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Abstract

Breast cancer cell invasion is influenced by growth factor concentration gradients in the tumor
microenvironment. However, studying the influence of growth factor gradients on breast cancer
cell invasion is challenging due to both the complexities of in vivo models and the difficulties in
recapitulating the tumor microenvironment with defined gradients using 7 vitro models. A defined
hyaluronic acid (HA)-based hydrogel crosslinked with matrix metalloproteinase (MMP) cleavable
peptides and modified with multiphoton labile nitrodibenzofuran (NDBF) was synthesized to
photochemically immobilize epidermal growth factor (EGF) gradients. We demonstrate that EGF
gradients can differentially influence breast cancer cell invasion and drug response in cell lines
with different EGF receptor (EGFR) expression levels. Photopatterned EGF gradients increase the
invasion of moderate EGFR expressing MDA-MB-231 cells, reduce invasion of high EGFR
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expressing MDA-MB-468 cells, and have no effect on invasion of low EGFR-expressing MCF-7
cells. We evaluate MDA-MB-231 and MDA-MB-468 cell response to the clinically tested EGFR
inhibitor, cetuximab. Interestingly, the cellular response to cetuximab is completely different on
the EGF gradient hydrogels: cetuximab decreases MDA-MB-231 cell invasion but increases
MDA-MB-468 cell invasion and cell number, thus demonstrating the importance of including cell-
microenvironment interactions when evaluating drug targets.
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1. Introduction

Breast cancer cell invasion through the stroma is influenced by signals the breast cancer
cells receive from the microenvironment, including the extracellular matrix (ECM),
mechanical properties, stromal cells, and cytokines, among others. [1-5] Of particular
interest are gradients of chemoattractants (often cytokines) that arise in the
microenvironment and guide cell invasion. /n vivo, breast cancer cells have been shown to
respond to and migrate towards increasing epidermal growth factor (EGF) concentrations
secreted by macrophages within the microenvironment. [6,7]

Epidermal growth factor receptor (EGFR) overexpression is associated with aggressive
phenotypes, decreased patient survival, and occurs in approximately 6-19% of all breast
cancers, and 30-52% of triple negative breast cancers — that is cells that are negative for
estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2
(HER2). [8-12] EGF is a known mitogen and causes increased cell motility, invasion, and
proliferation through the mitogen-activated protein kinase (MAPK) and
phospatidylinositol-3 kinase (PI-3K) downstream signalling pathways. [13-16] However,
EGF has also been shown to have an antitumorigenic effect on several EGFR overexpressing
cancer cell lines including the triple negative breast cancer cell line MDA-MB-468 and the
vulvar epidermoid cancer cell line A431, where exposure to high levels of EGF induces
apoptosis. [17,18] It has been hypothesized that EGFR expression switches from a tumor
promoting role /n situto a tumour inhibiting role in metastatic breast cancer. [19] It is
therefore important to develop an /7 vitro model with EGF gradients to improve our
understanding of the role of EGF and EGFR expression in breast cancer progression.

To study the role of EGF gradients on cancer cell invasion, a three-dimensional (3D) /in vitro
hydrogel model is needed: two-dimensional (2D) culture is inherently limited by a lack of
matrix through which cells can invade and /n7 vivo models are overly complex to study the
role of defined gradients. Boyden chambers are widely used in invasion assays as the “gold
standard”, but they produce poorly defined, transient gradients. Microfluidic devices have
been used to form well-defined gradients; however, this strategy often lacks a matrix for cell
invasion, forcing cells to migrate along hard plastic surfaces and poorly recapitulating
invasion through native tissues. [14] Several studies have investigated the influence of EGF
gradients on breast cancer cell invasion; however, migration was either along 2D surfaces or
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model compounds, such as dextran, were used as evidence of a relevant EGF gradient.
[14,20,21] Truong et al. recently developed a microfluidic invasion platform to study breast
cancer invasion through 3D matrices: SUM-159 breast cancer cells encapsulated in a
hydrogel responded to a predicted EGF gradient with enhanced cell invasion and altered
cellular morphology. [20] With this platform, diffusional gradients of EGF were predicted
based on simulations with 10 kDa molecules — there was no direct characterization of the
EGF gradients. [20] Wang et al. investigated EGF gradients with concentration slopes of
0.071, 0.143, and 0.286 ng mL~! pm™1 to study MDA-MB-231 breast cancer cell migration,
but did so along 2D surfaces that do not recapitulate invasion through ECM. [14] The
current study is, to the best of our knowledge, the first to investigate the influence of well-
characterized, immobilized EGF gradients on cell invasion in a 3D model.

3D hydrogels patterned with biomolecules in known concentrations and gradients have been
previously designed. [22-28] For example, EGF gradients were patterned in hyaluronic acid
(HA) hydrogels crosslinked with bismaleimide-poly(ethylene glycol) (PEG); however, these
hydrogels did not allow cell invasion and matrix remodelling. To improve upon past
hydrogel models, PEG crosslinkers were replaced by a matrix metalloproteinase (MMP)
cleavable (GPQG!IWGQ) peptide crosslinker (MMPX), which breast cancer cells can
actively degrade through the expression of MMPs 1, 2, 3, 7, 8, 9. [29-31] Furthermore,
bromohydroxy coumarin (Bhc) was used as a caging molecule to facilitate EGF
photopatterning: two photon irradiation cleaves Bhc, exposing a thiol that can immobilize
thiol-reactive EGF. [24] However, Bhc isomerizes to form a product that quenches reactive
thiols when irradiated. [32,33] When Bhc is modified with a methyl group at the endocyclic
3 position (mBhc), photoisomerization is blocked, thereby improving photopatterning
efficiency over Bhc. [32] Nitrodibenzofuran (NDBF), another photocaging molecule, does
not undergo photoisomerization and has been shown to efficiently uncage thiol-containing
peptides with one- and two-photon irradiation; [33] however, NDBF, Bhc, and mBhc have
not been directly compared in terms of photo-uncaging within 3D hydrogels. Herein, we
compare NDBF, Bhc, and mBhc, and demonstrate the superior photopatterning efficiency of
NDBF.

In the current study, a 3D /n vitro breast cancer invasion platform was developed in NDBF-
conjugated HA hydrogels crosslinked with MMPx (HANDee/MMPX) (Figure 1). HA
hydrogels are ideal in studies of breast cancer cell invasion because HA is often
overexpressed in the breast cancer microenvironment and provides an inherently bioactive
and degradable material. [35-40] Two-photon irradiation of HAnpgr/MMPX cleaves NDBF,
revealing a free thiol that subsequently reacts to immobilize maleimide-modified
biomolecules into the hydrogel. To form gradients of EGF, maleimide-streptavidin (mal-
streptavidin) is first patterned into HANpge/MMPX. Adding biotinylated EGF modified with
Alexa Fluor 555 (EGF555) for visualization of the patterns, results in EGF555 selectively
binding to the immobilized streptavidin, forming a pattern of EGF555. Using this two-
photon patterning approach, EGF gradients were formed in HANpge/MMPX hydrogels,
demonstrating the utility of NDBF for 3D photopatterning. These hydrogel platforms
contain spatially defined EGF gradients that allow the role of EGF on breast cancer cell
invasion to be studied.
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The HANDpr/MMPX hydrogels containing EGF555 gradients are used to evaluate the
response of breast cancer cell lines with different EGFR expression levels: MDA-MB-231,
MDA-MB-468, and MCF-7 cell lines. MDA-MB-231 breast cancer cells are a highly
invasive, triple negative breast cancer cell line that expresses EGFR. MDA-MB-468 breast
cancer cells are an invasive, triple negative breast cancer cell line, with an intermediate
invasive capacity that is lower than MDA-MB-231 cells but with very high EGFR
expression. MCF-7 cells are a luminal A breast cancer cell line with low invasive potential
that express low levels of EGFR. [41,42] We subsequently evaluate the response of the
EGFR expressing breast cancer cells (MDA-MB-231 and MDA-MB-468) to the EGFR
inhibitor, cetuximab. Cetuximab binds to the extracellular domain of EGFR at a higher
affinity than EGF, preventing ligand binding and phosphorylation of the receptor. [43-45]
Triple negative breast cancers tend to have the highest proportion of EGFR overexpression
out of the breast cancer subtypes. [9-12,46] Since there are currently no hormone or receptor
targeted treatment options for triple negative breast cancer, EGFR inhibitors have been
evaluated clinically. [47] However, these EGFR inhibitor clinical trials have been
unsuccessful; EGFR expression has not been predictive of patient response and EGFR
activity has only been blocked in a minority of patients with EGFR expressing breast cancer.
[48-50] Using breast cancer cell lines with different EGFR expression levels, we
demonstrate how the same model microenvironment containing EGF gradients has
dramatically different outcomes on breast cancer cell invasion and cetuximab response.

2. Materials and Methods

2.1

Materials

All reagents were used as received unless otherwise indicated. Lyophilized sodium
hyaluronate (HA) was purchased from Lifecore Biomedical (2.15 x 10° g mol™1) (Chaska,
MN, USA). Dimethyl sulfoxide (DMSQ), triisopropyl silane (TIS), 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride (DMTMM), N,N’-diisopropylcarbodiimide
(DIC), 1-methyl-2-pyrrolidinone (NMP), furfurylamine, and Dulbecco’s phosphate buffered
saline (PBS) were purchased from Sigma-Aldrich (St. Louis, MO, USA). N-(2-
hydroxyethyl)maleimide was purchased from Strem Chemicals (Newburyport, MA, USA).
Sodium chloride and 2-(N-mortholino)ethanesulfonic acid (MES) were purchased from
BioShop Canada Inc. (Burlington, ON, Canada). Trifluoroacetic acid (TFA) and all solvents,
unless otherwise specified, were purchased from Caledon Laboratory Chemicals
(Georgetown, ON, Canada). Fmoc-protected amino acids and Wang resin were purchased
from AnaSpec (Fremont, CA, USA). 3-Maleimidopropionic acid was purchased from
Toronto Research Chemicals (Toronto, ON, Canada). Dialysis membranes were purchased
from Spectrum Laboratories (Rancho Dominguez, CA, USA). Eight-well chamber slides
(Nunc), optical glass bottom 96-well plates (Nunc), biocytin Alexa Fluor 546, Alexa Fluor
546 C5 maleimide (mal-546), Alexa Fluor 555 hydrazide, EZ-Link NHS-LC-biotin,
maleimide streptavidin (mal-streptavidin), and sulfo-succinimidyl 4-[N-
maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC) were purchased from Thermo
Scientific (Waltham, MA, USA). EGF was purchased from Peprotech (Rocky Hill, NJ,
USA). Nitrodibenzofuran (NDBF) was supplied by the Distefano laboratory. Distilled
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deionized water (ddH,0) was prepared using a Millipore Milli-RO 10 Plus and Milli-Q UF
Plus at 18 M Q resistance (Millipore, Bedford, MA, USA).

2.2 Synthesis of NDBF-cysteamine

NDBF-Br was synthesized as previously described. [33] NDBF-Br (0.40 g, 1.2 mmol), 2-
(Boc-amino)ethanethiol (0.32 mL, 1.8 mmol), and DBU (1.24 mL, 1.6 mmol) were
dissolved in THF and stirred at reflux. After 4 h the reaction was judged complete by TLC
(2:1, Hexanes/EtOAc). After solvent removal via evaporation, the residue was extracted into
75 mL ethyl acetate from 50 mL of water. The organic layer was dried over Na,SO4 and
evaporated under vacuum to afford Boc-protected NDBF-cysteamine. The resulting crude
material was used directly for the following step, without further purification.

Crude Boc-protected NDBF-cysteamine was dissolved in 25 mL of a mixture of CH,Cl, and
trifluoroacetic acid (1:1, v/v) followed by addition of 0.5 mL of H,O. The mixture was
stirred for 30 min followed by solvent removal under vacuum. The residue was dissolved in
50 mL of CH,Cl, and washed with 25 mL H»0, 25 mL brine, and dried over Na;SO,4. The
CH,Cl, was evaporated under vacuum and the resulting compound was purified using
column chromatography (1:1 Hexanes:EtOAc) to afford the pure product (0.47 g, 70%).
NDBF-cysteamine was characterized via 1H NMR in DMSO-dg using an Agilent DD2-500
MHz NMR spectrometer (Santa Clara, CA, USA), as shown in Supplementary Data Figure
S1. IH NMR (500 MHz, DMSO-dj) & 8.64 (s, 1H), 8.39 — 8.36 (m, 2H), 7.82 — 7.80 (m,
1H), 7.68 — 7.65 (m, 1H), 7.54 — 7.50 (m, 1H), 4.71 (q, J = 6.9 Hz, 1H), 2.71 - 2.67 (m, 2H),
2.60 —2.54 (m, 2H), 1.72 (d, J = 6.9 Hz, 3H). HR-MS (ES) m/z calculated for [M+H]
*317.0954, found 317.0976.

2.3 Synthesis of HA-Furan-NDBF

HA-furan was prepared as previously described. [24,29,40] Briefly, HA-furan was first
synthesized by dissolving HA in MES buffer (100 mM, pH 5.5) to achieve 1% w/v HA.
DMTMM was then added, followed by the dropwise addition of furfurylamine. The reaction
was stirred at room temperature for 24 h and dialyzed (12-14 kDa MWCO) against NaCl
(0.1 M) for 2 d followed by dH,O for 2 d. Furan substitution of the lyophilized HA-furan
was confirmed via IH NMR in D,0 on an Agilent DD2-500 MHz NMR spectrometer (Santa
Clara, CA, USA). The ratio of the area under the furan proton peaks (6.26, 6.46, and 7.65
ppm) to the area under the peak for N-acetyl glucosamine protons of HA (1.9 ppm)
determined the degree of furan substitution. [40] For this current study a furan substitution
of 46% was used.

To synthesize HA-furan-NDBF, HA-furan was dissolved in NMP:MES (100 mM, pH 5.5) at
a ratio of 1:1 to achieve 0.5% w/v HA-furan. DMTMM was then added (2.5 molar
equivalence relative to free carboxylic acids) followed by the dropwise addition of a solution
of NDBF-cysteamine in DMSO (0.5 molar equivalence relative to free carboxylic acids).
The reaction was stirred at room temperature in the dark for 24 h and then dialyzed against
dH,O:NMP:DMSO at a volume ratio of 2:1:1 for 1 d. The organic fraction of the solution
was halved every 24 h for 3 d before being replaced with only dH,O for the final 2 d. HA-
furan-NDBF was lyophilized and the NDBF substitution was confirmed via 1H NMR in
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DMSO-dgon an Agilent DD2-500 MHz NMR spectrometer (Santa Clara, CA, USA).
NDBF substitution was determined to be 44% by comparing the integrated areas under the
aromatic proton peaks of NDBF (8.68 — 8.13 ppm) to the furan peaks at 6.38 — 6.29 ppm and
N-acetyl glucosamine peak of HA at 1.79 ppm (Supplementary Data Figure S2). HA-furan-
NDBEF is herein referred to as HANDRE.

HA-furan conjugated with either bromohydroxy coumarin (Bhc) or bromohydroxy
methylcoumarin (mBhc) was prepared using the same method as HANDBE, [32] where
NDBF-cysteamine was substituted with either Bhc-cysteamine or mBhc-cysteamine.

2.4 Synthesis of Maleimide Functionalized Peptides

MMP cleavable peptide crosslinkers (MMPXx) were synthesized as previously described. [29]
Briefly, peptides (Supplementary Data Figure S3) were synthesized using standard Fmoc
chemistry on a Liberty 1 peptide synthesizer equipped with a Discover microwave reactor
(CEM, Matthews, NC, USA). Following final deprotection of the N-terminus, 3-
maleimidopropionic acid was coupled to the free amines with DIC, adding maleimide
functionalities to the peptide. The MMPx peptides were then cleaved from the Wang resin
with a solution of 80% TFA, 10% dH»0, and 10% TIS, precipitated with ice-cold ethyl
ether, and purified with high-performance liquid chromatography (HPLC).

2.5 Synthesis of Functionalized EGF: EGF555

EGF was functionalized with biotin by reacting of EGF with EZ-Link NHS-LC-biotin in
MES buffer (100 mM, pH 6). Every 2 h, 10 molar equivalence of EZ-Link NHS-LC-biotin
(relative to free amines on EGF) was added to the reaction until 100 molar equivalence was
reached. The reaction was stirred overnight at 4 °C and dialyzed (2 kDa MWCO) against
PBS for 4 d at 4 °C. The biotin functionalization of EGF (biotinEGF) was confirmed via
mass spectrometry (Supplementary Data Figure S4). The biotinEGF was further
functionalized with Alexa Fluor 555 in order to visualize the EGF patterns within the
hydrogel. BiotinEGF was reacted with Alexa Fluor 555 hydrazide (25 molar equivalence
relative to EGF) in MES buffer (100 mM, pH 5.5) overnight, purified via FPLC, and
concentrated to 9.89 pg mL~L. The average degree of Alexa Fluor 555 substitution was
determined to be 6.756 (Alexa Fluor 555/EGF) by measuring the EGF concentration via
micro BCA assay and the Alexa Fluor 555 concentration via UV absorbance. EGF modified
with biotin and Alexa Fluor 555 is herein referred to as EGF555.

2.6 Preparation of HANpgr Hydrogels for Photopatterning

HANDBE Was dissolved overnight in MES (100 mM, pH 5.5):DMSO (1:1) and mixed with an
equal volume solution of either bis-maleimide peptide crosslinker (MMPX) or bis-
maleimide-poly(ethylene glycol) (PEG) dissolved in MES buffer (100 mM, pH 5.5):DMSO
(1:1). The mixture was pipetted into either 8-well chamber slides (125 L) or glass bottom
96-well plates (40 pL) and gelled overnight at 37 °C to form hydrogels with a final
concentration of 1.0% HANpge and a 1:1 ratio of furan:maleimide. The unreacted furans in
the hydrogel were quenched with 30 mM N-(2-hydroxyethyl)maleimide in MES buffer (100
mM, pH 5.5) for 24 h at room temperature. The N-(2-hydroxyethyl)maleimide was washed
from the gel with PBS (pH 6.8). Solutions of either maleimide Alexa Fluor 546 (mal-546, 50
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M) or mal-streptavidin (0.63 mg mL™1) in PBS (pH 6.8) were then soaked into the
hydrogel overnight at 4 °C and excess supernatant was removed prior to photopatterning.

2.7 Photopatterning HANpgr Hydrogels

HA/PEG and HA/MMPx hydrogels were photopatterned on a Zeiss LSM710 META
confocal microscope equipped with a Coherent Chameleon two-photon laser using a 10x
objective. For patterning experiments, the two-photon laser was set to 740 nm with 30-38%
power (1679 mW max power) and scan speeds ranging between 0.009 and 0.527 pm us~2.
Following patterning, gels were washed thoroughly with PBS. Hydrogels patterned with
mal-streptavidin were further reacted overnight with either EGF555 or Alexa546. Unreacted
EGF555 or Alexa546 was washed from the hydrogel, leaving patterns of immobilized
EGF555 or Alexa546 in the hydrogels, respectively. Patterns were imaged on an Olympus
Fluoview FV1000 confocal microscope with xy two-photon laser scans every 1-5 pm in the
z direction. Imaged photopatterns were quantified on ImageJ against a standard curve of
Alexa Fluor 555 to determine the concentration of immobilized EGF55.

2.8 Maintenance of Cancer Cell Lines

All cell lines were purchased from ATCC (Manassas, VA, USA). Cell lines were maintained
in tissue culture flasks in an incubator (37 °C, 5% CO5, 95% humidity) using their
corresponding growth medium: MDA-MB-231, MDA-MB-468 in RPMI-1640, and MCF-7
in Dulbecco’s modified Eagle’s medium Nutrient Mixture F-12 Ham. All cell culture media
were supplemented with 10% FBS, penicillin (10 U mL™1), and streptomycin (10 pg mL™1).
MCF-7 growth media was also supplemented with insulin (10 pg mL™1).

2.9 Flow Cytometry

The EGFR expression in MCF-7, MDA-MB-231 and MDA-MB-468 breast cancer cells was
determined using flow cytometry. Breast cancer cells were first detached from cell culture
flasks using Accutase and resuspended in 2% FBS in PBS (FACS buffer). Cells were then
incubated with a primary anti-EGFR antibody (Abcam, ab30) in FACS buffer (10 ug mL™1)
at room temperature for 1 h, and washed 3 times in FACS buffer. A secondary antibody
(goat anti-mouse, Alexa Fluor 488, Invitrogen, A-11001) was added to the cell suspension
(10 pg mL~1 in FACS buffer) and incubated for 30 min at room temperature. Cells were then
washed 3 times in FACS buffer and resuspended in PBS. Unstained (no primary or
secondary antibodies) and secondary antibody only controls were also prepared. Flow
cytometry was performed on an Accuri C6 Cytometer (BD Biosciences) and analyzed with
FlowJo software.

2.10 Quantification of Cell Invasion

HA/MMPx hydrogels (40 pL) in glass bottom 96-well plates were photopatterned with
EGF555 gradients (0.7242, 0.8624, and 1.2074 ng mL~1 pm™1) and the unbound EGF555
was thoroughly washed from the gels with PBS before seeding 3x104 cancer cells per well
on the hydrogel surface. Cells were cultured on the hydrogels for 6 d before being fixed with
4% paraformaldehyde and stained with phalloidin for cell cytoskeleton and DAPI for cell
nuclei. The hydrogels were imaged on an Olympus Fluoview FVV1000 confocal microscope
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with x-y two-photon laser (740 nm) scans every 5 pm in the z direction. For quantification of
invasion and cell number, the position coordinate of each nuclei was determined using
Imaris Bitplane. The depth of invasion was calculated as the depth occupied between the top
and bottom nuclei within the pattern and normalized to control patterns of Alexa546. Cell
number was quantified as the total number of nuclei within the pattern; this number includes
both invading and non-invading cells. Cell number was represents the response of cells to
gradients of EGF555 - either an increase in cell number due to proliferation or a decrease in
cell number due to cell death. Non-patterned regions of the hydrogel were quantified by
determining the invasion and cell number in a ROI of equal volume to the patterns.

For EGF inhibitor experiments with cetuximab, HA/MMPx hydrogels were patterned with
either EGF555 or Alexa546 gradients using the same procedure used in the gradient invasion
studies. Prior to seeding cells, the hydrogels were equilibrated with either 0 or 100 pg/mL of
the EGF inhibitor cetuximab. Cells (3x10* cancer cells per well) were then seeded on the
hydrogel surface with 0 or 100 pg mL~1 cetuximab and cultured for 6 d with media changes
every 2 d. Cells were then fixed, stained, and analyzed using the same procedure outlined
above for the invasion studies.

2.11 Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 6 (GraphPad
Software, San Diego, CA, USA, www.graphpad.com). Differences among 3 or more groups
were assessed using a one-way or two-way ANOVA followed by Tukey’s post hoc
corrections to identify statistical significance. The two-way ANOVA results indicate the
overall effect of the gradient slope (low, medium, high, and non-patterned region) and the
presence of EGF555 (EGF555 vs. Alexa546). Subsequent post hoc tests are depicted
graphically and show significance within groups, such as the significance between medium
EGF555 and medium Alexa546 gradients. Differences between two groups were assessed
using an unpaired t-test. For all statistical analysis a was set at 0.05. Data is displayed with p
values represented as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. Cell invasion and
cell number were normalized to Alexa546 controls to remove potential convoluting factors,
such as changes in hydrogel physical properties following irradiation. To normalize the data,
the measured values for each experimental repeat were divided by the relevant Alexa546
control value; this gave a normalized value of 1 for the Alexa546 control groups.

3. Results
3.1. NDBF Improves Photopatterning Efficiency in HA Hydrogels

HA-furan hydrogels crosslinked with bis(maleimide)-PEG and conjugated with one of
NDBF, Bhc, or mBhc (HANDBE/PEG, HARK/PEG, and HAmBho/PEG, respectively) were
modified with maleimide-Alexa Fluor 546 (mal-546) to determine the optimal multiphoton
labile molecule for photopatterning. Concentrations of NDBF, mBhc, and Bhc within the
HA hydrogels were matched based on 1H NMR substitutions. Tiles were irradiated with a
two-photon laser (740 nm) in an x-y plane within the hydrogels, with the number of two-
photon laser scans varying between 10 and 50, as shown in Figure 2. The concentration of
the immobilized mal-546 in the z-axis profile was quantified and the patterns were
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confirmed to be in a single x-y plane. Resolution of the patterned tiles in HANpgg hydrogels
was approximately + 25 um from the centre of the pattern in the z-axis, while the x-axis
profile of the patterned tiles revealed high resolution. Additionally, the concentration of
immobilized mal-546 strongly correlates with the number of two-photon scans, and thus
irradiation time of the HANpgr/PEG hydrogel (Supplementary Data Figure S5). The HA
hydrogels can also be patterned with any shaped region of interest (ROI) (Supplementary
Data Figure S6), but was limited to rectangular or circular planes or gradients for ease of
analysis. Comparing mal-546 patterns in HANpgr, HAmBhe, @and HAgyc hydrogels in Figure
2, it was clear that HANpge/PEG hydrogels had the highest patterning efficiency, where 50
scans immobilized 160 UM of mal-546. Patterns formed in HAghe hydrogels were far
weaker than those in HANpgr hydrogels, where 50 scans immobilized 2 pM of mal-546,
while patterns in HAgp: Were just visible above the baseline. Due to the superior
photopatterning efficiency, NDBF- conjugated HA hydrogels were used for photopatterning
in this study.

Photopatterned Gradients in HA Hydrogels

With increasing numbers of two-photon scans, there is increasing NDBF cleaved and hence
more reactive thiols available for ultimate EGF immobilization. Thus, to form gradients
within the HANpgr hydrogels, the number of two-photon scans increased from 1 scan at the
hydrogel surface to 41 scans at a depth of 200 um into the hydrogel, as shown in Figure 3A.
To produce a smooth vs. discrete gradient, the interval step between each scanning plane
was either 5 or 20 pm along the z-axis. Hence, for the 20 um interval pattern, the number of
scans was increased in increments of 4 scans per step whereas in the 5 pm interval pattern,
the number of scans was increased in increments of 1 scan per step. The 5 um interval
pattern was ultimately irradiated for a greater amount of time, resulting in a steeper gradient
and a higher concentration of mal-546 immobilized (Figure 3B). In the 20 um scanning
interval gradient, discrete scanning planes were visible, as shown in Figure 3A and B.
Because a scanning interval step size of 5 um resulted in a smooth gradient slope, this
parameter was selected for patterning EGF gradients.

In order to form gradients of EGF, the free, photocleaved HA-thiols were first reacted with
mal-streptavidin followed by the addition of biotinylated and Alexa Fluor 555-modified
EGF (EGF555). Importantly, EGF555 showed similar bioactivity to soluble, unmodified
EGF as determined by a cell proliferation assay: both EGF and EGF555 significantly
increased MCF-7 cell number, with no significant difference between them (Supplementary
Data Figure S7).

Three concentration gradients of immobilized EGF555 were synthesized. First HANDBE/
MMPx hydrogels were exposed to varying two-photon laser scan speeds to achieve three
different gradient slopes of reactive thiols that reacted immediately with mal-streptavidin
already present in the gels. Slower scan speeds correspond to longer irradiation times, thus
increasing the number of reactive thiols and creating steeper gradient slopes. Free mal-
streptavidin that had not been immobilized into the hydrogel was then washed out, and
EGF555 was added, binding selectively to the mal-streptavidin pattern. EGF555 gradients
were formed in the HANper/MMPX hydrogels, as shown in Figure 3C and D, following the
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removal of unbound EGF555. The gradients of EGF555 were quantified and determined to
have slopes of 0.72, 0.86, and 1.20 ng mL~1 um™21, herein referred to as low, medium, and
high, respectively. Importantly, these three gradients were determined to have significantly
different slopes (****p<0.0001).

Breast Cancer Cells Respond Differently to EGF Gradients

To test the response of breast cancer cells to the EGF555 gradients photopatterned into the
HANDBr/MMPX hydrogels, breast cancer cells with different EGFR expression levels were
used. EGFR expression in MDA-MB-231, MDA-MB-468, and MCF-7 breast cancer cell
lines was determined using flow cytometry (Figure 4): 98.7% of the MDA-MB-231
population are EGFR+, expressing intermediate levels of EGFR, 99.4% of the MDA-
MB-468 population are EGFR+, expressing high levels of EGFR, and 4.64% of the MCF-7
population express low levels of EGFR.

The EGF gradient invasion platform was tested with all three cell lines. The highly invasive
MDA-MB-231 breast cancer cells seeded on the surface of each of the low, medium, and
high EGF555 gradient hydrogels were compared to identical control gradients of simply
biotinylated AlexaFluor 546 (Alexa546 — i.e., without the EGF). The Alexa546 gradients
control for any changes in mechanical properties that may influence invasion. After 6 days
of culture in low serum media, the cells were stained with DAPI to visualize nuclei and
phalloidin to visualize the cytoskeleton. Cell invasion (the depth of position relative to the
hydrogel surface), percent of invading cells, and total cell number within the gradient
(including non-invading cells on the surface of the gradient) were measured using confocal
z-stack images processed with IMARIS software, as shown in Figure 5A. To elucidate the
influence of the EGF555 gradient on breast cancer cell invasion, the invasion distance in the
EGF555 gradients was normalized to the invasion distance in the corresponding Alexa546
control gradients.

EGF555 gradients significantly increased invasion distance relative to those of control
Alexab46 using a two-way ANOVA (**p<0.001) and the slope of the gradient also
significantly affected invasion (*p<0.05). Post hoc tests found that MDA-MB-231 invasion
distance was significantly greater in the medium EGF555 gradients compared to: the
medium Alexa546 control gradient (**p<0.001), the high EGF555 gradient (**p<0.001),
and non-patterned regions of the EGF555 hydrogel (*p<0.05), as shown in Figure 5B. The
slope of the gradient seemed to influence the percent of invading MDA-MB-231 cells, with
fewer cells in the medium and high vs. low gradient hydrogels (Figure 5C). Since this was
observed for both EGF555 and Alexa546 gradient gels, we hypothesize that this difference
is due to increased mechanical constraints in the hydrogel following irradiation
(Supplementary Data Figure S8). EGF555 was found to significantly increase MDA-
MB-231 cell number (**p<0.001, two-way ANOVA); however, post hoc testing found no
significance between groups (Figure 5D). In summary, it was observed that a greater number
of MDA-MB-231 cells invaded the low EGF555 gradient compared to the medium EGF555
gradient. Additionally, there was no significant difference between the number of MDA-
MB-231 cells that invaded the medium EGF555 gradient relative to the medium Alexa546
gradient; however, the cells invaded significantly further in the medium EGF555 gradient.
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Since high concentrations of EGF can have an apoptotic effect on many EGFR
overexpressing cancer cells, including MDA-MB-468 cells, [17,51,52] we studied their
response to medium EGF555 gradients in the HAnpgr/MMPX hydrogels as this gradient
had the greatest impact on invasion distance of MDA-MB-231 cells. As shown in Figure
6A, the invasion distance of MDA-MB-468 cells in EGF555 gradient hydrogels was
significantly decreased compared to their invasion distance in identical control gradients of
Alexab546 (***p<0.001), as shown quantitatively in Figure 6B. Additionally, MDA-MB-468
cell number significantly decreased with EGF555 medium gradients compared to control
Alexa546 gradients (****p<0.0001, Figure 6C). Interestingly, the diameter of the MDA-
MB-468 cells increased when cultured on the medium gradient EGF555 hydrogels
compared to the medium gradient of Alexa546 (****p<0.0001, Figure 6D, E). The invasion
distance, cell number, and cell diameter of MDA-MB-468 cells had a similar response to
EGF555 in non-patterned regions of the hydrogel, as well, indicating that the EGF itself, and
not the gradient, had the dominant effect on MDA-MB-468 cellular response.

To confirm that the antitumorigenic effect of EGF is not due to the hydrogel platform,
MDA-MB-468 cells were also treated with 20 ng mL~1 of unmodified, soluble EGF in 2D
culture. After 5 days of culture, it was found that EGF significantly decreased MDA-
MB-468 cell number (****p<0.0001) to similar levels seen in the EGF555 photopatterned
HANDBr/MMPX hydrogels (Supplementary Data Figure S9).

To examine the effect of EGF555 gradients on the low EGFR expressing MCF-7 breast
cancer cells, MCF-7 cells were seeded on top of HANpee/MMPX hydrogels containing
medium gradients of EGF555. MCF-7 cells have low invasive potential and invaded into
neither the medium EGF555 nor the Alexa546 control gradients, as shown in Figure 7A and
B. No significant difference was found in MCF-7 cell number between the medium EGF555
and Alexa546 gradients (Figure 7C), demonstrating that EGF555 gradients do not influence
MCEF-7 cell migration. MCF-7 cell diameter was not measured since the cells grow in
clusters on the hydrogel surface and it is difficult to distinguish the diameters of individual
cells.

3.4. Breast Cancer Cells Respond Differently to Cetuximab when Cultured in Hydrogels
with Photopatterned EGF Gradients

To determine whether the poor clinical outcomes of EGFR inhibitors could be better
understood with /n vitro 3D culture, we evaluated the response of both MDA-MB-231 and
MDA-MB-468 cells to the EGFR inhibitor cetuximab on EGF555 and control Alexa546 low
gradient hydrogels. HANgpe/MMPX hydrogels with low EGF concentration gradients were
used: the higher percentages of invading cells in the low gradient gels relative to medium
and high gradient gels increased the likelihood of distinguishing differences in cell invasion.
In medium gradients, MDA-MB-231 cells invaded further, but fewer cells invaded, leading
us to use the low EGF555 gradient hydrogels for the cetuximab studies. MDA-MB-231 cells
were seeded on hydrogels with gradients of EGF555 vs. Alexa546 and treated with either 0
or 100 pg mL~1 of cetuximab. Significantly more MDA-MB-231 cells invaded into EGF555
than Alexa546 gradients (*p<0.05) and, cetuximab decreased the percent of invading MDA-
MB-231 in EGF555 gradients (p=0.055, Figure 8A). While the percentage of cells invading
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decreased, neither the invasion distance (Figure 8B) nor the cell number (Figure 8C) were
affected by cetuximab in either the EGF555 or Alexa546 control gradients. In contrast to the
round morphology of MDA-MB-468 cells, MDA-MB-231 cells have a mesenchymal
phenotype that is irregular in shape, making cell diameter difficult to measure.

MDA-MB-468 cells seeded on EGF555 and Alexa546 gradient hydrogels were similarly
treated with 0 or 100 ug mL™1 of cetuximab. The percent of invading MDA-MB-468 cells
was highly variable and was neither affected by EGF555 nor cetuximab treatment (Figure
8D). In the absence of cetuximab, there was both less invasion distance and fewer MDA-
MB-468 cells on the EGF555 concentration gradient hydrogels (**p<0.01) compared to
Alexa546 control gradient hydrogels (Figure 8E and F). Remarkably, cetuximab rescued the
invasion and cell number of MDA-MB-468 cells on EGF555 gradients, significantly
increasing both relative to no cetuximab treatment (**p<0.01 and *p<0.05, respectively).
Without cetuximab, cell diameter significantly increased on EGF555 gradients
(****p<0.0001) compared to control Alexa546 gradients whereas with cetuximab treatment,
the MDA-MB-468 cell diameter decreased relative to no cetuximab (***p<0.001) on
EGF555 gradients (Figure 8G). This suggests that cetuximab treatment prevents the
antitumorigenic effects of EGF on MDA-MB-468 cells. Importantly, the negative
consequence of cetuximab treatment was only observed in MDA-MB-468 cells in the
EGF555 gradients. This emphasizes the need to incorporate microenvironmental factors into
culture conditions, such as 3D culture conditions, when evaluating drugs that target cell
invasion by specific cell-microenvironment interactions, such as blocking EGF binding to
EGFR.

4. Discussion

Bhc has been used as a thiol-caging group to immobilize thiol-reactive biomolecules into
hydrogels [22-24] However, the decreased photopatterning efficiency of both Bhc and mBhc
relative to NDBF limits their use in photopatterning applications. To immobilize the same
concentration of a given biomolecule, higher substitutions of both mBhc and Bhc on the
hydrogel backbone are required relative to that of NDBF. The improved photopatterning
efficiency of NDBF consequently allows reduced two-photon irradiation times (faster scan
speeds) to immobilize biologically relevant concentrations of biomolecules, reducing the
exposure of biomolecules to irradiation. A two-photon laser scanning speed of 0.009 um ps
~1 was used to compare the photopatterning efficiency of NDBF, Bhc, and mBhc whereas
scan speeds of 0.527, 0.263, and 0.132 pm ps~! were used to form the low, medium and high
EGF555 concentration gradients, respectively.

In vivo, it is difficult to characterize biomolecule gradients, such as EGF, due to their
transient nature. EGF gradients arise in breast tumors predominately due to EGF secretion
by macrophages in the microenvironment, confounding their characterization. [7,53] EGF is
present in serum and tumors of cancer patients [54-56] including breast tumors; [57]
however, with only a handful of studies, there is a significant knowledge gap of EGF
concentrations and profiles within breast tumors, and large disparities between studies.
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To gain insight into the effect of EGF on breast cancer cells, we developed a hydrogel
platform with defined EGF gradients. Due to challenges characterizing /n vivo gradients,
developing EGF gradients in invasion-permissive hydrogel models allows the influence of
EGF on breast cancer cell invasion to be elucidated. To develop a model that recapitulates
the /in vivo breast cancer cell response to chemotactic EGF gradients, it is important to use
biologically relevant concentrations. The concentration of EGF in benign breast tumors
(0.13 ng mg~1 of total protein) and breast cancer (0.15 ng mg™? of total protein) has been
shown to be higher than normal breast tissue (0.04 ng mg~1 of total protein). [57]
Additionally, a few studies have investigated the concentration of EGF within breast cysts
and have found high EGF concentrations between 141.3 ng mL~1 and 506.2 ng mLL.
[58,59] Our EGF555 gradients contain similarly high concentrations of EGF (220 to 427 ng
mL1), recapitulating the high EGF concentration found in the breast tumor
microenvironment.

Medium and high EGF555 concentration gradient hydrogels had similar numbers of
invading MDA-MB-231 cells, however the cells were able to invade much further in the
medium gradients likely due to the reduced mechanical constraints compared to the high
gradients. Increasing the polymer concentration or increasing crosslink density can increase
hydrogel stiffness. Since the hydrogel polymer concentration remained constant throughout
the photopatterning process, we hypothesize that the increase in stiffness due to irradiation
resulted in an increased crosslink density. It has been shown that stiffer, higher crosslinked
hydrogels will reduce cell invasion distance, speed, and the percent of invading cells because
cells have to degrade more crosslinks to create large enough gaps in the hydrogel network to
allow for the passage of the cell body. [29,60] Additionally, breast cancer cells are known to
invade through MMP independent mechanisms by squeezing their cell body through existing
pores in the matrix. [61,62] Thus, smaller pore size in stiffer hydrogels will reduce both
MMP-dependent and -independent invasion mechanisms. In the high gradients, the
crosslinking density was likely too great for the MDA-MB-231 cells to overcome despite the
higher EGF555 concentration gradient. In contrast, the MDA-MB-231 cells likely invaded
farther into the medium gradient hydrogels compared to the low gradient hydrogels, due to
the higher EGF555 concentration gradient. EGF is known to increase cell motility and MMP
expression, both contributing to enhanced invasion in response to EGF. [63,64], [65] While
triple negative MDA-MB-231 breast cancer cells have been shown to respond to chemotactic
gradients of EGF, [14] EGFR expressing CHO cells have been shown to have increased
directional persistence — the ratio of displacement to trajectory length - in response to EGF
in the absence of chemotactic gradients. [66] Kim et a/. found that U87MG human
glioblastoma cells migrated faster in type I collagen matrices when cultured in the presence
of EGF: cell migration in low barrier matrices was driven by increased cell speed whereas in
high barrier, denser matrices, cell migration was more directional and mediated by protease
degradation. [64] This is consistent with our findings: MDA-MB-231 cells invaded into
hydrogels containing low EGF555 concentration gradients likely due to increased motility in
response to EGF whereas they migrated into medium EGF555 concentration gradients by a
chemotactic response. The latter is substantiated by the significant difference in cell invasion
observed between the medium EGF555 concentration gradient hydrogels compared to the
medium Alexa546 gradient controls.
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Interestingly, relative to the MDA-MB-231 cells, the MDA-MB-468 cells responded
completely differently to the EGF gradient hydrogels. MDA-MB-468 cells are invasive, but
less invasive than MDA-MB-231 cells. [41] This was observed in our HANpge/MMPx
hydrogels, where both a higher percent (20.8 + 10.6% vs. 10.2 + 3.0%) of MDA-MB-231
cells invaded and to a greater distance (115 £ 46 um vs. 82 + 16 um) into the gels compared
to the MDA-MB-468 cells. MDA-MB-468 cells have very high EGFR expression, making
them more sensitive to EGF at lower concentrations. It has been established that MDA-
MB-468 cells have an apoptotic response to high concentrations of EGF. [17,51] The
decreased MDA-MB-468 cell number and invasion in response to EGF555 gradients was
likely due to this apoptotic effect. In response to the EGF concentration gradients, MDA-
MB-468 cells showed minimal cell invasion into both the EGF555 gradient and non-
patterned hydrogel likely because the residual EGF555 in the non-patterned regions
(approximately 160 ng mL~1 um~1) was sufficient to induce an apoptotic effect. An increase
in MDA-MB-468 cell diameter in response to EGF555 is likely due to growth inhibition of
the cells in response to cytotoxic concentrations of EGF. [67,68] A similar morphological
response of MDA-MB-468 cells to EGF has been observed previously. [17,67,69] While it
would be interesting to confirm that increasing concentrations of EGF555 result in MDA-
MB-468 cell apoptosis, this study would be challenging on the hydrogels. The majority of
MDA-MB-468 cells remained on the surface of the hydrogel and did not invade; any cells on
the surface of the hydrogel that died would detach and wash away. Additionally, the non-
patterned regions of the hydrogel had enough residual EGF to induce the same loss of cell
number as the EGF555 gradients. Therefore, to determine any concentration dependence on
MDA-MB-468 cell death, concentrations that are lower than the non-patterned EGF555
regions would have to be tested.

While MDA-MB-231 and MDA-MB-468 cells had opposite responses to EGF555 gradients,
EGF555 gradients had no effect on MCF-7 cells. EGF has been shown to induce an invasive
phenotype in MCF-7 cells; decreasing the expression of the cell-cell adhesion molecule E-
cadherin, and increasing motility and invasion. [13,70,71] Additionally, it has been shown
that MCF-7 cells will form cellular protrusions and migrate towards increasing EGF
concentrations in response to gradients of EGF within a 3D matrix. [72] However, due to the
low EGFR expression on only 4.64% of MCF-7 cells, any change in MCF-7 cell number and
invasive potential would be limited to this population. The EGFR expression level on
MCEF-7 cells was likely too low and on too few cells for us to detect a response to EGF555
gradients, resulting in no detectable invasion. Although MCF-7 cells failed to invade the
medium EGF555 gradients tested in this study, gradients with steeper slopes or higher EGF
concentrations may induce an invasive response in low EGFR expressing MCF-7 cells.
Likewise, while the medium EGF555 gradients reduced MDA-MB-468 cell number and
invasion, gradients, much lower EGF concentrations may not be cytotoxic to these cells.

Micropatterned models have been developed to study cancer cell-microenvironment
interactions; localized physical features or ECM deposition control the spatial organization
of cancer cells and direct cell fate. [73-76] HA hydrogels containing encapsulated breast
cancer cells were patterned next to fibrin hydrogels containing endothelial colony forming
cells to study spatial regulation of angiogenesis in the tumor microenvironment. These
micropatterned models are beneficial for elucidating the role of matrix organization on
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cancer cell invasion. Combining micropatterning techniques that control the distribution of
ECM or cell types with photopatterning techniques that create complex gradients of
biomolecules will capture the heterogeneous physical and chemical properties of the breast
cancer microenvironment. This should lead to improved models for recapitulating the tumor
microenvironment.

It has been established that EGFR expression may not be predictive of the clinical response
to EGFR inhibitors such as cetuximab. [48-50] This may be due to some EGFR
overexpressing breast cancers exhibiting apoptotic responses to EGF, which results in EGFR
inhibitors reversing the antitumorigenic effect of EGF. /n7 vivo studies have demonstrated the
failure of EGFR inhibitors when treating EGFR overexpressing breast cancer. [19]
Treatment with the EGFR inhibitor erlotinib only minimally delayed tumor formation
following engraftment of metastatic transformed EGFR overexpressing murine NMuMg
cells, and Erlotinib significantly increased tumor reoccurrence following tumor excision.
[19] In addition, approximately 11% of triple negative breast cancers harbor mutations in the
EGFR gene, which may influence their response to EGFR inhibitors. [9] Mutations in EGFR
activated pathways may lead to EGFR inhibitor resistance. [77] Furthermore, components of
the microenvironment may influence drug response; HA has been shown to alter the
response of glioblastoma cells to the EGFR inhibitor erlotinib through colocalization and
coimmunoprecipitation of the CD44 receptor with EGFR. [78] The majority of in vitro
experiments evaluating breast cancer cell response to EGFR inhibitors use standard 2D cell
culture conditions. However, /n vivo, the breast microenvironment contains mechanical
signals from the matrix, facilitates cell-ECM interactions and cell migration, and may
contain high concentrations of EGF, especially in the diseased state. [57] Thus, standard 2D
culturing models may fail to capture potential apoptotic responses of certain breast cancer
cells to high EGF concentrations, resulting in false negatives where the cells are thought to
be unresponsive to an EGFR inhibitor when, in fact, the drug may reverse the
antitumorigenic effect of high EGF concentrations. Our model allowed us to gain insight
into this phenomenon where cetuximab treatment actually increased MDA-MB-468 cell
invasion yet decreased invasion of MDA-MB-231 cells. Improved models of the breast
cancer microenvironment, such as the one described herein, are needed to recapitulate the
breast cancer cell-matrix interactions involved in processes such as cell invasion. Models
that better represent these interactions may shed light on clinical outcomes and help to
identify and predict the benefit of new therapies leading to improved clinical translation.

5. Conclusions

We developed defined EGF gradients within HA/MMPx hydrogels using NDBF protecting
groups coupled with multiphoton confocal patterning to study breast cancer cell invasion.
Using three breast cancer cell lines, with different EGFR expression, we showed the
differential cellular response to the EGF gradient hydrogels in terms of both cell invasion,
cell number and cell size. With low EGFR-expressing MCF7 cells, EGF gradients had no
effect on the cells whereas with high EGFR-expressing MDA-MB-231 cells, EGF gradients
promoted cell invasion, which was decreased with cetuximab. In contrast, highly EGFR
over-expressing MDA-MB-468 cells were arrested by EGF gradient scaffolds, which was
reversed, unexpectedly, by the EGF inhibitor cetuximab. The differential responses of breast
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cancer cells to the EGF inhibitor cetuximab reflects the poor clinical outcome of this drug.
These confounding results demonstrate the importance of pre-screening drugs in relevant,
high content screening platforms, such as that developed herein, where cell invasion and cell
viability are probed. The HANpge/MMPX hydrogels developed in this study provide a
system for studying breast cancer cell-microenvironment interactions and probing the effect
of drugs that target EGF interactions.
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Figure 1.
A) Furan modified hyaluronic acid (HA) is crosslinked with bis-maleimide, MMP cleavable

peptide crosslinkers (MMPX) to form a hydrogel through a Diels-Alder Click reaction. The
HA hydrogel backbone is also modified with nitrodibenzofuran (NDBF) caged thiols
(HANDBE), Which participate in the photopatterning reaction. B) Schematic diagram
depicting photopatterning of HAnpsr/MMPX hydrogels and subsequent breast cancer cell
invasion. Two-photon irradiation of NDBF uncages a reactive thiol, with the concentration
of the free thiol proportional to the number of two-photon scans. The free thiol then reacts
with maleimide-streptavidin (mal-streptavidin), forming immobilized streptavidin patterns.
Biotinylated EGF, modified with Alexa Fluor 555 for visualization (EGF555), binds to the

Biomaterials. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fisher’ et al.

immobilized streptavidin to create EGF gradients. Streptavidin structure obtained from
Baugh et al. through the Protein Data Bank). [34]
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Figure 2.
Two-photon patterning of mal-546 using A) NDBF-, B) mBhc-, and C) Bhc- caged thiols in

HAJ/PEG hydrogels. Regions of interest were scanned 10 to 50 times at a fixed z-dimension
in HANDBR/PEG, HAgh//PEG, and HAygho/PEG hydrogels. Confocal images of the x-y
planes are shown along with the z-axis profile of the mal-546 square patterns with the
maximum intensity centred at 0 um. Background mal-546 concentration was subtracted
from the immobilized mal-546 concentration. The concentrations of NDBF, Bhc, and mBhc
were matched based on H NMR substitution. The bar above the tiles was scanned 50 times
to verify that the laser power was constant across the x-axis.
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Figure 3.

A) Confocal image of mal-546 gradients in HANpgg/PEG with scanning intervals either 20
or 5 um apart in the z-axis. Gradients were formed using a scan speed of 0.009 pm ps™1.
Confocal images were enhanced for visualization. B) Quantification of mal-546 gradients in
HANDBF/PEG with scanning intervals either 20 or 5 pm apart in the z-axis. Background
mal-546 concentration was subtracted from the immobilized mal-546 concentration. C)
Quantification of low, medium, and high (0.7242, 0.8624, and 1.2074 ng mL~1 pm=1,
respectively) EGF555 gradients in HANpge/MMPX hydrogels created at scan speeds of
0.527, 0.263, and 0.132 um ps1, respectively. At the surface of the hydrogel (0 pm) the
hydrogel was scanned one time. The scan number was increased by one scan every 5 um
interval going into the hydrogel until a gradient of 150 um in depth was formed. The amount
of EGF555 in the non-patterned regions of the hydrogel was also quantified (0.1581 ng mL
~1um1). Slopes were found to be significantly different (****p<0.0001). Error bars
displayed as SEM, n=4. D) Confocal images of low, medium, and high EGF555 gradients in
HANDBe/MMPX hydrogels.
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Flow cytometry analysis of the expression of EGFR on: A) MDA-MB-231, B) MDA-
MB-468, and C) MCF-7 breast cancer cell lines. The majority of the MDA-MB-231 and
MDA-MB-468 cell populations were positive for EGFR (98.7% and 99.4%, respectively),
with MDA-MB-468 cells having a greater EGFR staining intensity. MCF-7 cells were found
to express EGFR in 4.64% of the population. The forward scatter is displayed on the x-axis.
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Figure5.

A) Confocal reconstruction of MDA-MB-231 cells invading into HANpge/MMPX hydrogels
with low, medium, and high gradients of EGF555 and Alexa546. B) Normalized invasion
distance of MDA-MB-231 cells in low, medium, and high gradients of Alexa546 and
EGF555 and non-patterned regions of the HAnpgr/MMPx hydrogel (day 6, n=5, mean +
standard deviation). EGF555 significantly increased invasion compared to the control
Alexa546 gradients (**p<0.01, two-way ANOVA). The slope of the gradient also
significantly affected invasion (*p<0.05). Post hoc comparisons are shown graphically. C)
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Percent of invading MDA-MB-231 cells in low, medium, and high gradients of Alexa546
and EGF555. (day 6, n=5, mean + standard deviation). D) Normalized cell number of MDA-
MB-231 cells in low, medium, and high gradients of Alexa546 and EGF555 and non-
patterned regions of the HANpge/MMPX hydrogel (day 6, n=5, mean + standard deviation).
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Figure 6.
A) Confocal reconstruction of MDA-MB-468 cells invading into HANpge/MMPX hydrogels

with medium gradients of EGF555 and Alexa546 B) Normalized invasion distance of MDA-
MB-468 cells in medium gradients of Alexa546 and EGF555 and non-patterned regions of
the HANDBR/MMPX hydrogel (day 6, n=3, mean + standard deviation). EGF555
significantly decreased MDA-MB-468 invasion distance compared to Alexa546 on both the
gradient and non-patterned regions (****p<0.0001, two-way ANOVA). C) Normalized cell
number of MDA-MB-468 cells in medium gradients of Alexa546 and EGF555 and non-
patterned regions of the HANpge/MMPX hydrogel (day 6, n=3, mean + standard deviation).
EGF555 significantly decreased MDA-MB-468 cell number compared to Alexa546 on both
the gradient and non-patterned regions (****p<0.0001, two-way ANOVA). D) Average cell
diameter of MDA-MB-468 cells in medium gradients of Alexa546 and EGF555 and non-
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patterned regions of the HANpge/MMPX hydrogel (day 6, n=3, mean + standard deviation).
EGF555 significantly increased MDA-MB-468 cell diameter compared to Alexa546 on both
the gradient and non-patterned regions (***p<0.001, two-way ANOVA). E) Representative
images showing MDA-MB-468 cells with larger diameters when cultured on EGF555
gradients compared to the control Alexa546 gradients.
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A) Confocal reconstruction of MCF-7 cells cultured on HANpge/MMPX hydrogels with
medium gradients of EGF555 and Alexa546. Side views are zoomed in on a portion of the
gradient so the MCF-7 cells can be clearly visualized as a cluster on the surface of the
hydrogel. B) MCF-7 cells failed to invade into medium Alexa546 and EGF555 gradients
after 6 days of culture (n=6). C) Normalized cell number of MCF-7 cells in medium
gradients of Alexa546 and EGF555 and non-patterned regions of the HANpgr/MMPX
hydrogel (day 6, n=6, mean + standard deviation). EGF555 had no significant influence on
MCF-7 cell number (two-way ANOVA).
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Cetuximab differentially affects MDA-MB-231 and MDA-MB-468 cell invasion and cell
number. Post hoc comparisons are depicted graphically. A) Percent of invading MDA-
MB-231 cells in low concentration gradient HAngpr/MMPXx hydrogels of Alexa546 or
EGF555 treated with either 0 or 100 ug mL~2 of cetuximab (day 3, n=4, mean + standard
deviation). EGF555 significantly increased the percent of MDA-MB-231 cells invading into
the gradients relative to Alexa546 gradients (***p<0.001, two-way ANOVA), while
cetuximab significantly decreased the percent of invading MDA-MB-231 cells relative to no
treatment (*p<0.05, two-way ANOVA). B) Normalized invasion distance of MDA-MB-231
cells on low gradients of Alexa546 or EGF555 treated with either 0 or 100 g mL™1 of
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cetuximab (day 3, n=4, mean + standard deviation). C) Normalized cell number of MDA-
MB-231 cells were similar on low gradients of Alexa546 or EGF555 treated with either 0 or
100 pg mL™1 of cetuximab (day 3, n=4, mean + standard deviation). D) Percent of invading
MDA-MB-468 cells in low concentration gradient HAngpe/MMPX hydrogels of Alexa546
or EGF555 treated with either 0 or 100 ug mL™1 of cetuximab (day 6, n=5, mean + standard
deviation). E) Normalized invasion distance of MDA-MB-468 cells on low gradients of
Alexab46 or EGF555 treated with either 0 or 100 pg/mL of cetuximab (day 6, n=5, mean +
standard deviation). Cetuximab treatment increased MDA-MB-468 cell invasion relative to
no treatment (*p<0.05, two-way ANOVA). F) Normalized cell number of MDA-MB-468
cells on low gradients of Alexa546 or EGF555 treated with either 0 or 100 pg/mL of
cetuximab (day 6, n=5, mean + standard deviation). Cetuximab treatment increased MDA-
MB-468 cell number relative to no treatment (**p<0.01, two-way ANOVA). G) Average
MDA-MB-468 cell diameter on low gradients of Alexa546 or EGF555 treated with either 0
or 100 ug/mL of cetuximab (day 6, n=4, mean + standard deviation). Cetuximab treatment
decreased MDA-MB-468 cell diameter relative to no treatment (***p<0.001, two-way
ANOVA).
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