing

the modulus of the ECM scaffold.

3.32D cell culture of breast cancer cells in hydrof@imation-mimetic conditions

The use of cytocompatible chemistry is essentialtii@ formation of 3D culture
platforms that allow the encapsulation of cellshivitthe network. As previous work has
shown, the nucleophilic thiol-yne addition is biogoatible with a range of cell lines,
highlighting the ideal characteristics it possesa®sa crosslinking reaction for cell culture
platforms>> °% *Additionally, the lack of catalysts and free radicduring gel formation
make it a potentially useful tool for encapsulatioh sensitive cell lines. As an initial
evaluation of the suitability of this chemistry fprobing breast cancer cell growth, three
different breast cancer cell lines were investigatdDA-MB-231, a highly invasive, ER-
breast cancer cell line; T47D, a ER+ breast cawedrline; and MCF-7, an ER+ non-
invasive tumorigenic breast cancer cell line. Neh4grming thiol-yne reaction conditions
were incubated with plated cells for each breasicea cell line, using the commonly
employed radically-initiated thiol-ene reactionaasomparison (Figure 2). Metabolic activity
appears high for all conditions with the exceptiminthe PEG alkyne condition, which
showed dramatically low metabolic activity acrofisall lines. These results highlight a key
characteristic of the ester linked thiol-yne presows. If the PEG alkyne precursor is
presented to the cells in the absence of freesthilbblis preventing the thiol-yne reaction from
occurring, the precursor is toxic. This is mosehka consequence of ester hydrolysis, which
cleaves the ester bond very rapidly releasing piimpacid (LD;o = 100 mg k) to the cells;
indeed, cytotoxicity of propiolic acid in cultureeaium was confirmed, where significant

decreases in metabolic activity were observed wbelts were incubated with similar
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concentrations to those used for hydrogel formagiigure S4). In contrast, the metabolic
activity is recovered in the thiol-yne condition,which a stoichiometric amount of cysteine
is presented to react with the available alkynethef3 arm PEG alkyne. The crosslinking
product of the thiol-yne reaction, the thiolalkehas increased stability to ester hydrolysis,
and as a result, does not negatively influencepreliferation.

There is a less dramatic, yet significant, redurciio metabolic activity of MCF-7
cells for the thiol-ene treatment, for which the KHMB-231 and T47D cell lines have
shown no reduction in metabolic activity. This ieswggests a sensitivity of MCF-7 cells to
reaction conditions which utilize photoinitateddreadicals during the crosslinking reaction.
These results are consistent with previous prehmyirdata (data not shown) in which we
have observed that the MCF-7 cells are sensitivesdame mild photopolymerization
conditions, in particular to free radical exposdrging photoinitiation (10 mW cihat 365
nm with lithium acylphosphinate [LAP] initiator).yBday 3, the MCF-7 cells also show a
metabolic activity that is statistically differeat < 0.05) from the growth medium control for
the thiol-yne gel mimetic treatment, yet the metabactivity remains high in comparison to
the photoinitiated thiol-ene reaction condition man(86.7% and 63.5%, respectively,
statistically differenp < 0.05), suggesting that the thiol-yne reactiondittons may be more
suitable for the encapsulation of MCF-7 cells. Ehastial 2D results highlight a potential
benefit of using the nucleophilic thiol-yne additias an alternative to the commonly used
radically-initiated thiol-ene chemistry for hydrdggosslinking in the presence of sensitive

cell lines.

3.43D encapsulation of breast cancer cells in thioeyWEG hydrogels

In vitro synthetic cell culture platforms provide a wellhtwlled environment, which
we can use to further understand the growth andaweh of breast cancer cells. An
advantage for the use of bulk hydrogel material8@<ell culture platforms is that it is not
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necessary for cells to migrate into the materitdradcaffold synthesis. However, by forming
the 3D culture environment in the presence of cellds essential for the crosslinking
chemistry to be cytocompatible. Therefore, aftérahbiocompatibility testing in 2D culture,
we have explored the nucleophilic thiol-yne additipathways as a route to encapsulate
breast cancer cells for 3D culture.

Preliminary encapsulation experiments were caroedl in the 3;43;s hydrogels
formed in PBS. This system allowed for the sucegssficapsulation of MDA-MB-231 and
T47D cell lines at early time points (day 1 and dyFigure 3), as shown by the high
metabolic activity and cell viability. However, timeetabolic activity of MCF-7 cells in this
system was low, and live/dead images show verylsredlbodies suggesting unhealthy or
dying cells (Figure 3c). We hypothesized this toabeesult of the sensitivity of the MCF-7
cells to PBS for extended times (Figure S5 and Hépce, to test this hypothesis that the
observed cell death was a consequence of sensiiiviéncapsulation conditions in PBS, we
encapsulated MCF-7 cells i8:a31Preps hydrogels synthesized in serum-free DMEM
(Figure 4). When synthesizing these systems in DM&Rhe presences of cells, the gelation
time increased, allowing the solution to be eagigetted into suitable molds for the
formation of well-defined, homogenous cell-gel domsts for future testing. Cells were
encapsulated evenly with the resulting hydrogetscanfirmed by 3D renderings of cell
distributions within the gels (Figure S7). To derstate the mild nature of the nucleophilic
thiol-yne addition chemistry, commonly utilized really-initiated thiol-ene hydrogels were
also synthesized in DMEM in the presence of MCFelfsc As the thiol-ene hydrogel system
exhibits a very different swelling profile to theial-yne system (3.1 times more swelling),
two seeding densities were also examined (2,506 gel* and 7,750 cellgL™). The lower
seeding density contained the same total numbeeltd as the thiol-yne condition, and the

higher seeding density replicated the same celkidemn the materials after swelling, to
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account for the potential effects of cell-cell ratetions on cell proliferation. The thiol-ene
chemistry led to significantly lower cell metabobctivity in comparison to the thiol-yne
chemistry in all cases (Figure 4a). This is furtbenfirmed through live/dead cell images,
which show small cell bodies and punctate stainmghe thiol-ene hydrogel system in
comparison to the thiol-yne hydrogel system whaeedells are much larger and uniformly
brighter with few dead cells, (Figure 4b and c)e3@éresults further support our initial results
in 2D culture studies that suggested the sensitMCF-7 cells have for otherwise gentle
photopolymerization conditions. This result demaomisis the vast potential of the thiol-yne
chemistry as a crosslinking reaction for the enclgh®n of cell lines that are sensitive to the
presence of free radicals.*® ** "*This hydrogel scaffold system provides a well-ded
syntheticin vitro platform that enables the 3D encapsulation of MGfells, and potentially
other sensitive cell lines, opening the door tarfetstudies for better understanding of breast
cancer progression and other processes in varietyissue regeneration and disease

applications.

3.5MCF-7 cell proliferation in degradable ECM mimetfdol-yne PEG hydrogels

Network degradability is one route to allow cellsgrow and proliferate over time
within hydrogel-based 3D cell culture platforms. Aseviously stated, one approach to
increasing network degradability is the incorpamatiof di-thiol functionalized PEG (2 kg
mol™) into the system31a2,s31Preps. With the reduction of the 3-arm thiol precursoda
the addition of the pendant adhesion peptide, gteark becomes less stiff, as shown by the
rheology data (decrease@i from 10 kPa to 4 kPa), which indicates that thecstire is less
dense, with increased pore size enabling the systenwell. Increased water uptake results in
increased hydrolysis of the network, allowing tledlscto grow and proliferate, as evident by
the significant increase in metabolic activity atelr time points compared to the less

degradable3;431Preps system g < 0.05) (Figure 5a). In th8;a2,s31Preps System, each
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time point also has a statistically significantre®se in metabolic activity compared to the
previous time pointd < 0.05), whereas metabolic activity in tBg31sPreps System is only
statistically different when comparing day 1 anc tay 10 time pointsp(< 0.05).
Confirmation was also obtained visually througheldead images, where small cluster
formation begins at the day 3 time point and cam@smto day 10, in which large clusters of
cells are present compared to the smaller clustegreed at the later time points in the
31a31Praps System (Figure 5b-d). Image analysis of cell dusize quantitatively confirms
these visual observations of increased cluster eiemover time (Figure S8). The
morphology of the clusters in these images is charstic of MCF-7 cells, and similar to
that typically observed in naturally-derived hydebgystems?

Cluster growth over time further was supported ulio the incorporation of a cell
degradable linker within the thiol-yne networl3;{2umps31s). Incorporation of a matrix
metalloproteinase (MMP) degradable peptide crosstiin(GCRDVPMS|MRGGDRCG)
imparts local degradability of the network by MMBscreted by the cells. The resulting
hydrogel-based system therefore has two methodegfadation: 1) ester hydrolysis from
the ester bonds in the functionalized PEG precusmmponents that allows for bulk
degradation of the hydrogel over time and 2) enziartaydrolysis of an MMP degradable
crosslink that allows cells to locally degrade ttegwork. In these materials, by day 10, the
cell metabolic activity was significantly increaseampared to th8;42,s31Prcps System g
< 0.05), (Figure 5a) suggesting that the cells degrading the matrix which leads to
increased cell activity and potentially prolifecati Again, the metabolic activity at each time
point was significantly increased compared to thmevipus time point{ < 0.05). The
formation of cell clusters also was observed arléme points: similar cluster sizes were
observed to those iB1a2:531Preps degradable only by hydrolysis, whereas b8th2

systems had statistically larger clusters thanghnghe less-degradabBa3:sPreps at late
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times, further supporting the importance of mattegradation over time for cell growth in
these systems (Figure 5d and Figure ‘88J° Forming MCF-7 cell clusters in a fully
synthetic hydrogel system demonstrates the poteotighis chemistry to form a tunable
platform for controlled culture of MCF-7 cells, Witelevance for the culture of a variety of
other cell types. These synthetic hydrogels affivel opportunity to reduce batch-to-batch
variability between samples and provide a ‘blargteslfor manipulation of matrix properties
in various ways depending on the application resglir

The continual increase in metabolic activity oviee t10-day experiment suggested
that the cell clusters were forming due to proéten, and not exclusively as a result of cell
migration from a single cell encapsulation to ctust To continue to probe the mechanism of
cell cluster formation, MCF-7 cells encapsulatedhiiol-yne 3;,2,s3:Prcps hydrogels were
immunostained for a proliferation marker, Ki-67 déie 6). Ki-67, shown here in magenta,
indicates that cells are in the active phases ef ¢bll cycle and is associated with
proliferation. Image quantification indicates tHdt + 6% of cells on day 1 and 59 + 6% of
cells on day 3 were Ki-67 positive, values whick aot statistically differenip(> 0.05). The
presence of Ki-67 suggests that, at least in pait, clusters are growing as cells divide.
Overall, this system provides a platform for obggg\vthe proliferation of cell clusters and
has potential to be adapted to probe questionsetf ioteractions with their culture

environment.
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4. CONCLUSIONS

Development of well-defined matrices as tools fdD Zell culture towards
understanding disease progression and drug evaludtir breast cancer, among other
diseases, has great potential to inform and advameent treatment methods. To do so, the
chemistry behind the material must be capable ladlig producing controlled mechanical
properties and presenting desired bioactive funetity in a predictable manner, while also
encapsulating cells without impacting their viaililn this work, we have demonstrated the
use of the nucleophilic thiol-yne addition to ceeaynthetic PEG hydrogels with a range of
hydrogel stiffness, the ability to easily incorperdioactive peptide, and tunable network
degradability by ester hydrolysis and cell-drivesgchdation to allow for cell proliferation for
long-term 3D cell culture. With this system, we dalemonstrated the ability to successfully
encapsulate three breast cancer cell lines, MDA23B; T47D and MCF-7. By highlighting
the sensitivity of MCF-7 cells to radical-initiatéliol-ene crosslinking chemistry, this work
has demonstrated the efficacy of network formabgnmucleophilic thiol-yne chemistry in
serum-free media as a potential alternative foewosensitive cell lines, clearly demonstrating
the importance the chemistry behind new biomateriahs on their future success.
Furthermore, we have created a system capabldlohbtwork degradability as well as local
degradability mediated by MMP secretion by cellshim the culture and have demonstrated
the formation of stable MCF-7 cell clusters witiid days of 3D culture. Immunostaining of
the proliferation marker, Ki-67, in combination tvimetabolic activity data, suggests the
observed cell clusters are formed primarily by pechtion. This study has highlighted the
benefits of nucleophilic thiol-yne addition chemysfor the formation of a synthetic 3D
culture platform for a sensitive breast cancer liel, opening the door for future studies to
design more complex network compositions and olestreir effect on the cluster formation

and behavior of a variety of breast cancer cekdjnincluding the MCF-7 cell line. We
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envision this 3D cell culture platform being usewduly to study the impact of various
controlled mechanical and biochemical compositiams the cell fate and behavior of
sensitive cell lines, as well as present opporiesifor translationn vivo for applications in

cell delivery and tissue regeneration.
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Scheme 1: Hydrogel formation: (a) Nucleophilic thiol-yne atidn, (b) Legend for the
alkyne, thiol and thiolalkene functionality, (c) e and thiol functionalised PEG
architecture, (d) Hydrogel networks formed by think chemistry at 10 wt%. Thiol and
alkyne end group react upon mixing under basic timmg. Alkyne:Thiol ratio = 1:13,,3

1AT1S
= 3-arm PEG alkyne3(,) reacted with 3 arm PEG thid(), 3 ,2,.3,c = 3,, reacted with a

mixture of3 ; and 2-arm PEG thioR( ) in a ratio of 10:90, to increase the rate of loge
degradation, (e) Thiol functional bioactive peptiffé.. ) and di-thiol functional cell
degradable peptide2(,,.o), incorporated into the hydrogel network to enat#é adhesion

and some cell-driven remodelling increase ECM attarsstics, (f) Hydrogel network

formation with bioactive peptides at 10 wt%, . . replaced,. in 3 ,2,,,,..3,c Note that all

3.A2umps3is  hydrogels also contain bioactive pendant peptideyever P, . is not

incorporated into the nomenclature.

Figure 1: (a) Swelling characteristics of the thighe hydrogels synthesized in PBS;
Comparison of3,,3 ¢ (square) (1:1 alkyne:thiol end groups),3,.-5mM with reduced

amount of3 . (-5 mM) (circle), and3 3, Pr. s (triangle). (b) Comparison of the swelling

characteristics of the thiol-yne hydrogels madeerum-free DMEM with the encapsulation

of MCF-7 cells over 1 week; 3,,3,,Prps (0PeN circle) 3,,2,.3, P (€10SS).3,,2,,1,03:9
10:90 ratio of2

ump-3is (diamond). (c) Rheological properties of the thyink hydrogels

synthesised in serum-free DMEN3. = Average storage modulus at a constant frequehcy o
-1

10 rad s and 0.5% strainG’ ranges from 10242 + 1595 Pa gy, 3, . to 4461 + 115 Pa for

3,72,63,sPreps reflecting the addition of the RGDS peptide to tiework. (d) Young's

Modulus €) calculated fronE = 2G(1 + 9) whereG = VG'? + G"2 andd = 0.5 (Poisson’s
ratio). Young's Modulus also reduces with the ipmyation of RGDS from 30.9 + 0.4 kPa
for 3,,3,.to 13.4 £ 0.035 kPa faB.,2, .3..P o = Significantly different from3, ,3,¢

1AT1S 1AT2S71S RGDS’
conditionsp < 0.05.

Figure 2: Metabolic activity of breast cancer cells in 2D hygkl formation-mimetic
environments. Cells from three different breastcearcell lines (MDA-MB-231, T47D and

MCF-7) were seeded onto 96-well plates at a derHitg5,000 cells crrzl. After 24h of
culture, cells were exposed to various hydrogeifdion-mimetic conditions. Cells were
exposed to all conditions for 15 mins, with the eptoon of the photo-initiated thiol-ene
condition (2 min) to mimic reaction conditions. Dayindicates 24h after treatment with
conditions. Metabolic assay was assessed by Celt-36 assay (Absorbance = 490 nm). (a)
At day 1, cells exposed to the PEG alkyne in sotuthad a significantly lower metabolic
activity than in all other conditions for all cdéithes. T47D and MCF-7 cells had significantly
higher metabolic activities than the growth mediaomtrol after exposure to the thiol-yne
condition, (b) By day 3, only the PEG alkyne coiwttitis different from the control for the
MDA-MB-231 and T47D cells. However, the MCF-7 cdisve a significant reduction across
multiple conditions including PBS, thiol-yne, andosh significantly, thiol-ene.a =
Significantly different from control conditiong,< 0.05.



Figure 3: The metabolic aftivity of (a) MDA-MB-231 and T4703,000 ceIIsuL_l), and
MCF-7 cells, (2,500 ceIIﬁL' ), encapsulated in tig , 3, . (no RGDS) system formed in PBS

solution (pH 7.4). Cell metabolic activity was assed after 1 and 3 days of culture within
the hydrogels by an alamarBlue assay. Fluorescemmsemeasured on a plate reader (Ex =
560, Em = 590). (b) Live/Dead images of MDA-MB-28&lls encapsulated i8 ,3 ¢

hydrogels (5,000 ceIIaL_l). (c) Live/Dead images of MCF-7 cells encapsulated, ,3 ¢

-1
hydrogels (2,500 cellgL ). Live cells stained green (Calcein, Ex. = 495 &m, = 515 nm),
dead cells stained red (Ethidium homodimer, Ex 8 B&), Em = 617 nm). Scale bar = 100
um. These data suggest a sensitivity of the MCFHg teethe encapsulation conditions.

Figure 4: Encapsulation of MCF-7 cells in photo-initiated alkéne and thiol-yne
(3,43,sPreps hydrogels formed in serum-free mediug@ells were encapsulated in the thiol-

ene gels at two different cell concentrations (@,%0d 7,750 cellsL l). The former cell
concentration is the same concentration used tapsuotate cells in the thiol-yne gels, and the
later concentration accounts for the differencesswelling between the different gel
compositions to provide a control for effects ofil-cell interactions. (a) MCF-7 cell
metabolic activity was assessed after 1 and 3 d&yaulture within the hydrogels by an
alamarBlue assay. Fluorescence was measured atea@hder (Ex = 560, Em = 590). (b and
c) Live/Dead images from Day 3 time point, livelsedtained green (Calcein, Ex. = 495 nm,
Em. = 515 nm), dead cells stained red (Ethidium daimer, Ex = 528 nm, Em = 617 nm).

-1 -1
(b) Thiol-ene condition (7,750 celld ), (c) thiol-yne condition (2,500 celld. ). Scale bar
= 50 um. These data suggest that the thiol-yne hydrogsies provides a gentle cell
encapsulation environment that is suitable for &Papsulation and culture of MCF-7 cells.

Figure 5. 3D culture of MCF-7 cells in degradable thiol-yngdrogels. MCF-7 cells were
encapsulated in various compositions of thiol-yaks gn serum-free medium (2,500 ce;lls'

1

). (&) The metabolic activity of MCF-7 cells in ¢thiyne hydrogels was assessed by the
alamarBlue assay at 1, 3, 7 and 10 days after snlmn. Fluorescence was measured on a
plate reader (Ex = 560, Em = 59@)= Significantly different values for day 10 betwea|

gelation conditionsp < 0.05. Within the3, 2,3, Pr.ps @and3,,2,,11063,Preps CONditions,

the metabolic activity at each day is statisticalifferent p < 0.05) from the previous time

point. For the3 ,3,P,. s condition, only the day 10 metabolic activity ittsstically

different < 0.05) from day 1. (b-d) Live/Dead imaging of tM&CF-7 cells. Live cells
stained green (Calcein, Ex. = 495 nm, Em. = 515, mepd cells stained red (Ethidium

homodimer, Ex = 528 nm, Em = 617 nm). @),3,;Prcps (€) 3,,2,63,Preps @Nd (d)

3.A2umpsSisPreps Scale bar = 5Qum. The incorporation of,. and 2, .. significantly

increased the metabolic activity by day 7 compdeethe3, ,3, P, condition as well as

the increased cluster formation. By day 10, thealmaic activity is significantly greater for
the condition including the cell degradable crodadr. This observation suggests, that the
cells ability to locally degrade the matrix increagell proliferation in these matrices.

Figure 6: Proliferation of MCF-7 cells in 3D cell culture.®f-7 cells were encapsulated in

3172563, Preps Nydrogels and immunostained for nuclei (blue)ctira (red), and Ki-67

(magenta) 1 and 3 days after encapsulation. (agéng@antification shows that 41 + 6% of



cells on Day 1 and 59 + 6% of cells on D3 were Kiqositive. These values are not
statistically different{ > 0.05). (b) Representative images shown for dégné point. Scale
bar = 50um. (c) Enlarged image to highlight Ki-67 positive cel&cale bar = 2am. These
data suggest that cell proliferation contributethiobserved cell cluster formation.
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