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7.5 wt% condition exhibited the slowest polymerization rate of 3.00 £+
0.22 minutes due to fewer functional groups that are available to react.
The 10 and 12.5 wt% gels polymerized in 0.79 = 0.03 and 0.88 £ 0.11
minutes as the number of functional groups in solution is higher at the
start of polymerization. C) Hydrogels were polymerized with different
alloc-modified peptides to evaluate any effect of peptide chemistry on
polymerization rate. The less charged GKGWGKG2alloc and
GPQGIWGQ2alloc peptides take 40 seconds longer to polymerize
than the charged RGKGRK2alloc peptide, although this is not as
significant as the effects of weight percent and the type and
concentration of initiator on polymerization time. ..........ccccceevereenuennnen. 62

Figure 2.3: Hydrogel mechanical properties tuned to mimic soft tissue
environments. A) To adjust the mechanical properties of hydrogels,
monomer concentration in solution prior to polymerization may be
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monomer concentrations (7.5, 10, and 12.5 wt% with respect to PEG)
were polymerized and swollen in PBS to demonstrate tunable
hydrogel mechanical properties. The lowest average swollen storage
modulus was observed for the 7.5 wt% gels (553 £+ 81 Pa), and
increased with higher monomer concentrations (1343 + 49 Pa and
2147 + 87 Pa). C) Another important mechanical property to consider
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volumetric swelling ratio. In accordance with modulus measurements,
for the gels polymerized with an initial monomer concentration of
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is observed (29.2 £ 0.4), and the volumetric swelling ratio increases
for lower concentrations (7.5 and 10 wt% with respect to PEG) (Q =
41.4 £1.3 and 33.3 10.0). coeovieieiee e 65

Figure 2.4: Hydrogel stability toward long-term cell culture. A) The thiol-ene
system is linked by a carbamate bond between a thiol-functionalized
PEG macromer and an alloc-functionalized peptide, which both lack
hydrolytically cleavable bonds (e.g., esters). To evaluate gel stability
for controlled cell culture over several weeks, 10 wt% hydrogels (with
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weeks and volumetric swelling ratios (Q) measured. B) The swelling
of gels incubated in PBS did not significantly change (p > 0.05 for all
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+1.3,30.6 £ 1.3, 30.3 +1.5). The swelling of gels incubated in growth
media slightly increased through the incubation period such that the
first two and last Q values are different (p < 0.05), although

XV



consecutive points are not (p > 0.05), which may be attributed partly

to non-specific degradation of the hydrogel by enzymes present in the
more complex growth medium (Q =25.1 £0.2,25.6 + .4,26.8 + 0.8,
27.60 1 0.4). oo 68

Figure 2.5: Biochemical cues spatially patterned within hydrogels. A) To
create patterns of biochemical cues, hydrogels are polymerized off-
stoichiometry ([SH] > [alloc]) and incubated with excess pendant
RGDS or AF488RGDS peptide. Gels were irradiated through
photomasks printed with black lines or squares for 1 and 5 minutes
(left). Samples are subsequently analyzed with fluorescent light or
Ellman’s reagent to determine the modification of free thiols with
pendant biochemical cues (right). B) Gels (10 wt% with respect to
PEG) were polymerized with 2.2 mM LAP for 1 and 5 minutes off
stoichiometry (2 mM free thiol at preparation). After equilibrium
swelling, the initial free thiol concentration in these gels were 1.13 +
0.09 and 0.97 £+ 0.10 mM, respectively, as determined by Ellman’s
assay. Only 0.01 £ 0.01 and 0.003 + 0.003 mM free thiol remained
after adding the RGDS tether indicating the efficient coupling of the
model biochemical cue to the hydrogel network. C) Following the
setup shown in (A), arbitrary patterns (squares, 1600 um?; lines of
different thickness, 200 - 1000 um) of a fluorescent peptide
(AF488RGDS) were created within pre-formed hydrogels and imaged
on a confocal microscope for analysis. Resolution of the pattern is
observed in the x-, y-, and z-planes indicating selective coupling to
only regions of the gel that were exposed to light. (Scale bar, 200 um)
D) As a quick and inexpensive alternative to fluorescence, a non-
fluorescent pendant peptide (RGDS) was photopatterned (lines of
different thickness) into pre-formed hydrogels. Ellman’s reagent was
directly applied to the top of these gels to identify regions lacking the
pendant peptide (yellow) with resolution in the x- and y-planes over
short times (< 5 min). (Scale bar, 1 mm)........ccccoovvieiiieniiiiieieeieee 74

Figure 2.6: Encapsulated stem cells remain viable within patterned and non-
patterned hydrogels. A) Cells were mixed with PEG and peptide
monomers and encapsulated to demonstrate the utility of this material
system for cell culture in three dimensions. Cells stained green
indicate viable cells with intact membranes, whereas cells stained red
indicate cells with compromised cell membranes that are dead or
dying. Approximately 87 + 2 and 81 + 4 % of cells were viable after
encapsulation and culture for 3 days in 10 wt% gels (with respect to
PEG) polymerized for 1 and 5 minutes with 2.2 mM LAP. (Confocal
projection; Scale bar, 200 um) B) Metabolic activity of the
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Figure 2.7:

encapsulated cells also was assessed as a second measure of cell
viability and function in response to polymerization and short-term
culture (normalized to the gels polymerized for 1 minute 1 day after
encapsulation). Various encapsulation and photopatterning conditions
were tested (I) 1 minute encapsulation, (II) 5 minutes encapsulation,
(IIT) 1 minute encapsulation + 30 minutes PBS/RGDS/LAP + 1
minute photopatterning, (IV) 1 minute encapsulation + 1 hour 30
minutes PBS/RGDS/LAP + 1 minute photopatterning. Condition II for
day 1 is statistically different (p < 0.05) from I, indicating that longer
exposure times to UV and radicals can initially affect viability.
However, at day 3, conditions I and II are statistically similar,
indicating ‘recovery’ of the cells post-encapsulation. The
photopatterning conditions III and IV are statistically similar to I at
days 1 and 3; thus, incubation in PBS and a second dose of UV light
do not significantly impact cell function. C) Ellman’s assay was
conducted on hydrogels processed under conditions used in panel B (I,
I, II, and IV). The initial encapsulation conditions I and II have
statistically similar free thiol concentrations, consistent with prior gel
formation results. The photopatterning conditions III and IV are
statistically different from I and II, indicating the ability to covalently
attach peptides within the network post-polymerization under mild
conditions for cell culture. Further, III and IV are statistically different
from each other, suggesting that photopatterning may be diffusion-
limited in thicker gels used for cell encapsulation. To evaluate this, D)
gels incubated with 3 mg/mL AF488RGDS and 2.2 mM LAP for 30
minutes were patterned with a second dose of UV light for 1 minute.
Uniform attachment of the fluorescent cue is observed throughout the
entire gel depth (~1.6 mm). (Confocal z-stack; Scale Bar, 200 pm) E)
Cells encapsulated in a MMP-degradable hydrogel patterned with
RGDS remain viable (> 90%) over 6 days in culture (top). Several
encapsulated cells began to form protrusions by day 6, characteristic
of degradation and cell adhesion to the matrix (bottom). (Scale bars,
200 LUIY) oottt

"H NMR of product and intermediates in PEG4SH synthesis in
DMSO. A) The hydrogen on the hydroxyl group of the initial PEG
20k monomer is identified at 4.6 (m, 1H). B) After reaction with allyl
bromide, the hydroxyl peak on the PEG disappears and allyl ether
peaks appear at 5.1-5.2 (m, 1H), 5.2-5.3 (m, 1H), and 5.8-5.9 (m, 1H),
respectively. C) Conversion of the PEG-4-allyl ether (PEG4AE) to
PEG-4-thioacetate results in the disappearance of allyl ether
associated peaks, replaced by a peak at 2.3 (s, 3H), corresponding to
the methyl group on the thioacetate. D) After final conversion of
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Figure 2.8:

Figure 2.9:

Figure 2.10:

PEG-4-thioacetate, the product PEG-4-thiol (PEG4SH) was confirmed
by the presence of a peak at 2.3 (m, 1H) indicating the hydrogen on

free thiol groups. This peak has the same shift as that of the

thioacetate peak, but is a multiplet and corresponds to one hydrogen. ... 85

HPLC traces, MALDI-MS, and ESI-MS spectra for the
purification and identification of synthesized peptides. A) The
major peak observed with HPLC (left) was collected for the
purification of K(alloc)RGKGRKGK(alloc)G (RGKGRK2Alloc)
crosslinker peptide. The final product was confirmed by MALDI-MS
(MW = 1282 g/mol, N’-terminus acetylation). B) The major peak
observed with HPLC (left) contains AF488-AhxWGRGDSK(alloc)G
(AF488RGDS). The crude product was analyzed by ESI-MS (MW =
1059 g/mol). Note that the molecular weight is for
AhxWGRGDSK(alloc)G because the AF488AhxWGRGDSK(alloc)G
is a minor species (approximately 1 for every 220
AhxWGRGDSK(alloc)G). C) The major HPLC peak (left) for the
pendant K(alloc) GWGRGDS (RGDS) was analyzed by ESI-MS and
the final product confirmed. (MW = 946 g/mol). D) The major HPLC
peak (left) analyzed by ESI-MS (right) confirmed the synthesis of
KK(alloc)GGPQG | IWGQGK(alloc)G (GPQGIWGQ2alloc, MW =
1680 g/mol, N’-terminus acetylation). E) The major HPLC peak (left)
of K(alloc)GKGWGKGK(alloc) (GKGWGKG2alloc) was analyzed
by ESI-MS to confirm synthesis of the final product (MW = 1213
g/mol, N’-terminus acetylation). F) The HPLC peak (left) of
CGKGWGKGCG (GKGWGKG2SH) was analyzed by ESI-MS and
the final product confirmed (MW = 952 g/mol)........ccceeceveriiiiiiniennnnns 88

"H NMR of lithium acylphosphinate initiator in D,O. Peaks labeled
1-6 are identified on the NMR spectra corresponding to hydrogens on
each ring of the INTHALOT. ..........cccvieiiieiiicieee e 88

Polymerization of thiol—ene hydrogels with various peptides and
functionalities. Hydrogels (10 wt%) were polymerized with different
initial monomer solutions to investigate the effects of peptide
sequence and functionality on polymerization rate. The highly charged
RGKGRK2alloc crosslinking peptide exhibits the fastest
polymerization when reacted with PEG4SH. The PEG2SH
crosslinking molecule, when reacted with PEG4AE, exhibits a slower
polymerization than RGKGRK2alloc with PEG4SH, which may be
due to either the lack of charge in the reacting monomers or the
change of the reacting functional groups. Finally, the
GKGWGKG2SH peptide with PEG4AE exhibited the slowest
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Figure 2.11:

Figure 2.12:

reaction, with the modulus continuing to slowly increase at 6 minutes.
This reaction may be partly affected by functional group chemistry as
well as disulfides, as the moduli (normalized here to the final modulus
at 6 minutes) were an order of magnitude lower than the other gel
conditions tested and the modulus appeared to continue to increase
slowly over time. Ellman’s assay was used to measure free thiols in
the peptide stock solution to insure 1:1 stoichiometry and total peptide
concentration also was checked with absorbance at 280 nm; however,
this decreased polymerization rate and modulus were consistently

Ellman’s assay to determine free thiol concentration in hydrogels
over time in cell culture medium. A) Hydrogels incubated in growth
medium for 3 days were analyzed by Ellman’s assay to determine if
culture conditions affected temporal addition of biochemical cues.
After 3 days in culture medium, only trace thiols were detected in the
‘Untreated’ condition by Ellman’s assay (< 0.01 mM), indicating the
formation of disulfide bonds over time. To test the hypothesis that
disulfides were forming, TCEP, a strong reducing agent, was added to
the samples and free thiol concentrations were found to be 1.54 + 0.09
mM, indicating that extensive disulfide formation occurred during
incubation with cell culture medium. In the literature, LAP has been
shown to cleave disulfide bonds in disulfide-bonded PEG-tetrathiol
hydrogels, and we wanted to determine if this could be applied in a
PEG-peptide system.” Samples were incubated with LAP and
irradiated with UV light. A slightly higher concentration of free thiols
was present after irradiation with light (0.07 £ 0.01 mM); however,
this concentration would not be a sufficient for the addition of
biochemical cues to direct cell function. In future studies, orthogonal
click chemistries will be investigated to allow long-term temporal
control over biochemical properties. B) Hydrogels incubated in
serum-free and serum-containing phenol red-free cell culture medium
for 2 hours have decreased thiol concentrations (0.26 + 0.02 and 0.24
+ 0.04 mM), indicating rapid consumption of free thiols in culture
medium and that photopatterning must be performed immediately in
P . e e 90

Discrete time lapse of photopatterned hydrogels in the presence of
Ellman’s reagent. A photopatterned hydrogel was incubated with
Ellman’s reagent, and imaged at 1, 2, 5, and 10 minutes to monitor
diffusion of the yellow TNB? ion through the sample. At 1 and 2
minutes, unpatterned regions are vibrant yellow; however, as time
increases to 5 minutes, the pattern becomes less resolved and
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Figure 2.13:

Figure 2.14:

Figure 2.15:

Figure 3.1:

eventually disappears by 10 minutes. Samples should be imaged
immediately for the best resolution of patterns. (Scale bars, 200 um).... 91

Cell encapsulation and viability at different seeding densities. A)
Viability of cells encapsulated in 10 wt% hydrogels at 3000 (left) and
30000 (right) cells/uL was determined 3 days after encapsulation.

Live (green) and dead (red) cells were identified with a

LIVE/DEAD® Viability/Cytotoxicity Kit. (Scale bars, 200 pm) B)
Approximately 83 + 2% of cells remain viable in gels with 3000
cells/uL, whereas a statistically higher percent of cells (p < 0.05)

remain viable in gels with 30,000 cells/uL at 92 + 1%. ..c.ccocevvevvenenee. 91

Metabolic activity of cells treated with UV light in 2D. Cells seeded
on plates were treated with UV light for 1 minute. Metabolic activity

was monitored 1 and 3 days after treatment (D1 and D3) to determine

the potential effects. All absorbances were normalized to the “No UV”
condition at D1. Exposure to UV light alone does not have an

apparent effect on metabolic activity (p > 0.05) when compared to the
“No UV” condition. Further, an increase in metabolic activity is seen

at D3, indicating that the cells are able to recover from (and

potentially proliferate after) eXposure. .........ccoceevevierienenieneeneiieeeene, 92

Whole gels patterned with AF488RGDS to determine depth of
diffusion and patterning. Gels (20 pL) were incubated with
photopatterning solution (3 mg/mL AF488RGDS, 2.2 mM LAP, PBS)
for A) 30 minutes, B) 1 hour, and C) 1 hour 30 minutes, before
applying a second dose of UV light for 1 minute. Confocal imaging
through the gel depth indicates attachment and uniform patterning of
the fluorescent peptide. (Scale bars, 200 um) D) The relative intensity
of the fluorophore for all three conditions is approximately the same
(within noise), indicating that the incubation times are sufficient to
achieve uniform patterning throughout the gel. The decrease in
intensity at 0 um indicates the bottom of the gel has been reached
(also seen in A-C, where the image is darker). .........cccoeceeeviienieniiienenne. 93

A multi-step approach to identify proteins secreted by cells
cultured within synthetic material scaffolds. Cells (hMSCs) are
encapsulated within a well-defined synthetic scaffold made from a
crosslinked network of polymer and peptide macromers (i, ii). Cells
remodel this environment, secreting large, insoluble proteins and
small soluble factors that assist in cell-cell signaling (iii). Here, we
describe the use of Luminex® assays to identify soluble factors and a
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Figure 3.2:

Figure 3.3:

Figure 3.4:

shotgun proteomics technique, coupled with immunostaining, to
identify large proteins isolated from hydrogel scaffolds (iv, v)............ 105

Shotgun proteomics sample preparation workflow. A) hMSCs are
cultured in gels (i) and deposit cells within the network (ii). At
selected time points, samples are treated with washing and lysis buffer
to remove major cellular compartments, leaving large proteins
entrapped within the hydrogel (iii). Gels are degraded with
collagenase and samples lyophilized prior to protein digest (iv). B)
Lyophilized proteins (v) are degraded with seq-grade trypsin (vi)
overnight. PEG/peptide fragments from hydrogels were removed via
10 kDa MWCO spin columns (vii, red) and the bottom fraction
containing peptide fragments from digested proteins was retained. The
sample was desalted, run through RP-HPLC, and deposited every 10 s
(mixed with HCCA) onto a MALDI target (viii) for subsequent
identification via mass spec analysis and database searches................. 110

Luminex® Assay workflow. hMSCs cultured on plates secrete

proteins into culture medium (i). Medium is collected at selected time
points, centrifuged to remove debris (ii), and stored at -20 °C until

assay. Media samples are incubated with Luminex® beads overnight,
allowing analyte attachment (iii). After overnight incubation,

detection antibodies are added and samples are passed through a
Luminex® 200 system to identify analytes and detect their
CONCENTIALIONS (1V). cuvvieeirieeiiiieeitieeeiteeeeieeeeteeesaeeestreeeeseeenseessneesreeenns 113

SDS-PAGE on protein samples and molecular weight ladders
encapsulated in synthetic hydrogels. To test if proteins may be
separated from gels by electrophoresis, a protein mixture (iii, Table
3.1) and a molecular weight ladder (1) were encapsulated in PEG-
based hydrogels. Whole gels containing the molecular weight ladder
(1) and proteins (ii) were loaded directly into lanes after treatment with
SDS sample buffer. Gels softened with the addition of SDS and bands
were smeared indicating interactions with SDS affected the
separation. Removal of PEG from protein samples prior to loading
was also tested. Specifically, the mixture of proteins was encapsulated
in a hydrogel, hydrogels were degraded with collagenase, and
PEG/peptide macromer fragments were removed with a spin column
(50 kba MWCO) with the top fraction containing proteins retained.
The lane containing degraded sample (iv) was smeared, indicating that
some amount of PEG remains after use of a spin column. Note that
two molecular weight ladders (1, 2) were loaded in case interference
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Figure 3.5:

Figure 3.6:

Figure 4.1:

Figure 4.2:

Figure 4.3:

from neighboring lanes due to PEG-SDS interactions occurred. Data
collected by Leila CROe. ............cccoccveeeeeiiieiieeiiecieeieesee e 116

Immunostaining proteins identified by shotgun proteomics. A)
Samples were stained for fibronectin, collagen VI, and vimentin,

which had been identified by shotgun proteomics. All proteins were
present in the immunostained samples. Note that fibronectin and
collagen VI are located on the surface of the cells while vimentin is
localized within the cell body. B) Negative controls with only

secondary antibodies applied were used to confirm positive staining

for each protein in (A). Z-stack projections, 100 um scale bar.............. 121

Live/dead viability/cytotoxicity stain. hMSCs encapsulated at A) 1

day and B) 10 days remain viable within hydrogels (green = live, red

= dead). Notably, cells spread within matrices by day 10, indicating

local degradation of the network and binding to RGDS peptide. 100

WM SCALE DAT. ...ttt ettt 128

General schematic of breast cancer culture in hydrogels. Synthetic
PEG-based hydrogel scaffolds with well-defined chemical and
mechanical properties will be used to probe for key factors present
within the microenvironment that regulate dormancy and activation of
Metastatic breast CANCETS. ....cc.evvirierierierieeieriieieee et 138

Mechanical and chemical properties of PEG hydrogel scaffolds.
A) The elastic modulus of hydrogels was tuned to mimic the bulk
mechanical properties of common metastatic tissue sites (bone
marrow ~ 600 Pa; liver ~ 640 Pa; lungs ~ 5000-6000 Pa). Specifically,
the concentration of PEG and peptide macromers was varied to
achieve soft and stiff substrates. The 6 wt% gel modulus of 702 + 85
Pa is mimetic of the bone marrow and liver, where the 10 wt% gel
modulus of 6184 + 381 Pa is mimetic of the lung. These two moduli
will be investigated in subsequent studies. B) Multiple peptides will
be investigated to identify cancer response, however, their attachment
must be consistent to ensure similar concentrations of binding sites are
available to encapsulated cells. Ellman’s assay confirmed similar
levels of free thiols in gels post-encapsulation (p > 0.05) indicating
consistent attachment of IKVAV, RGDS, and GFOGER peptides. ..... 148

Viability of MDA-MB-231 and T-47D breast cancer cells post-
encapsulation. A) MDA-MB-231 and T-47D breast cancer cells were
encapsulated within hydrogels and cultured for 1 and 3 days.
Live/dead viability/cytotoxicity stained-cells were imaged and live
(green, no membrane damage) and dead (red, nucleus) cells were
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Figure 4.4:

Figure 4.5:

counted to quantify percent viability. Example images are from 6 wt%
gels at D1, 200 pum scale bar. B) Greater than 70% viability was
observed for all conditions at D1, with the highest viability in 6 wt%
conditions. Cells that survived initial encapsulation remained largely
viable within the conditions, corresponding to the increased levels of
viability observed at day 3, with all lines greater than 90% viable....... 151

Matrix density effects on cancer cell response during culture. A)
MDA-MB-231 cells spread within 6 wt% gels containing RGDS and
GFOGER with high irregularity (low shape factor, toward VIII), while
the 10 wt% matrix restricts growth and more spherical clusters form
with fewer protrusions (high shape factor, toward I). Generally more
spherical in the IKVAYV condition, only slight irregularity is observed
in the 6 wt% condition compared to the 10 wt% condition. B) T-47D
cells remain largely spherical during culture in all gel conditions.
However, slightly larger clusters form within the 6 wt% gels
compared to the 10 wt% gels indicating matrix density may restrict
cluster growth. Z-projection images shown with scale bars =100 pm,
F-Actin = red, DAPI = blue. Shape factor 1) SF > 0.8, II) 0.75 <SF <
0.8, 1) 0.7 <SF <0.75,1V) 0.65 <SF < 0.7, V) 0.6 < SF < 0.65, VI)
0.55<SF<0.6, VII) 0. 5 <SF <0.55, and VIII) 0.5 < SF; Cluster
Size I) V < 25,000 um’, II) 25,000 < V < 50,000 um’, IIT) 50,000 < V
< 75,000 pm?, and IV) V > 75,000 U, ..o 155

Response of MDA-MB-231 and T-47D to the presentation of
individual peptide cues in 6 wt% gels. A) MDA-MB-231 are highly
irregular within the RGDS and GFOGER conditions, but remain
primarily spherical within the IKVAYV condition. This indicates that
binding to the matrix and activity occurs within the RGDS and
GFOGER conditions while less activity occurs within the IKVAV
condition. Additionally, clusters with high volume (Cluster Size, III
and IV) form within the GFOGER and RGDS conditions further
supporting that cells are active within these microenvironments. B) T-
47D clusters remain largely spherical within environments indicating
less activity and cellular response to the presentation of different
chemical binding groups. No significant difference in cluster size for
these conditions is observed, further indicating T-47D survival and
cluster growth may depend on different interactions within synthetic
microenvironments. Shape factor I) SF > 0.8, I1) 0.75 < SF < 0.8, III)
0.7<SF<0.75,1V) 0.65 <SF <0.7, V) 0.6 <SF <0.65, VI) 0.55 <
SF <0.6, VII) 0. 5 <SF <0.55, and VIII) 0.5 < SF; Cluster Size I) V
<25,000 um’, IT) 25,000 < V < 50,000 pm’, III) 50,000 < V < 75,000
um’, and IV) V> 75,000 WM. ..o, 158
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Figure 4.6:

Figure 4.7:

Response of cells to mixtures of receptor-binding peptides. A)
MDA-MB-231 are highly active within microenvironments containing
IKVAYV supplemented with low levels of RGDS and/or GFOGER. A
shift toward irregular shape and increase in cluster size is observed for
all conditions containing RGDS and GFOGER. In particular,
condition 9 which has the highest concentrations of RGDS and
GFOGER trends toward the lowest shape factor, close to that of the
RGDS-only condition, indicating that response may be dependent on
ligand concentration. B) T-47D do not exhibit significant differences
in shape factor or cluster size in environments containing different
mixtures of peptide ligands, and low levels of activation indicating
that response to the selected peptides is minimal. Shape factor I) SF >
0.8,1I) 0.75 <SF < 0.8, III) 0.7 < SF <0.75,1V) 0.65 <SF < 0.7, V)
0.6 <SF <0.65, VI) 0.55 <SF<0.6, VII) 0. 5 <SF <0.55, and VIII)
0.5 < SF; Cluster Size I) V < 25,000 um’, II) 25,000 < V < 50,000
um’, 1IT) 50,000 < V < 75,000 um’, and IV) V > 75,000 um’. 9) 0.25
mM RGDS, 0.25 mM GFOGER, 1.5 mM IKVAV; 10) 0.1 mM
GFOGER, 1.9 IKVAV; 11) 0.1 mM RGDS, 1.9 mM IKVAYV; 12)
0.05 mM RGDS, 0.05 mM GFOGER, 1.9 mM IKVAV. .................. 160

Culture in gels containing GFOGER and IKVAY for 40 days. A)
MDA-MB-231 cultured in 6 wt% gels containing GFOGER and
IKVAYV exhibit distinct response to the peptides presented. Between
D3 and D10, the cells in the GFOGER condition gain irregular
morphology that is sustained during the entire 40-day culture. Within
the IKVAV condition, cells remain largely spherical over the 40-day
culture. A decrease in cluster number is observed between D3 and
D10, which we hypothesize results from a percent of cells failing to
properly adhere during the first week. Subsequent increase in the
number of clusters indicates low levels of proliferation during the
remaining culture period. B) T-47D cells remain largely as spheroids
during the entire 40-day culture. Similar to the MDA-MB-231, a
decrease in cluster number is observed between D3 and D10. We
hypothesize that the low levels of proliferation observed between
D20-D24 could result from the deposition of proteins by T-47D cells
within the hydrogel, which may generate a permissive environment
for growth. Shape factor I) SF > 0.8, II) 0.75 < SF < 0.8, III) 0.7 < SF
<0.75,1V) 0.65 <SF <0.7, V) 0.6 < SF <0.65, VI) 0.55 <SF < 0.6,
VII) 0. 5 <SF <0.55, and VIII) 0.5 < SF; Cluster Size I) V < 25,000
um’, I1) 25,000 < V < 50,000 pm’, I1I) 50,000 < V < 75,000 pm®, and
IV) V2 75,000 B, ..o 164
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Figure 4.8:

Figure 4.9:

Figure 4.10:

B1 blocking of cells within microenvironments containing RGDS
and GFOGER. A) MDA-MB-231 cells blocked with 1 (AIIB2)
exhibit spherical morphology during culture in scaffolds containing
GFOGER. However, irregular morphology persists in the RGDS-
containing hydrogel indicating cells remain active. We hypothesize
that the less specific binding of the RGDS peptide targets other
integrins on MDA-MB-231 cells and permits adhesion to and
activation within the network. B) T-47D response remains the same
when B1 is blocked, further supporting minimal levels of activation
and binding occur within these networks. Z-projection images shown
with scale bars =100 um, F-Actin = red, DAPI = blue. Shape factor I)
SF>0.8,1I) 0.75 <SF < 0.8, III) 0.7 < SF < 0.75,IV) 0.65 < SF < 0.7,
V) 0.6 <SF <0.65, VI) 0.55 <SF <0.6, VII) 0. 5 <SF <0.55, and
VIII) 0.5 < SF; Cluster Size I) V < 25,000 um’, IT) 25,000 < V <
50,000 pm’, IIT) 50,000 < V < 75,000 pm?, and IV) V > 75,000 pm’. . 166

Hypoxia and nutrient deficiency within thick hydrogels. A) MDA-
MB-231 and B) T-47D cells cultured within 20 pL discs formed by
polymerization in 1 mL syringe tips appear morphologically different
at the top and the bottom of the gel after 10 days in culture. Small
clusters (esp. in T-47D) found at the bottom of gels, which is directly
in contact with a plate during culture, indicate that there may be
gradients of nutrients and oxygen through the gel depth. To prevent
this, a 15 pL cell-free base was polymerized in the syringe tip
followed by a 5 puL layer containing cells. Morphologies are consistent
through the depth of these “on top” gels. Note that all of the scale bars
are 100 um. The smaller appearance of the clusters in the “on top” gel
is due to imaging on a different microscope with a wider field of view.
F-Actin =red, DAPL = DIUE. ...ccvvviiiiiiiiiieeeeeeeeee e 169

Matrix density effects during culture in synthetic scaffolds. A) As
noted earlier, MDA-MB-231 exhibit highly irregular behavior in 6
wt% hydrogels. However, no significant differences in MDA-MB-231
cluster size are observed between the different matrix densities of 6
and 10 wt% gels. B) Cluster size of T-47D changes with matrix
density while clusters remain spherical within the different conditions.
However, no significant trends in cell shape (shape factor) related to
the 6 and 10 wt% conditions are observed. Shape factor I) SF > 0.8,
1) 0.75 <SF < 0.8, IIT) 0.7 < SF <0.75,1V) 0.65 <SF < 0.7, V) 0.6 <
SF <0.65, VI) 0.55 <SF < 0.6, VII) 0. 5 <SF <0.55, and VIII) 0.5 <
SF; Cluster Size I) V < 25,000 um’, IT) 25,000 < V < 50,000 pm®, I1I)
50,000 <V < 75,000 pm’, and IV) V > 75,000 pum”. .........ccoovvrvenennne. 170
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Figure 4.11: Comparison of binding to RGDS, GFOGER, and IKVAV
peptides versus no peptide. A) MDA-MB-231 and B) T-47D exhibit
similar response to hydrogels containing no peptide. Specifically,
spherical clusters with smaller size (esp. MDA-MB-231) are
observed. This behavior is similar to the response within gels
containing IKVAYV, indicating that binding to IKVAV may not occur
or is very weak compared to RGDS and GFOGER. Shape factor I)
SF>0.8,1I) 0.75 <SF < 0.8, III) 0.7 < SF < 0.75,IV) 0.65 < SF < 0.7,
V) 0.6 <SF <0.65, VI) 0.55 <SF <0.6, VII) 0. 5 <SF <0.55, and
VIII) 0.5 < SF; Cluster Size I) V < 25,000 um’, IT) 25,000 < V <
50,000 pm’, IIT) 50,000 < V < 75,000 pm’, and IV) V > 75,000 pm”. . 171

Figure 4.12: Ki-67 expression during culture. A/B) MDA-MB-231 and C/D) T-
47D cells cultured in gels containing GFOGER and IKVAV
proliferate slowly over the course of 20 days in culture, with the
formation of larger and increased numbers of spheroids as shown
above. However, Ki-67, an indicator of if cells are dividing and in the
cell cycle (proliferation), is expressed at low levels (only a few cells)
at D3 and largely disappears between D10 and D20. Thus Ki-67 is
unable to adequately capture the low levels of proliferation observed
in the 3D material system described here. Z-projection images with
100 pm scale bars, F-Actin = red, DAPI = blue, Ki-67 = green. .......... 172

Figure 5.1: Viability of MCF-7 cells within PEG-based hydrogels. A)
Live/dead viability/cytotoxicity stain was used to quantify survival of
MCF-7 cells post-encapsulation. A large number of dead cells (red
nuclei) are observed, indicating that the encapsulation is not
hospitable to cells. Scale bar, 100 um. B) Low levels (30-60%) of
viability was observed across 5 encapsulation experiments. C)
Encapsulation within gels formed by radical- and light-free
polymerization (Cyclooctyne) demonstrated increased levels of
viability (79 + 3%), supporting observations that radicals and light
may damage MCF-7 cells during encapsulation. ...........ccccoeceeveriennnnne 181
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ABSTRACT

Late recurrence of breast cancer within distant metastatic tissue sites is often
difficult to diagnose and treat, resulting in poor prognosis for patients. It is
hypothesized that cells may go dormant by interactions with or lack of adhesion to the
extracellular matrix (ECM) within these tissues, which differs from native breast
tissue. The metastatic ECM is a complex microenvironment, containing a mixture of
mechanical and chemical cues to which cells respond. To investigate how the ECM
regulates cancer recurrence, two-dimensional (2D, plates) and three-dimensional (3D,
naturally-derived scaffolds) in vitro culture models have been used. However, lack of
complexity (2D), mechanical property control (2D, 3D), and chemical property control
(3D) makes it challenging to identify key factors involved in regulating dormancy or
activation in these systems. The development of synthetic polymer-based scaffolds in
recent years provides an alternate route to investigating cellular response to the
presentation of microenvironmental cues in 3D. Initially bioinert, these scaffolds may
be modified with chemical ligands to permit cell-matrix interactions and their
mechanical properties may be precisely tuned to mimic different tissue sites. The goal
of this dissertation is to develop and characterize a novel synthetic material for cell
culture applications and to examine how physical and chemical factors in this
microenvironment regulate breast cancer activation.

Specifically, we have developed a novel poly(ethylene glycol) (PEG)-based
hydrogel scaffold for in vitro cell culture. PEG modified with thiols and peptides

containing alloxycarbonyl-protected lysines (containing a reactive vinyl) react rapidly
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upon the application of light in the presence of a photoinitiator, lithium
acylphosphinate (~minutes). Scaffold mechanical properties are tuned by varying
macromer concentration to mimic soft metastatic site tissue ECMs (Young’s modulus
~ 600 — 6000 Pa). These properties remain stable during long-term culture (~weeks).
We also demonstrate the covalent attachment and spatial presentation of peptides
mimicking proteins found within metastatic tissue ECMs in these scaffolds. All cell
lines remain viable (>70%) after encapsulation, with many at greater than 90%
viability, indicating minimal negative effects of light and radicals on cell survival
post-polymerization.

While initially well-defined, the properties of synthetic hydrogel scaffolds
change as cells secrete soluble factors that permit cell-cell signaling and synthesize
new proteins that provide additional binding sites with which cells may interact. To
investigate these chemical property changes, we developed a shotgun proteomics
technique to isolate and identify large proteins secreted within synthetic, polymer-
based hydrogel scaffolds. Metastatic niche cells (adult human mesenchymal stem
cells, hMSCs) were cultured within hydrogel scaffolds and large proteins, including
fibronectin and collagen VI were identified. Additionally, a bead-based multiplex
assay identified several soluble factors secreted by hMSCs (VEGF, IL-8), which may
play a role in regulating cell function and fate.

Finally, the response and activation of estrogen receptor negative (MDA-MB-
231) and estrogen receptor positive (T-47D) breast cancer cells cultured within
synthetic hydrogels with discrete mechanical and chemical properties was determined.
The highly aggressive MDA-MB-231 cells demonstrated the greatest levels of

activation and spread within these synthetic matrices, while T-47D cells, which have
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been associated with a dormant phenotype, exhibited only minimal response and
formed multicellular spheroids. Specifically, hydrogels with high stiffness and matrix
density restricted cancer cell growth, resulting in decreased spreading and smaller cell
cluster volume. Individual and mixtures of peptides (GFOGER, RGDS, IKVAYV)
mimicking ECM proteins found within metastatic tissue sites and targeting cell surface
receptors were also shown to affect response. GFOGER and RGDS, targeting integrin
B1, among others, resulted in the highest levels of activation observed within
microenvironments. Collectively, this work describes the development of a novel
material scaffold with well-defined chemical and physical properties that may be used
to identify critical factors in metastatic microenvironments that regulate breast cancer

activation toward development of new treatments for recurrent cancers.
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Chapter 1

INTRODUCTION

This chapter is adapted, in part, from Biomaterials: Controlling Properties
Over Time to Mimic the Dynamic Extracellular Matrix by L. A. Sawicki and A. M.
Kloxin, published in Mimicking the Extracellular Matrix: The Intersection of Matrix
Biology and Biomaterials, Editors: G. A. Hudalla and W. L. Murphy, Chapter 9, 2015,

with permission from the Royal Society of Chemistry.

1.1 Breast Cancer Metastasis, Dormancy, and Recurrence

Breast cancer is the most common cancer diagnosed in women at
approximately 25 percent of cancers."” In 20 percent of patients that undergo
successful treatment of the primary tumor, the cancer reoccurs within a metastatic
tissue site, 5 to 10 years after treatment.” These late reoccurrences often are difficult to
diagnose and treat, resulting in poor prognosis for patients.

Metastasis occurs through a series of steps, starting when the primary tumor
grows and invades the native tissue (Figure 1.1). Cells then disseminate from the
growing tumor, enter the bloodstream, and circulate through the body, where
surviving cells may extravasate and settle within new tissue sites, most commonly the
bone marrow, liver, and lungs.*® It is hypothesized that failure to properly adhere
within the metastatic tissue microenvironment, along with other cell-cell interactions,
promotes the formation of dormant tumor cells or micrometastases that survive

primary treatment and remain undetected for years.” Remodeling of the tissue due to



aging or wound healing is thought to trigger the release of tumor cells from dormancy,
forming a new tumor.® However, the specific role of key factors in the

microenvironment that regulate dormancy and recurrence post-metastasis are poorly

understood.
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Figure 1.1: Metastasis and recurrence of breast cancer. The primary breast tumor
sheds cells that travel through the bloodstream and may extravasate into a
distant metastatic tissue site (e.g., bone marrow, liver, lungs).*® At this
site, the cells may interact with the ECM, immediately forming a new
tumor. However, it is thought that lack of interactions with this new
ECM causes tumor cells to form dormant micrometastases or solitary
tumor cells.” Subsequent remodeling of this microenvironment with
aging or wounding is thought to release the tumor cells from dormancy as
a new set of chemical and physical cues are made present.

1.2 The Complex Microenvironment Surrounding Disseminated Tumor Cells
The extracellular matrix (ECM) surrounding cells presents a complex mixture
of biochemical and biophysical factors that permit cell-matrix interactions and

influence cell functions and fate, including migration, adhesion, and differentiation.’



These factors include large structural proteins (e.g., collagen, elastin, fibronectin,
vitronectin, laminin) that provide a 3D mechanical support for cells and present
integrin-binding sequences that allow cells to interact with the ECM structure.'®"!
Turnover of these proteins also occurs as niche cells (e.g., fibroblasts, mesenchymal
stem cells) degrade existing proteins and deposit new structural proteins within tissues
with aging, wounding, and disease.'* Furthermore, small soluble factors (e.g., growth
factors, cytokines, chemokines) are secreted by cells within the environment and drive

additional cell response.’” "

1.2.1 Insoluble Factors

The structure of the native ECM is tissue specific and differs based on the type
and concentration of structural proteins that define the tissue of interest. Collagens and
elastin are the most prevalent structural proteins that define native tissues. Collagen I
has a triple-helical conformation between three polypeptide strands that are held
together by hydrogen bonds. These triple-helices self-assemble to form larger fibers
that make up much of the strength and structure of the natural ECM.'® Elastin is
composed of two segments along its polypeptide chain — a hydrophobic region and an
alpha-helical region rich in lysine and alanine that allow covalent cross-linking
between elastin polypeptides. This structure overall is coil-like and gives elastin its
ability to stretch and flex to a high degree."

Other structural proteins present in native ECMs include fibronectin, laminins,
and vitronectin. Fibronectin, a glycoprotein commonly found within connective tissue
(e.g., bone marrow), is associated with cell adhesion to the ECM. It interacts with
other proteins, cells, and with itself, assembling into fibrils that form linear and

branched mesh structures around cells.'” Laminin, found in the basil lamina, a



structure within the basement membrane of tissues, promotes cellular functions
including adhesion, migration, and differentiation. The basement membrane is a thin
layer of the ECM that underlies epithelial and endothelial cells and its structure is
partly attributed to the assembly of laminins and their interactions with other ECM
proteins.'® Vitronectin, another fibrillar cell adhesion protein, also promotes spreading
of cells within the ECM. This characteristic is partly responsible for vitronectin’s role
in promoting tumor cell survival and invasion in tissue as cancer progresses.'

Native ECM structure is not static with time as cells naturally secrete enzymes
and new structural proteins that degrade and rebuild tissues, respectively. Wound
healing and disease result in ECM remodeling as cells respond to disruptions in their
surrounding environment. For example, in the case of healing a wound, a series of
steps occur that cause remodeling of the native ECM (Figure 1.2). After wounding, the
formation of a blood clot provides a provisional or temporary matrix that stimulates
the migration and proliferation of fibroblasts in the wound site.”’ Enzymes secreted by
cells in response to the wound degrade existing structural proteins and fibroblasts
deposit new collagen to rebuild the ECM. The new collagen at the wound site is
aligned randomly and denser than the original tissue, resulting in the different

: . 21,22
structural properties of scar tissue.”
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Figure 1.2: Structural remodeling of the native ECM. A) Healthy, native tissue

provides a 3D support made up of proteins, surrounding cells. B) In
response to wounding, or in aging, cells migrate into the

microenvironment and degrade damaged proteins. C) These cells also
secrete new proteins, changing the composition of proteins present in the
ECM. It is thought that the differences in the ECM composition between
(A) and (C) may cause the reactivation of dormant tumor cells that have
entered a metastatic tissue site.

In combination, all of the structural proteins that build the native ECM give the
native tissues its stiffness. Modulus, which can easily be measured experimentally, has
been used to describe a wide range of native tissue mechanical properties. Table 1.1
provides the elastic moduli of various native tissues.” >’ Tissues such as bone exhibit
much higher moduli (E ~ 5.4-22 GPa), which denote a much stiffer material, while

tissues such as bone marrow have lower moduli (E ~ 600 Pa), indicating softer, less

rigid mechanical properties.




Table 1.1:  Elastic moduli of various native tissues. The techniques used to
measure the modulus of each tissue are listed.

Tissue Type Measurement Elastic Modulus
Bone Tensile, micro-bending, indentation 5.4-22 GPa™
Bone Marrow | Shear ~600 Pa”*

Brain Indentation 260-490 Pa”
Cartilage Compression 450-800 kPa“°
Liver Compression 640 Pa™

Lungs Tension 5-6 kPa™

Skin Shear 420-850 kPa”’

Studies on the moduli of tissues over time have also been conducted to
understand processes like aging, healing, and disease. The ECM naturally stiffens with
age, which is partly attributed to an increase in random crosslinking between collagen
fibers in the tissue.”® This causes tissues to become less flexible; for example, skin
becomes tough and more difficult to stretch. In the case of wound healing, the
deposition of new proteins at a wound site leads to an increasingly fibrotic
environment. The increase in density of protein fibers leads to a more densely packed
matrix with higher modulus than uninjured tissue. Similar behavior is also observed in
diseases such as pulmonary fibrosis, where the lungs stiffen as they are in a continuous

wound healing state.”

1.2.2  Soluble Factors

In addition to large, structural proteins, a number of soluble cues are present in
the native ECM, including growth factors, cytokines, and chemokines, and smaller
molecules such as hormones. Growth factors can stimulate cell growth, proliferation,

and differentiation, thus playing a major role in directing cell behavior within tissues.




For example, vascular endothelial growth factor (VEGF) contributes to processes like
wound healing by promoting angiogenesis, the formation of new blood vessels from
existing vessels. VEGF stimulates the migration and proliferation of endothelial cells
that degrade and re-deposit basement membrane at wound sites while aligning to form
new capillaries.*® Cytokines were originally defined as soluble factors associated with
hematopoietic and immune cells. Like growth factors, they function to promote
growth, proliferation, and differentiation, and thus the term cytokine is often used
interchangeably with growth factor.”' For instance, interleukin-17 (IL-17) is a
cytokine associated with the immune system that is upregulated upon injury to
epithelial cells (wounding) and induces secretion of factors that control bacterial and
fungal pathogens to prevent infection at the site of injury.’> Chemokines are a class of
small cytokines that direct the migration of cells within the ECM where they are
expressed. They are often associated with leukocytes and immune response to
wounding.”® During chronic infections, many different chemokines are responsible for
recruiting immune cells to affected tissue sites. For example, the chemokine CCLS5
(RANTES) has been shown to play a role in sustaining immune response to viral
infections by supporting the function of CD8 T immune cells.**

Soluble cues in the native ECM are in a constant state of flux as the body
responds to changes in the environment. Returning to the example of wound healing,
soluble factors secreted by cells at the wound site can stimulate the production and
deposition of new proteins to rebuild the ECM. For example, in response to
transforming growth factor beta 1 (TGF-£1) secretion, fibroblasts proliferate and
deposit collagen-I within a wound site (Figure 1.3).*> Cells sense these cues as

gradients on the micron scale where different portions of the cell are in contact with



different concentrations of cues or as larger gradients on the millimeter scale with cues

that appear uniform locally but change spatially as cells move along the gradient.*
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Figure 1.3: Soluble factors secreted within microenvironments. A) In wounding
and aging, soluble factors are secreted within tissues. B) These soluble
factors can signal cells present within the microenvironment to
proliferate and deposit new proteins within the native ECM.

1.2.3 Metastatic Tissue Microenvironment Properties

The most common tissue sites for breast cancer recurrence, the bone marrow,
liver, and lungs,*® contain key structural proteins including fibronectin, laminin,
vitronectin, and various collagens (collagen I and IV) at different compositions
depending on tissue type and location within the tissue.’” The basement membrane,
through which cells must travel as they leave the bloodstream, is also hypothesized to
play a role in metastasis and dormancy and is enriched with laminin, as is healthy

38-40

mammary tissue. These tissues also contain niche cells like fibroblasts and

mesenchymal stem cells that remodel the base ECM by degrading proteins and

41,42

secreting new structural and soluble factors.” ** Further, the mechanical properties of

these tissues vary, from the stiffer lung tissue (Young’s elastic modulus E ~ 5,000-



6,000 Pa)25 to the softer bone marrow, liver, and basement membrane (E ~ 600-640
Pa).*** The response of disseminated tumor cells to the host of biochemical and
biophysical properties presented within the metastatic ECM is complex, and tools are
needed to study cell-ECM interactions toward development of improved treatments

for recurrent cancer.

1.3 Current Strategies to Investigate the Metastatic Microenvironment in
Breast Cancer Recurrence

Two-dimensional (2D), three-dimensional (3D), and in vivo culture systems
have been used to investigate the role of the ECM and tissue microenvironment in
breast cancer response and recurrence. The biochemical and biophysical properties of
these systems differ in terms of complexity and degree of user-directed property
control, which may affect what cell response is observed for each system.*

Two-dimensional culture, commonly tissue culture poly(styrene) plates or
glass slides, is one of the most widely used techniques for in vitro culture model
studies. Plates and slides may be coated with different ECM proteins to study
interactions between cells and select environmental cues. Soluble factors also may be
introduced into the culture medium to further control cell response. For example,
Barrios, et al. reported that cells cultured on tissue-culture polystyrene coated with
fibronectin (FN) and treated with basic fibroblast growth factor (FGF-2) promotes
dormancy through integrin a5p1.** While the biochemical properties of these culture
systems are highly tunable, control over mechanical properties is limited. Glass slides
and poly(styrene) plates are highly stiff substrates with high Young’s modus (E >
100,000 kPa),*>** and polarizes cells due to cell contact to the plate on one side and

culture medium on the other side.*’ Alternate scaffolds and culture models are needed



to achieve appropriate mechanical properties and cell polarization to understand cell
response.

At the other end of the spectrum, in vivo culture models allow researchers to
capture cell-ECM interactions in the native tissue microenvironment. Seminal research
by Weaver, et al. demonstrated that blocking B1 in tumor cells prior to injection into
nude mice reduced malignancy, resulting in reduced tumor size and numbers.**
Recently, it was demonstrated in a mouse xenograft model that disseminated breast
cancer cells predominantly home to the bone marrow vasculature and dormant
micrometastases form in E-selectin and stromal cell-derived factor-rich ECM.* While
in vivo models provide a complete, native ECM, there is limited to no control over
tissue biochemical and biomechanical properties, making it difficult to de-couple the
effects of individual factors on cell response.

In recent years, three-dimensional culture scaffolds have been increasingly
used to study cell-ECM interactions due to a native-like environment with appropriate
polarization that also permits varying degrees of chemical and mechanical property
control.*””**! These scaffolds include naturally-derived substrates such as
decellularized tissues, basement membrane extract, collagen I, fibrin, and hyaluronic
acid, or synthetic polymer-based hydrogels such as poly (ethylene glycol) (PEG),
poly(vinyl alcohol) (PVA), and poly(caprolactone) (PCL). To date, naturally-derived
substrates have been primarily used in dormancy culture models. In particular,
basement membrane extract (BME) or Matrigel, derived from the Engelbreth-Holm-
Swarm (EHS) tumor, provides the necessary structure and many of the proteins (e.g.,
laminin, collagen IV, entactin) found within the native tumor.’* Barkan, et al. reported

enhanced proliferation of breast cancer cells (D2A1, D2.0R) cultured on BME
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supplemented with FN through integrin 1 compared to cells cultured on BME

>>* While BME and other naturally-derived hydrogels provide necessary

alone.
adhesion sites to sustain cells during culture and a 3D environment with correct
polarization, complete control of the biochemical composition and biomechanical
properties are limited due to batch-to-batch variability. Synthetic material scaffolds

provide an alternate route for researchers to investigate cell-ECM interactions in 3D

environments while permitting full control over chemical and mechanical properties.

1.4 Polymer-Based Synthetic Hydrogels for Cell Culture Applications

Polymer-based hydrogel materials are particularly attractive for their use as
cell culture scaffolds due to a high degree of tunability. Initially bioinert, synthetic
polymer scaffolds may be modified with proteins and peptides to allow cell-matrix
interactions. Further, careful selection of reaction chemistry can permit independent
control over biochemical and biomechanical properties in space and time. Taken
together, the precise role of individual or combinations of key ECM factors may be
discerned from these culture scaffolds.

Hydrogels are hydrophilic polymer networks, formed through physical or
chemical crosslinking of polymer strands to generate a 3D network structure. For
biomaterials-based applications, polymer selection is key to ensure cytocompatibility,
with the most widely-used synthetic polymers including poly(ethylene glycol) (PEG),
poly(2-hydroxyethyl methacrylate) (PHEMA), poly(vinyl alcohol) (PVA), and
poly(caprolactone).” These polymers are bioinert, but may be chemically
functionalized to permit modification with biochemical factors and drive cell-matrix

interactions. Covalent and non-covalent coupling chemistries have been developed to
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generate hydrogel scaffolds and modulate their mechanical and chemical properties to

mimic those of the native ECM.

1.4.1 Triggering Mechanisms for Hydrogel Formation and Property Control

Chemical reactions triggered with initiators or catalysts are utilized to form and
modify hydrogel scaffolds. These reactions must be cytocompatible so that the
material can be made and modified in the presence of cells. Several cytocompatible
coupling methods exist including photoinitiation, redox initiation, and base-catalyzed
mechanisms, producing radicals or anions that drive polymerization or addition
reactions to add crosslinks or pendant groups within biomaterials.

Photoinitiation mechanisms to form and modify biomaterials containing
various functional groups (Table 1.2) must use both cytocompatible initiators and
doses of light so that they can be used in the presence of cells. Ultraviolet (UV) (long
wave, centered at 365 nm), visible (400-600 nm), and two-photon infrared (IR)
irradiation have been used to initiate polymerization and dynamic property changes in
many biomaterial applications. Irradiating cells with these wavelengths and exposure
to initiator-generated radicals for longer periods of time can result in cell death or
DNA damage; " however, reducing exposure times or light intensity can lessen the
negative effects. Several cytocompatible wavelengths and irradiation doses (time *
intensity) have been reported. UV light exposure of 6-10 mW/cm? at 365 nm (long
wavelength UV) has limited to no adverse effects on cell survival if applied for less
than 10 minutes, as measured by cytotoxicity, metabolism, and p53 expression;
however, longer exposure times to 10 mW/cm” (30 minutes) does result in significant

57,58

DNA damage (p53 activation). Visible light is much less damaging to cells: for

example, exposure to 80 mW/cm® at 470-490 nm results in minimal adverse effects
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after periods of exposure longer than 5 minutes.”” Moving into the infrared, cells
remain viable under two-photon irradiation when exposed to pulse energies at or
below 4 nJ and do not have significant intracellular ablation after exposure to 1.5 nJ
irradiation.”

Depending on the light source, initiators can be selected from amongst the two
classes of radical photoinitiators, which differ in their mechanism of radical
generation. Type I photoinitiators cleave into two radicals upon application of light,
whereas type Il initiators enter an excited state after application of light and abstract a
hydrogen from a coinitiator species.®’ Several known water-soluble, cytocompatible
initiators include Irgacure 2959 (12959, Type ), lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP, Type I), and Eosin Y (Type II). 12959 works best
with UV irradiation and has been shown to promote rapid polymerization rates with ~
10 mW/cm?2 at 365 nm.®' LAP can be used with UV and limited visible wavelengths
of light and has been shown to reduce polymerization times when compared to
12959.%° Eosin Y has been used in visible light polymerizations, which may reduce any
negative effects observed with UV light (e.g., DNA damage); however, as a Type 11
initiator it often requires a coinitiator and a catalyst to match the polymerization rates
achieved with Type I photoinitiators. Despite its slower rate, a thiol-norbornene
crosslinking system was recently reported to occur within minutes with only Eosin Y
as the photoinitiator, no longer requiring a coinitiator or catalyst for the reaction to
occur at a reasonable rate.® In two-photon polymerization, the light can be directed
within specific cross-sections of the material to allow photopatterning of both
biochemical and biophysical cues. A number of water-soluble photoinitiators can be

used in two-photon photoinitiation, including 12959, rose bengal, eosin Y, erythrosin,
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flavin adenine dinucleotide, methylene blue, WSPI, and G2CK, and have been used in
synthetic ECM applications, including forming hydrogels and crosslinking proteins.®

Reduction-oxidation (redox) initiation mechanisms similarly can be used to
initiate polymerization reactions over a range of temperatures, including
cytocompatible temperatures (37 °C), at reasonable reaction rates for the formation or
modification of biomaterials.** Traditional redox initiation mechanisms using metal
ions for reduction are numerous; however, many of these are not considered
cytocompatible. Over the years, new redox mechanisms using enzymes such as
Glucose Oxidase (GOx)*>® and initiators such as ammonium persulfate (APS) with
water soluble catalysts, such as ascorbic acid (AA)?’ or tetracthylmethylene diamine
(TEMED),*® have been used in the presence of cells as an alternative to light initiation
mechanisms.

Of the various in situ coupling mechanisms, base-catalyzed addition is less
commonly seen in biomaterial applications as there are fewer options for its use. One
of the most prevalent applications of Michael-type addition is to form hydrogels with
chemistries and tune their properties in the presence of cells. The use of a water-
soluble base, such as triethanolamine (TEA), may be required for rapid in situ
formation or modification reactions, such as the reaction of the Michael-type reaction

of acrylates and thiols.”
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Table 1.2: Initiation mechanisms for various cytocompatible coupling chemistries.

Chemistry Photoinitiation | Redox Initiation | Base-catalyzed
Addition

Acrylate®"’ ¢ ¢

Diels-Alder® "

Disulfide” ">"

SPAAC* ™

. 75,76
Tetrazine—Norbornene® ">’

Thiol—ene
1. Thiol—acrylate
2. Thiol—allyl,
—norbornene
3. Thiol-maleimide®’ *

66,69,77

* * *
* *

62,78,79

“These reactions proceed in aqueous conditions without initiator or catalyst.
"Formed via oxidation using base.

1.4.2 Covalent Coupling Chemistries

Hydrogels may be formed via chemical crosslinking between functional groups
present on polymer and peptide macromers (Figure 1.4). These chemistries must be
efficient and produce no toxic byproducts during reaction to ensure cytocompatibility
for cell culture applications. Researchers have developed a toolbox of irreversible and
reversible covalent chemistries to form and modify hydrogels for biomaterials

applications as highlighted below.

1.4.2.1 Irreversible
Thiol—ene chemistries belong to a type of highly selective and efficient

71,78

orthogonal reactions that have been termed ‘click’ chemistries. The most common

mechanism for thiol—ene reaction is free-radical polymerization. Upon free radical
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initiation, a thiyl radical is created which attacks the carbon-carbon double bond
(—ene). The radical propagates along the —ene and abstracts a hydrogen from another
thiol to form a new thiyl radical in a chain transfer step. The process continues to
alternate between radical propagation and chain transfer as the material polymerizes
for formation or modification. Thiol—ene reactions can also occur as Michael-type
additions in the presence of a base like TEA. Michael-type addition follows a similar
scheme to free radical polymerization where the propagation of an anion replaces
radical propagation. In thiol-ene Michael-type addition, the —ene must be electron
deficient for the process to occur, where ‘enes’ that have been used in the presence of
cells include acrylates,” vinyl sulfones,® and maleimides.

Acrylate chemistry to create and modify biomaterials is considered a
simplified technique as compared to “click” chemistries like the thiol-ene mechanism
since only one type of reactive group is present. It forms a less homogeneous network
as it relies on entanglement of polymer strands to create its network. Acrylate end
groups react through a homopolymerization process and can be initiated through the
various methods as described above. Additionally, acrylates can be coupled to thiols
by step growth mechanism using Michael-type reaction™ or by step growth
polymerization using free radicals, which results in a mixed mode polymerization (i.e.,
thiol—acrylate addition reactions and acrylate homopolymerization by chain
polymerization).”

Additional high-efficiency, orthogonal chemistries recently have been utilized
to form and modify biomaterials in the presence of cells. A strain-promoted azide-
alkyne cycloaddition (SPAAC) mechanism was developed, taking advantage of the

ring strain on a cyclooctyne combined with a difluoromethylene electron-withdrawing
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moiety to promote its reactivity with azides.* To create new biomaterials with the
benefits of SPAAC while using more synthetically tractable monomers, a new inverse
electron demand Diels-alder click reaction between tetrazine and norbornene or trans-

. 5,76
cyclooctene was designed.””’

These materials can form readily at near physiological
conditions in less than 5 minutes, faster than what has been observed for the SPAAC

polymerization.

1.4.2.2 Reversible

Thiol-maleimide click chemistry is another form of thiol—ene chemistry
formed through the Michael addition of a pendant thiol to an ene-containing
maleimide ring. Their reaction is rapid under aqueous conditions, and biomaterials
formed through this chemistry have been used in a variety of applications including
the crosslinking of soft hydrogels.** While there have not been many cases reported
using thiol-maleimide chemistry for cell-based applications, viable murine C2C12
myoblasts have been encapsulated in thiol-maleimide hydrogels, showing promise in
applications beyond seeding cells on the surface of materials formed with this
chemistry.* Generally considered stable, reverse Michael-type and exchange reactions
have been shown to enable controlled degradation of the thioether succinimide bonds
when an electron-withdrawing group is proximate to the thiol used in the
thiol-maleimide reaction. Specifically, glutathione, a cysteine-rich peptide secreted by
cells has been shown to promote this reversibility and exchange, which has
implications in drug delivery and degradable ECM mimics.***’
The covalent bonding of two free thiol groups through oxidation results in the

formation of a disulfide bond, which is considered to be weak when compared to other

covalent bonds. Gels and films that have been formed by disulfide bonds between
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thiol-modified monomers show a high degree of cytocompatibility, however, disulfide
bonds generally form on a slower time scale than the other chemistries that have been
described (~hours). This “weak” bond is relatively easy to cleave to re-generate thiols
and so the reaction is considered reversible. Various methods to dissociate disulfides
to alter biomechanical properties have been studied including exposure to
glutathione,**®” LAP,” and dithiothreitol (DTT).”

The Diels-Alder reaction occurs between a diene and dienophile to form a
cyclohexene and can occur under cytocompatible, aqueous conditions.*® The reaction
is reversible, primarily at high temperatures; however, a recent development has led to
a Diels-Alder reaction mechanism that is reversible under physiological conditions.”"
Bonds between terminal maleimides and furans allow a reversible Diels-Alder
cycloaddition at cytocompatible temperatures (37 °C), although more rapid release
was observed with increasing temperatures. These studies demonstrated the temporal
release of biochemical cues, with future implications in designing an ECM mimic

where both biochemical and biomechanical cues are dynamically altered.
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Figure 1.4: Covalent coupling chemistries. The generalized reaction schematics for
irreversible and reversible coupling chemistries used to form hydrogels
are shown.

1.4.3 Non-Covalent Interactions

An alternate technique to forming hydrogels is through non-covalent
interactions, such ionic interaction, hydrogen bonding, and hydrophobic assembly.
Gels formed via these mechanisms are generally less stable, allowing dynamic
changes to the microenvironment through disruption of the weak interaction bonds.

Select peptides and proteins naturally assemble into higher ordered structures
due to hydrogen bonding (noncovalent) between amino acids that is stabilized by
disulfide bonds (covalent). These include collagen mimetic peptides (CMPs) based on
the sequence (GPO),,* stimuli-responsive peptides such as the sequence
C(FKEF),C,” and triblock proteins made through recombinant DNA techniques.”’

Hydrogen bonding in proteins and peptides occurs between the oxygen on a carbon
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and the hydrogen on the amine in the “backbone” of two neighboring amino acids.
This bonding leads to assembled structures, beta sheets or alpha helices (Figure 1.5 A
and B), that can influence how cells interact with proteins in the native environment.
Researchers are designing methods to mimic peptide and protein structures within
biomaterials, as these are key components of the native ECM, through noncovalent
interactions that promote self-assembly.

Peptide-amphiphiles are one of the most widely studied type of self-
assembling peptides and have been used to create scaffolds that mimic the native ECM
structure and composition.”” The assembly of hydrophobic and hydrophilic regions of
the peptides into beta sheets or alpha helical structures can be controlled by pH and
structural changes can be made by altering the pH over time. For example, a peptide
designed with alternating valine (V) and lysine (K) amino acid residues, which have a
high propensity toward forming -sheet structures, adopts a f-hairpin secondary
structure promoted by the inclusion of the tetrapeptide V°PPT. Changes in pH
promote the folding of the designed peptide across the tetrapeptide that is further
stabilized by the alternating hydrophobic and hydrophilic V and K amino acid
sequence.” Thus, selective peptide design has allowed progress in controlling the
formation of nanostructures within synthetic matrices.

Block copolymers contain multiple regions or “blocks” of different polymers
(Figure 1.5 C) within their polymer chain. They have been used to make self-
assembling biomaterials that respond to environmental cues such as pH and
temperature, which can dynamically alter their structural properties. These materials
work in a similar manner to peptide-amphiphiles, containing hydrophobic and

hydrophilic polymer regions that assemble when exposed to various environmental
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cues like the presence of water at varying pH. Some have also been designed to
contain blocks of peptides and blocks of polymer to provide a more accurate mimic of
the native ECM, allowing cells to adhere and interact better within the synthetic
material.”*

There are a number of block copolymer hydrogels for applications in drug
delivery and tissue engineering including polystyrene-poly(ethylene oxide) (PS-PEO)
diblock and PS-PEO-PS triblock copolymer blends that form hydrogels with spherical
domains resulting from assembly of the hydrophobic and hydrophilic blocks of the
copolymer.” Hydrogels formed from oppositely charged poly(allyl glycidyl ether-b-
ethylene glycol-b-allyl glycidyl ether) triblock copolyelectrolytes were shown to
soften with increasing salt concentration, which has implications for the design of
future block copolymers with tunable mechanical properties.”® The sizes of the
structures formed by the different domains in self-assembled block copolymers exist
on the nano- to micro-scale and can be controlled by changing the ratio and type of
monomers, the lengths of the blocks within the monomers, and the pH or salt

concentration in the environment.”””®

Figure 1.5: Self-assembling structures used within hydrogels. A) -sheet
secondary peptide structure. B) a-helical secondary peptide structure. C)
Diblock co-polymers.
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1.4.4 Mechanical Properties

Cells respond to ECM stiffness and structure in disease and processes in the
body such wound healing and aging,” processes which also have been implicated in
metastasis and recurrence. The ability to tune the bulk mechanical properties of a
synthetic material to mimic those of different tissue ECM will provide additional
insight into cell response within 3D in vitro culture systems.

While stiffness is a defined a material property (k), the term ‘stiffness’ is often
used as a descriptor of how stiff or soft a material is and modulus (E, Young’s
modulus; G, shear modulus) is used as an indirect measure of this, where:

G = p,RTQ™/3 Eq. 1.1
and py is the crosslink density, R is the ideal gas constant, T is the temperature, and Q
is the volumetric swelling ratio of the material. The key parameter used to control
modulus is crosslink density, with an increased crosslink density corresponding to an
increased modulus or stiffer material. In practice, crosslink density has been adjusted
through changing macromer concentration or macromer molecular weight.'*'%*
Increasing the macromer concentration increases the number of functional groups
available to react and form crosslinks, creating a material with higher modulus.
Adjusting the macromer molecular weight changes the distance between crosslinks,
with lower molecular weight associated with shorter distances between crosslinks and
increased modulus.

While it is desirable for the mechanical properties of hydrogels to be stable
during long-term culture, cell restriction within a crosslinked polymer network can
result in decreased viability at late time points. Network degradation allows cell
spreading and growth within synthetic microenvironments, and improves long-term

viability (Figure 1.6). Several chemical handles for degradation include esters,'”
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amides,' and thioesters'® to permit hydrolysis of the bulk of the gel or
photodegradable groups like the o-nitrobenzyl groups that cleave upon light
application to the bulk or targeted regions within the gel.''®® Hydrolysis occurs
during exposure to water or culture medium, and the scaffold will eventually dissolve,
which may limit the length of culture while retaining the desired mechanical
properties. Photodegradation allows user-directed control over the mechanical
properties, but is limited to when the light is applied, so additional modes of
degradation may be required for viability during long-term culture. Toward generating
cell-responsive microenvironments, researchers have incorporated peptide crosslinks
that cleave in the presence of cell-secreted enzymes, allowing local degradation and
subsequently cell spreading, and growth within the microenvironment (Table 1.3).'"

Degradation rates may be tuned with the selection of different peptide sequences

depending on desired length of culture and enzymes secreted by cells in culture.

Table 1.3: Common enzymatically-degradable peptide sequences utilized for cell-
triggered degradation of biomaterials. Cleavage enzymes and kca/Km
values (M''s™) are reported for each sequence.'” Larger kca/Km
correspond with faster degradation rates.

Sequence MMP-1 | MMP-2 | MMP-3 | MMP-7 | MMP-8§ | MMP-9 | MTI-MMP
GPQG|IAGQ | 60.6 180 16.7 110 1,570 93.9 —
GPQG|IWGQ | 434 555 56.0 — 11,100 214 —
PVG|LIG — 121,000 | — — — 3,600 —
IPVS|LRSG 98 82,000 2,300 9,700 — 11,500 4,300

1.4.5 Biochemical Properties
Biochemical factors within the native ECM promote cell-matrix interactions,

controlling cell response and fate. Toward mimicking these interactions, proteins,
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peptides, and soluble chemical factors have been incorporated within synthetic ECMs
(Figure 1.6).

Whole ECM proteins including fibronectin, laminin, elastin, and collagen may
be added to synthetic hydrogel scaffolds through covalent incorporation or
encapsulation to allow adhesion to the matrix. However, batch-to-batch variability,
denaturation, aggregation, and presentation of multiple binding sites can make it
difficult to identify key factors regulating cell repsonse.*’ Short peptide sequences that
are part of whole ECM proteins have been identified to target and bind specific cell-
surface receptors. For example, arginine-glycine-aspartic acid-serine (RGDS), a
peptide found within the protein fibronectin, as well many others, has been shown to
bind cells through a variety of cell-surface integrins (V3 (strongest), a5p1, a8p1,
aVP1, aVP5, aVP6, aVBS, allbp3)''*!'! and promote adhesion.''? Peptides that mimic
laminin (YIGSR, IKVAV),"*!'"* collagen (GFOGER, DGEA),"">!'® and others have
also been studied, generating a toolbox of peptides for researchers to incorporate
within synthetic scaffolds. These peptide sequences may be functionalized with
chemical moieties (e.g., thiols, azides, norbornenes) to allow covalent incorporation
within networks. It is important to note that the collagen-based sequence, GFOGER, is
often paired with (POG), repeat units to promote the assembly of triple helices which
provides additional nanostructure that can enhance cell binding and response.'"’
Researchers are developing additional techniques to generate structured peptides
through assembly and cyclization to further enhance response.''®

Several techniques have been developed to incorporate soluble factors within
microenvironments to modulate cell response. The simplest is through the addition of

the factor to culture medium which diffuses into the network. Over time, the factor
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degrades, and is replenished with replacement of the medium. Binding peptide
sequences have been designed to sequester soluble factors, enhancing stability and
allowing controlled release of the factor in the microenvironment. For example, the
sequence KRTGQYKL, which exhibits binding affinity for FGF-2, was covalently
linked into the gels to sequester the factor after its diffusion into the material.
Enhanced FGF-2 binding was achieved by the conjugation of multiple peptides to
poly(acrylic acid) polymer chains prior to hydrogel polymerization. The spacing
created by the poly(acrylic acid) chain decreased steric hindrance, and the presence of
multiple peptides increased the number of binding sites, creating greater affinity for
the growth factor. This increase in affinity binding also resulted in extended growth
factor release, with potential in applications such as controlled growth factor delivery

and directing cell fate.'”

: D

pr<

Figure 1.6: Cells in synthetic microenvironments. A) Cells are encapsulated within
3D synthetic microenvironments containing polymers (green),
degradable peptide crosslinks (light blue), and pendant peptides (dark
blue) to promote interactions with the matrix. B) Cells respond to the
environment by adhering to pendant peptides, degrading peptide
crosslinks, and proliferating/migrating within the microenvironment.
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1.4.6 Synthetic Hydrogels for Cancer Cell Culture Applications

Recently, several 3D polymer-based material scaffolds have been reported for
cancer cell culture, drug screening, and drug delivery applications. These scaffolds
permit flexibility in their design so that isolated chemical or mechanical factors may
be investigated in their control over response. For example, Girard, et al. developed
3D nanofibrous scaffolds to investigate epithelial-to-mesenchymal transition (EMT),
associated with cancer metastasis. Scaffolds electrospun from polymers poly(lactic-co-
glycolic acid) (PLGA), polylactic acid (PLA), and methoxypolyethylene glycol
(mPEG), permitted the formation of tumoroids from cancer cells seeded into the

120
d. ”" Loessner, et al.

scaffold through control of charge and topography of the scaffol
reported the use of a poly(ethylene glycol) (PEG)-based hydrogel crosslinked with
peptides (enzymatically- or non-degradable) and containing an adhesive peptide
(RGDS) to promote binding within matrices. Epithelial ovarian cancer cells (OV-MZ-
6) cultured within these scaffolds formed spheroids, which responded to matrix
modulus and presence of an adhesive peptide and were resistant to paclitaxel, behavior
matching that observed in vivo.'*' In another PEG-based hydrogel system, Gill, et al.
investigated EMT in lung adenocarcinoma (344SQ) cells. Mechanical properties

(modulus) and chemical factors (adhesive peptide RGDS, TGFB1) were varied within

these networks to permit the formation of lumenized spheroids in culture.'*

1.5 Development of a Synthetic PEG-Based Scaffold to Investigate Breast
Cancer Dormancy and Recurrence

Inspired by seminal work toward understanding late recurrence of breast
cancer in vitro and the development of synthetic 3D material systems for cancer cell
culture, we plan to address the need for a tunable material scaffold to study breast

cancer dormancy and activation. The overall goal of this thesis is to develop a novel
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PEG-based hydrogel scaffold for the 3D in vitro culture of breast cancer cells to
identify critical ECM cues responsible in regulating dormancy and recurrence.
Specifically, we aim to i) generate a PEG-based hydrogel with tunable biochemical
and biomechanical properties (Chapter 2) ii) develop a technique to identify proteins
secreted by metastatic tissue niche cells within synthetic hydrogel scaffolds (Chapter
3), and iii) culture breast cancer cells within synthetic microenvironments mimicking
the biochemical and biomechanical properties of metastatic tissue ECM and identify
their response (Chapter 4). In chapter 5, a summary of the work and overview of

future applications of the developed system will be presented.
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Chapter 2

DESIGN OF THIOL-ENE PHOTOCLICK HYDROGELS USING FACILE
TECHNIQUES FOR CELL CULTURE APPLICATIONS

The information in this chapter is adapted, with permission from the Royal
Society of Chemistry, from Design of thiol—ene photoclick hydrogels using facile
techniques for cell culture applications by L. A. Sawicki and A. M. Kloxin, published

in Biomaterials Science, Volume 2, Number 11, pages 1612-1626, November 2014.

2.1 Abstract

Thiol-ene ‘click’ chemistries have been widely used in biomaterials
applications, including drug delivery, tissue engineering, and controlled cell culture,
owing to their rapid, cytocompatible, and often orthogonal reactivity. In particular,
hydrogel-based biomaterials formed by photoinitiated thiol-ene reactions afford
spatiotemporal control over the biochemical and biomechanical properties of the
network for creating synthetic materials that mimic the extracellular matrix or enable
controlled drug release. However, the use of charged peptides functionalized with
cysteines, which can form disulfides prior to reaction, and vinyl monomers that
require multistep syntheses and contain ester bonds, may lead to undesired
inhomogeneity or degradation under cell culture conditions. Here, we designed a
thiol-ene hydrogel formed by the reaction of allyloxycarbonyl-functionalized peptides
and thiol-functionalized poly(ethylene glycol). Hydrogels were polymerized by free
radical initiation under cytocompatible doses of long wavelength ultraviolet light in

the presence of water-soluble photoinitiators (lithium acylphosphinate, LAP, and 2-
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hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone, Irgacure 2959).
Mechanical properties of these hydrogels were controlled by varying the monomer
concentration to mimic a range of soft tissue environments, and hydrogel stability in
cell culture medium was observed over weeks. Patterns of biochemical cues were
created within the hydrogels post-formation and confirmed through the incorporation
of fluorescently-labeled peptides and Ellman’s assay to detect free thiols. Human
mesenchymal stem cells remained viable after encapsulation and subsequent
photopatterning, demonstrating the utility of the monomers and hydrogels for three-
dimensional cell culture. This facile approach enables the formation and
characterization of hydrogels with well-defined, spatially-specific properties and
expands the suite of monomers available for three-dimensional cell culture and other

biological applications.

2.2 Introduction

Click chemistries for the formation and modification of biomaterials have
garnered significant and growing interest for numerous applications, including drug
delivery, tissue engineering, and controlled cell culture.'* A number of functional
groups undergo efficient and highly selective click reactions under a variety of
cytocompatible conditions, making them well suited for the manipulation of
biomaterial properties in the presence of cells.”* These reactions include radically
initiated thiol-ene and thiol-yne,>® thiol-Michael addition,”® spontaneous reaction of
azides with strained alkynes,”'" and spontaneous reaction of tetrazine with norbornene

11,12

and transcyclooctene, >~ which have been used to examine the effects of matrix

6,7,9,11 10,12

properties on cell behavior, to label cells and biomolecules,  ~ and to form

carriers for drug delivery."” Amongst these, thiol-ene click chemistries have been
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examined broadly for the formation and modification of hydrogel-based biomaterials
owing to their ease of use and the availability of thiols in many biomolecules.'*
Hydrogels formed by thiol-ene click reactions have been constructed with a
range of cytocompatible polymers and copolymers, such as poly(ethylene glycol)
(PEG)," hyaluronic acid,'® and poly(ethylene glycol)—poly(lactic acid),'” and
modified with peptides and proteins, such as GPQG|IWGQ," IPVS|LRSG,"® and

RGDS," to impart specific biological activity.'®*’

Various vinyl functional groups
have been investigated for this purpose, including norbornene,'” vinyl sulfone,” and
allyl ether.”’ For example, the Michael-type addition of thiols on peptides with vinyl
groups (‘ene's) on vinyl sulfone-modified PEG has been widely employed to design
hydrogels with controlled, cell-responsive properties for use in drug delivery or tissue
engineering.®** These reactions proceed via a step growth mechanism,”'* resulting in
a homogeneous network structure with robust mechanical properties for applications
in cell culture and delivery.”

Photoinitiated thiol-ene systems are particularly attractive for hydrogel
formation and modification because they allow user-directed control over the
presentation of biophysical or biochemical cues in space and in time to promote
specific cellular functions and toward mimicking the dynamic structure or

composition of the native extracellular matrix (ECM) in vitro.”**

Peptides modified
with cysteines and polymers modified with acrylates (mixed step and chain growth
mechanism) or norbornenes (step growth mechanism) have been extensively used
owing to their rapid reaction under cytocompatible photopolymerization

conditions.'****” For example, Fairbanks ef al. first demonstrated that norbornene-

modified PEG reacts within minutes with cysteine-modified, enzymatically degradable
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crosslinking peptides in the presence of a radical initiator to form hydrogels by step
growth free radical polymerization.'” This strategy (vinyl-modified PEG) has been
used to encapsulate a number of cell types including, but not limited, to osteoblasts,
chondrocytes, mesenchymal stem cells (MSCs), and smooth muscle cells.”® These
chemistries also have been used to create new biomaterial systems, such as a hydrogel
formed by the reaction of norbornene-modified hyaluronic acid with a dithiol
crosslinker and modified with patterns of biochemical cues at select time points.'®
Despite their great utility, there are a few potential concerns when using these
existing thiol-ene photoclick systems. Recently, Shih and Lin observed that ester
bonds present in polymers modified with various vinyl groups (e.g., acrylic acid or
norbornene carboxylic acid) degrade over relatively short times in water or cell culture
conditions (i.e., days to weeks), where the hydrolysis rate is affected by the
incorporation of different charged peptide sequences.” Preprogrammed degradation
afforded by hydrolysis allows cell spreading within the matrix; however, it is often
desirable for the rate of degradation to respond dynamically to cell secreted enzymes
or an externally-applied stimulus (e.g., light). Toward designing alternate systems with
controlled degradation (e.g., cell-secreted enzymes or light), polymer precursors
modified with amine functional groups instead of hydroxyls have been utilized,
introducing more water-stable amide bonds upon reaction with carboxylic acid-

.. . 31
containing functional groups.*”

Despite this increased stability, there typically is
increased cost or synthetic processing associated with using these materials.
Additionally, the formation of disulfide bonds between cysteine-modified charged

peptides’” before reaction may deplete the concentration of thiols present in the
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reaction solution, resulting in an off-stoichiometry mixture, defects in the network
structure, and slower polymerization times.*>”*

Herein, an approach to rapid thiol-ene photoclick polymerization between a
vinyl-modified peptide and thiol-modified PEG is presented (Figure 2.1). A multiarm
PEG thiol is used as the ‘backbone’ of the hydrogel structure with thiols on each arm
connected by ether bonds. The PEG backbone is not charged, limiting potential
disulfide formation,” and ether bonds neighboring thiol functional groups provide a
water-stable base for the introduction of enzymatically degradable peptide sequences
for cell-dictated degradation. The alloxycarbonyl (alloc) group, which is used to
protect the amines of amino acids (e.g., lysine) during peptide synthesis, is

133637 and crosslink (double) peptide sequences to

incorporated within pendant (single)
provide vinyls for reaction with the PEG thiol backbone. The use of lithium
acylphosphinate (LAP) as a photoinitiator, which has increased rates of initiation and
polymerization relative to other water-soluble photoinitiators,’® allows the rapid
reaction of the alloc-modified peptides with the multiarm PEG thiol to form hydrogels
under cytocompatible doses of long wavelength ultraviolet (UV) light (10 mW/cm?,
365 nm).”” Further, these monomers may be purchased commercially or synthesized
with relatively simple techniques presented here, making the system accessible to
researchers in a variety of fields. In this article, the polymerization, mechanical
properties, stability, cytocompatibility, and spatial patterning of these robust thiol-ene
photoclick hydrogels are characterized to define and demonstrate their potential for
use as three-dimensional (3D) mimics of the ECM, particularly for the evaluation of

cell-matrix interactions. In addition to the application of these materials in controlled

cell culture models, we believe this approach may be useful for the in situ
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modification of assembling peptides (e.g., adding functionalities to supramolecular
structures to allow electrical conduction, enhance imaging, or promote specific

40,41

biological interactions)™ " and even in membrane applications (e.g., forming stable,

charged PEG-based membranes for batteries).*
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Figure 2.1: Hydrogels formed by thiol-ene photoclick reactions for cell culture
applications. A) Monomers functionalized with thiols or with alloc
groups were synthesized for hydrogel formation using thiol-ene click
chemistry: multi-armed PEG was modified with thiols (right) and
peptides containing alloc-protected lysines (1 or 2) (left). Upon the
application of light, these functional groups react by a step growth
mechanism, where an initiating species generates a thiyl radical that
attacks the pendant ‘ene’ and forms a stable covalent bond between the
monomers in solution.'” B) This material system is promising for cell
encapsulation and three-dimensional cell culture, where the thiol-
modified PEG is crosslinked with alloc-containing peptides in the
presence of cells allowing their encapsulation for in vitro studies.
Capitalizing on the spatial control enabled by the thiol-ene photoclick
reaction, pendant peptides (containing one alloc) can be added within the
network during or after gel formation to promote cell-matrix interactions.
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2.3 Materials and Methods

2.3.1 Synthesis of PEG-Thiol Macromer

Poly(ethylene glycol)-tetrathiol (PEG4SH) is commercially available (JenKem
Technology USA, Creative PEGWorks) or can be synthesized as was done here using
a modified version of published protocols.*” Briefly, four-arm PEG (M, ~ 20,000
g/mol, 10 g) (JenKem USA) was dissolved in anhydrous tetrahydrofuran (THF, 70
mL) (Fisher Scientific) and purged with argon, and argon-purged sodium hydroxide
(NaH, 4x molar excess with respect to —OH groups) (Sigma Aldrich) suspended in
THF was transferred via cannula under argon to the dissolved PEG. Allyl bromide (3%
molar excess with respect to —OH groups) (Acros Organics) dissolved in 30 mL of
THF subsequently was added. The PEG-allyl solution was refluxed overnight at 40 °C
under argon and precipitated in ice cold ethyl ether to generate allyl ether-modified
PEG (PEG4AE). The PEG4AE was dissolved in dichloromethane (40 mL) (Fisher
Scientific) with a photoinitiator (2,2-dimethoxy-1,2-diphenylethan-1-one, 1651, 0.5%
w/w) (Acros Organics) and trace trifluoroacetic acid (TFA, ~100 uL) (Acros
Organics) and purged with argon. Thioacetic acid (2% molar excess with respect to
allyl) (Acros Organics) was added, and the solution was purged with argon and
subsequently exposed to UV light (365 nm at 10-15 mW/cm? for 45 minutes) to yield
PEG-thioacetate (PEG4TA) after precipitation in ice cold diethyl ether. Last, PEG4TA
was dissolved in 60—70 mL of water and purged with argon. An equal volume of 1 M
sodium hydroxide (Fisher Scientific) purged with argon was added to the PEG4TA
(0.5 M final concentration) to generate the thiol end groups on the final PEG4SH
product. The reaction immediately was neutralized with hydrochloric acid (final pH 1—

2) (Fisher Scientific) and PEG4SH extracted with chloroform and trace TFA (to
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prevent disulfide formation) and precipitated in ice cold diethyl ether. To wash and
collect all intermediates and the final product after precipitation, samples were
centrifuged at 0 °C for 20 minutes at 4400 rpm for a total of 3 washes and desiccated
under vacuum at room temperature overnight. All intermediates and the final product
were characterized with proton nuclear magnetic resonance ('"H NMR) in DMSO:
PEG4AE 5.1-5.2 (m, 1H) 5.2-5.3 (m, 1H) 5.8-5.9 (m, 1H); PEG4TA 2.3 (s, 3H);
PEG4SH 2.3 (m, 1H) for a single arm of the tetrafunctional monomer (Supplementary

Information, Figure 2.7).

2.3.2 Synthesis of Alloc-Functionalized Peptides

The pendant cell adhesion sequence K(alloc)GWGRGDS (RGDS), a
ubiquitous sequence found in many ECM proteins including fibronectin and
vitronectin,* was synthesized to promote cell adhesion (amino acid(s) with reactive
functional groups in bold). Non-degradable, water-soluble crosslinking sequences
were synthesized: K(alloc)RGKGRKGK(alloc)G’’ (RGKGRK?2alloc) (primary
sequence used in hydrogel development) and K(alloc)GKGWGKGK(alloc)G
(GKGWGKG2alloc) and CGKGWGKGCG (GKGWGKG2SH) (sequences with
reduced charge and including tryptophan for easily assessing their concentration).
Additionally, an enzymatically degradable, water-soluble crosslinking sequence
KK(alloc)GGPQG | IWGQGK(alloc)K (GPQGIWGQ?2alloc) (broadly degradable by
matrix metalloproteinases (MMP)-1, 2, 3, 8 and 9)'® was synthesized to promote cell
viability and allow spreading in longer cell culture and photopatterning experiments.
Each was synthesized by standard solid phase peptide synthesis (SPPS) techniques
using Fmoc chemistry on MBHA rink amide resin (0.59 mmol/g; 0.25 mmol scale)

(Novabiochem) with a peptide synthesizer (Protein Technologies PS3). Fmoc-
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protected amino acids, including the commercially-available alloc-protected lysine,
and o-(benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HBTU) (4% excess) (Chem-Impex International) were loaded into cartridges and
coupled on resin. Fmoc deprotection was carried out using 20% piperidine (Sigma
Aldrich) in N,N-dimethylformamide (DMF) (Fisher Scientific) prior to each amino
acid coupling in 0.4 M methylmorpholine in DMF. Peptide products were cleaved in
95% v/v trifluoroacetic acid (TFA), 2.5% v/v triisopropylsilane (TIPS) (Acros
Organics), and 2.5% v/v water with 5% w/v dithiothreitol (DTT) (Research Products
International Corporation) to prevent disulfide formation and 2.5% w/v phenol (Sigma
Aldrich) to protect tryptophan (W). After cleavage from the resin, peptides were
precipitated in ice cold diethyl ether, centrifuged at 3000 rpm and 4 °C for 5 minutes
for a total of three washes and desiccated under vacuum overnight at room
temperature. Dry raw peptide product was purified by high-performance liquid
chromatography (HPLC) and analyzed by matrix-assisted laser desorption/ionization
(MALDI, crystallized with a-cyano-4-hydroxycinnamic acid, Acros Organics) or
electrospray ionization (ESI) mass spectrometry to confirm synthesis of each desired
peptide (Supplementary Information, Figure 2.8).

A fluorescently-labeled pendant peptide, Alexa Fluor® 488-
AhxWGRGDSK(alloc)G (AF488RGDS), also was designed for photopatterning
experiments using published protocols.”” After Fmoc deprotection of Ahx on the N'-
terminus of the peptide, 1 mg Alexa Fluor® 488 Carboxylic Acid, 2,3,5,6-
Tetrafluorophenyl Ester, 5-isomer (Invitrogen) was stirred with 0.25 mmol peptide on
resin in 4 mL DMF and 50 pL N,N'-diisopropylethylamine (DIPEA) (Chem-Impex

International) overnight. The peptide was cleaved from resin, precipitated, and
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analyzed by HPLC and ESI mass spectrometry (Supplementary Information, Figure
2.8).

2.3.3 Synthesis of LAP Initiator

The LAP initiator was synthesized using previously-described methods.®
Briefly, 2,4,8-trimethylbenzoyl chloride (1.6 g, 0.009 mol) (Sigma Aldrich) was added
to dimethyl phenylphosphonite (1.5 g, 0.009 mol) (Acros Organics) and reacted
overnight at room temperature under argon. Lithium bromide (4x molar excess)
(Sigma Aldrich) in 2-butanone (Sigma Aldrich) was added to the reaction solution and
heated to 50 °C for 10 minutes. The white precipitate was filtered and rinsed 3 times
with 2-butanone, and the final powder product dried and analyzed by 'H NMR,

matching literature (Supplementary Information, Figure 2.9).*®

2.3.4 Hydrogel Formation

All monomers and initiators were prepared in Dulbecco's phosphate buffered
saline (PBS) (Life Technologies) immediately before polymerization. For the various
experiments described below, solutions of PEG4SH, RGKGRK2alloc (unless noted
otherwise), and RGDS (7.5, 10, 12.5 wt% with respect to PEG, 2 mM RGDS) were
prepared at stoichiometric ratios of thiol functional groups to alloc functional groups
(1:1 SH:alloc) and containing a photoinitiator, either LAP (1.1 and 2.2 mM) or
Irgacure 2959 (12959) (2.2 mM). Hydrogels were formed upon irradiation of the
monomer-initiator solution with cytocompatible doses of long wavelength UV light
(365 nm at 10 mW/cm®, International Light IL1400A Radiometer/Photometer) in the

specific geometries described below.
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2.3.5 Rheometry

Hydrogels were formed in situ on a photorheometer (TA AR-G2 with UV light
attachment, Exfo Omnicure Series 2000 light source, 365 nm filter, SilverLine UV
Radiometer M007-153) to estimate the polymerization times for different initiator
types and monomer concentrations. 12959 (2.2 mM) or LAP (1.1 or 2.2 mM)
photoinitiators were added to 10 wt% PEG monomer solutions containing
stoichiometrically balanced amounts (1:1 SH:alloc) of RGKGRK?2alloc to compare the
effects of initiator type on polymerization time (n = 3). PEG monomer solutions (7.5,
10, and 12.5 wt%) containing stoichiometrically balanced amounts of RGKGRK?2alloc
and RGDS (2 mM) were mixed with 2.2 mM LAP to compare the effects of monomer
concentration on polymerization time (n = 6). Finally, PEG4SH or PEG4AE monomer
solutions (10 wt%) containing stoichiometrically balanced amounts of alloc
(RGKGRK?2alloc, GKGWGKG2alloc, GPQGIWGQ?2alloc) or thiol-modified
crosslinkers (PEG2SH, GKGWGKG2SH) were mixed with 2.2 mM LAP to compare
the effects of crosslinker and functional group chemistry on polymerization time (n =
3). These solutions were placed between parallel plates (8 mm diameter, 200 pum gap)
and UV light (365 nm at 10 mW/cm?) applied 1 minute after starting rheometric
measurements. Storage (G') and loss moduli (G"") were recorded over time at 2%
applied strain and 6 rad/s frequency. From the data, an approximate time for complete
gelation was defined to be when the percent change in modulus between consecutive
data points was less than 0.1%.

For swollen modulus experiments, 7.5, 10, and 12.5 wt% hydrogels were
polymerized within a 1 mm thick mold (2 microscope slides treated with Rain-X
separated by a 1 mm rubber gasket). After polymerization, discs (8 mm diameter)

were punched from the gel slab and swollen overnight in PBS. Strain sweeps (1 rad/s
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frequency, 1-100% strain) and frequency sweeps (1-100 rad/s frequency, 5% strain)
were conducted on swollen gels to determine the linear viscoelastic regime for the
material. The swollen gels were then placed between parallel plates on the rheometer
and G' and G" were measured at 5% strain and 5 rad/s frequency (within the linear

viscoelastic regime) (n = 6).

2.3.6 Hydrogel Swelling

Experiments to determine volumetric swelling ratios (Q) were performed on
7.5, 10, and 12.5 wt% hydrogels. Discs (8 mm diameter) were punched from gels
polymerized between glass slides separated by a 1 mm thick gasket, ensuring
sufficient mass for measuring dry weight, and swollen overnight in PBS. After
recording swollen mass (M), the gels were lyophilized and the dry masses were

measured (M,) (n = 6). Volumetric swelling ratio was calculated by the relationships:

q:ﬂl :1+M(q—1) Eq. 2.1

Mg Psolvent

where g is the mass swelling ratio, ppolymer = 1.07 g/mL for PEG," and potvent = 1.00
g/mL for PBS.

Experiments to determine gel stability after polymerization were performed on
gels incubated in PBS and cell culture medium at 37 °C over a 3 week time course.
Gels (10 wt%) were polymerized for 5 minutes in 5 mm diameter molds (1 mL
syringes with tips cut off) under sterile conditions and placed in sterile PBS and cell
culture medium. M and My were recorded for the gels after 1, 7, 14, and 21 days (n =

6). Values for the volumetric swelling ratio (Q) were calculated as described above.
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2.3.7 Detection of Unreacted Thiols

To initially quantify the photoaddition of biochemical cues, hydrogels (10 wt%
with respect to PEG) were polymerized (1 or 5 minutes) between glass slides
separated by a 0.254 mm thick gasket (McMaster-Carr) and off-stoichiometry such
that approximately 2 mM free thiol remained in the unswollen gel after
polymerization. Discs (5 mm diameter) were punched from these gels for further
treatment and analysis. Half of the gel discs were swollen in PBS containing LAP
initiator (2.2 mM) and excess pendant peptide (20 mg/mL RGDS) and incubated at
room temperature for 1 hour. After 1 hour, these gels were exposed to UV light for 1
or 5 minutes to initiate the photoaddition of the RGDS. The other half of the gels
remained in PBS as a control. Free thiol concentrations in the gels were quantitatively
detected by Ellman's assay as described below.

Briefly, the swollen volume of the gels was predicted using the measured QO
value (estimated at 19.3 pL for the 0.254 mm thick, 5 mm diameter discs). Ellman's
reaction buffer (20.7 uL) containing 0.1 M sodium phosphate (Sigma Aldrich) and 1
mM ethylenediaminetetraacetic acid (Sigma Aldrich) at pH 7.5-8 was added to the
gels for a total volume of 40 pL. Ellman's reagent (7.2 pL, 4 mg in 1 mL reaction
buffer) (Fisher Scientific) was diluted in 360 pL of reaction buffer and added to each
well containing a gel. Gels were incubated in the reagent for 1 hour and 30 minutes,
the estimated time for the diffusion of the yellow NTB*~ dianion out of the gel so that
the supernatant and gel colors match (by visual inspection). Finally, a calibration
curve of L-cysteine hydrochloride monohydrate (Sigma Aldrich) (02 mM) was made
to calculate the concentration of thiols detected in each gel. Absorbance of each

condition was measured at 405 nM (Biotek Synergy H4 automated plate reader).
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To determine the free thiol concentration in conditions for photopatterning in
the presence of encapsulated cells, 10 wt% gels were polymerized in syringe tips (20
uL) such that approximately 2 mM free thiol remained in the unswollen gel after
polymerization. Gels polymerized for 1 and 5 minutes were placed immediately in
PBS as a control (n = 3). Additional gels polymerized for 1 minute immediately were
placed in solutions of PBS containing 3 mg/mL RGDS and 2.2 mM LAP and
incubated at 37 °C for 30 minutes (# = 3) or 1 hour 30 minutes (n = 3). After
incubation, these gels were exposed to a second dose of UV light for 1 minute to
attach the biochemical cue (RGDS) to remaining free thiols. Free thiol concentrations
in the gels were quantitatively detected by Ellman's assay as described above,
accounting for larger gel size (swollen volume = 84.8 puL; add 15.2 pL of PBS to gel
in well plate for 100 pL total volume; add 18 pL Ellman's reagent in 900 pL Ellman's

buffer to each well).

2.3.8 Spatially-Specific Photopatterning of Biochemical Cues

Hydrogels (10 wt%) were polymerized between glass slides spaced by a 0.254
mm gasket and off-stoichiometry to have a final free thiol concentration of 2 mM
within the as prepared gel (prior to equilibrium swelling). The hydrogel was left on
one of the glass slides for subsequent treatments and rinsed with PBS for 1 hour.
Rinsed gels were placed in solution containing pendant peptides (AF488RGDS or
RGDS) mixed with 2.2 mM LAP initiator for 1 hour and 30 minutes to allow diffusion
of the peptides and initiator into the gel network prior to subsequent patterning.
Photomasks with lines of increasing thickness (0.2—1 mm width) or square patterns
(0.4 mm edge) purchased from Advanced Reproductions Corporation were placed ink-

side down on top of the samples and exposed to collimated UV light (Inpro

53



Technologies collimating adaptor, Exfo Omnicure Series 2000 light source) for 1
minute (365 nm at 10 mW/cm?). Gels were rinsed 3x for 40 minutes each with PBS to
remove excess pendant peptide after photoaddition. Samples containing the patterned
AF488RGDS were imaged with a confocal microscope (Zeiss 510 NLO). Ellman's
reagent was applied to the gels containing RGDS and imaged immediately on a

stereomicroscope (Zeiss Stemi 2000-C).

2.3.8.1 Culture and Encapsulation of Human Mesenchymal Stem Cells

Human mesenchymal stem cells (hMSCs) isolated from human bone marrow
(Lonza)*® were cultured on tissue-culture treated polystyrene in cell culture medium®*
and harvested at ~70-80% confluency (Passage 2, 3) for experiments. For evaluating
the effects of light, cells were trypsinized from culture plates, counted
(hemocytometer), centrifuged (5 minutes, 1000 rpm), and plated at a density of 20,000
cells/cm” in 96-well plates. For cell encapsulation and photopatterning experiments,
cells were trypsinized from culture plates, counted (hemocytometer), centrifuged (5
minutes, 1000 rpm), and resuspended at desired densities in monomer solution (10
wt%) with and without RGDS. The mixtures of cells in monomer solution were
polymerized in syringe molds at cytocompatible wavelengths and doses of UV light

(365 nm at 10 mW/cm®), encapsulating cells within the hydrogel matrix.

2.3.9 Metabolic Activity of hMSCs in Photopatterned and Non-Patterned
Hydrogels

Cells were suspended in monomer solution (10 wt%, 3000 cells/uL) containing
2 mM RGDS and polymerized in syringe tip molds (20 pL) for 1 and 5 minutes (n = 6,
non-patterned). Immediately after polymerization, gels were placed in cell culture

medium to rinse out unreacted monomer and photoinitiator (30 minutes). After
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rinsing, the medium was replaced with fresh medium and gels were incubated at 37 °C
for subsequent analysis. For photopatterned gels, cells were suspended in monomer
solution (10 wt%, 3000 cells/uL) without RGDS and polymerized for 1 minute such
that 2 mM free thiols remained in the unswollen gel for subsequent modification.
After polymerization, the gels were incubated in PBS containing 3 mg/mL RGDS and
2.2 mM LAP for 30 minutes or 1 hour 30 minutes at 37 °C before exposure to a
second dose of UV light (1 minute) to covalently link RGDS within the network (n =
6). Patterned gels were immediately placed in cell culture medium (30 minutes) to
rinse out excess monomer and photoinitiator. At 1 and 3 days post-encapsulation (D1
and D3), metabolic activity was assessed by CellTiter 96 (Promega) (n = 3 each
condition, each time point).

To assess the effect of light alone on cell function, plated cells (20,000
cells/cm?) were exposed to UV light (1 min of 365 nm at 10 mW/cm?). Metabolic
activity was assessed by CellTiter 96 at D1 and D3 compared to control (no light) (n =

3 each condition, each time point).

2.3.10 Viability of hMSCs in Photopatterned and Non-Patterned Hydrogels

To initially study the viability of cells encapsulated in hydrogels, 3000 cells/puL
were encapsulated in non-degradable gels (10 wt%, 2 mM RGDS before swelling)
polymerized for 1 and 5 minutes. Additional studies were performed to determine the
effect of cell density on viability post-encapsulation, with cells encapsulated in non-
degradable gels (10 wt%, 2 mM RGDS before swelling) at 3000 and 30,000 cells/uL.
Viability was quantified at 3 days post-encapsulation with a LIVE/DEAD®
Viability/Cytotoxicity Kit for mammalian cells (Invitrogen), and gels were imaged

with a confocal microscope (Zeiss 510 NLO).
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To study the viability of cells in photopatterned hydrogels over longer times in
culture, cells were encapsulated in gels (10 wt%, 20 pL, 3000 cells/uL) crosslinked
with the degradable (GPQGIWGQ2alloc) peptide sequence such that 2 mM free thiol
remained in unswollen gels post-polymerization (1 minute). Gels were placed in PBS
containing 3 mg/mL RGDS and 2.2 mM LAP for 1 hour and exposed to a second dose
of UV light (1 minute) to allow attachment of RGDS to the network. Viability was
assessed 6 days after encapsulation with the LIVE/DEAD® Viability/Cytotoxicity Kit
for mammalian cells, providing time for hMSCs to partially degrade and attach to the

hydrogel matrix.

2.4 Results and Discussion
Click chemistries for hydrogel formation are of interest in many biomaterials
applications. Their efficient reactions under mild conditions enable hydrogel

328 which is

formation and modification in the presence of proteins and cells,
especially useful for designing materials that mimic native tissue environments in vitro
for cell culture. Light-mediated thiol-ene click reactions in particular are of great
utility for control over the presentation of biomechanical and biochemical cues in
space and time within these systems. Here, we describe a new approach to utilizing
thiol-ene chemistry for hydrogel formation and spatially-specific patterning in cell
culture applications with alloc-functionalized peptides and thiol-terminated PEG. This
strategy enables rapid and consistent polymerization of hydrogels controlled by the

application of light, the formation of a stable bioinert base matrix, and the spatial

presentation of biochemical cues within the hydrogel network.
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2.4.1 [Initiator Selection Allows Rapid Polymerization Under Cytocompatible
Conditions

Thiol—ene reactions for biomaterial applications can occur spontaneously in
aqueous solutions in the presence of a base catalyst or upon the introduction of free
radicals, depending on vinyl group selection.'**” For example, base-catalyzed
polymerization of hydrogels in the presence of cells by Michael-type addition
reactions between thiols and vinyl sulfones or maleimides has been used to understand
cell behavior, invasion, and differentiation in synthetic mimics of the ECM.”**
Additionally, for control over when and where the reaction takes place,
polymerizations of hydrogels by a photoinitiated, free radical step growth reaction
between thiols and vinyls (e.g., norbornene) have been used with cytocompatible
doses of UV or visible light depending on initiator selection (e.g., Irgacure 2959,%
lithium acylphosphinate,®® or Eosin Y>°). While the spatiotemporal control afforded by
photopolymerization is quite useful, minimizing exposure to light, particularly
wavelengths in the UV, is crucial for polymerizations done in the presence of cells.””*
Light-mediated reaction conditions that are cytocompatible and rapid for the
polymerization of monomers in aqueous solutions often are limited and are needed to
reduce the exposure time of cells and proteins to light and reactive components
(particularly free radicals). Toward addressing this, we aimed to establish conditions
for the photopolymerization of monomers functionalized with thiols and allocs to
expand the suite of reactions for cell encapsulation.

Previously, the general reaction of allyl- and thiol-functionalized monomers
for hydrogel formation was considered too slow for gel formation in the presence of
cells, which may be due to a rate-limiting chain transfer step,* and has been described

with limited use in cell culture applications for the modification of synthetic hydrogel
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matrices with pendant alloc-modified peptide tethers.”~” Here, we examined water-
soluble initiator and monomer compositions to identify cytocompatible conditions for
alloc-based hydrogel formation. Hydrogels were polymerized in situ on a rheometer to
monitor polymerization times of gels formed with different water-soluble
photoinitiators (LAP and 12959) and initial monomer concentrations (7.5, 10, 12.5
wt% with respect to PEG). Two initiator concentrations were selected (1.1 and 2.2
mM) to match concentrations that have been used to polymerize other types of
hydrogels in the presence of cells,” as cell viability previously has been observed to
be sensitive to the concentration of LAP owing to robust free radical generation with
irradiation at 365 nm.>®

The rheological data collected by in situ polymerization of hydrogels
demonstrates the efficiency of the LAP initiator for the radical reaction of thiol with
vinyl functional groups. The slope of the moduli over time for the 1.1 and 2.2 mM
LAP conditions becomes approximately 0 after complete gelation, whereas the 12959
continues to slowly increase (slope = 1.5 to 5 Pa/s) (Figure 2.2 A) indicating a less
rapid reaction. While presentation of hydrogel moduli (y-axis) on a log scale is typical,
we have chosen to present moduli on an absolute (normalized) scale to demonstrate
the efficiency of the LAP initiator in achieving complete gelation when compared
directly to 12959. Further, the polymerization times of the gels formed using 1.1 and
2.2 mM LAP were determined to be approximately 5 and 15 times faster than those
using 12959 as the initiator (2.60 = 0.03 and 0.96 + 0.05 min, respectively, vs. 13.59 +
1.15 min) (Figure 2.2 B). This order of magnitude difference in polymerization time is
comparable to differences observed between LAP and 12959 in the polymerization of

other functional groups, such as the chain growth polymerization of PEG-diacrylate
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with LAP (10 times faster than with 12959),*® and arises from the increased
absorbance of and radical generation by LAP relative to 12959 at long wavelengths of
UV light (365 nm). Moving forward, we focused on the 2.2 mM LAP polymerization
condition, which provided the most rapid gel formation. However, the 1.1 mM LAP
condition may be attractive for investigations in the future for specific cell culture
applications as higher initiator concentrations can result in lower cell viability.>

In addition to comparing the effect of different initiating conditions on
polymerization rates, the concentration of monomers initially present also must be
considered. The availability of terminal functional groups for reaction influences the
time to complete gelation, especially at low concentrations where the distance between
functional groups is greater and, after reaction of one end group, can decrease the
probability of reaction with a functional group on a different monomer.”® We observe
that the lowest initial monomer concentration (7.5 wt%) corresponds to the longest
polymerization time (3.00 £ 0.22 min) while the higher concentrations (10, 12.5 wt%)
polymerize in shorter time periods (0.79 £ 0.03, 0.88 + 0.11 min) (Figure 2.2 B). The
polymerization time for the 7.5 wt% gels is statistically different from the 10 and 12.5
wt% gels (p < 0.05); however, the 10 and 12.5 wt% gels are not (p > 0.05). The more
rapid polymerization times of the higher concentration conditions may be attributed to
the increased concentration of functional groups.

Finally, we investigated the polymerization of several different alloc-modified
peptides (RGKGRK2alloc, GKGWGKG2alloc, GPQGIWGQ2alloc) with PEG4SH to
understand if there may be any effects of peptide sequence on polymerization time
(Figure 2.2 C). We observed the most rapid polymerization with the highly charged
RGKGRK2alloc crosslinking peptide followed by the less charged
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GPQGIWGQ2alloc and GKGWGKG2alloc peptides (40 seconds slower), indicating
that charge may play a role in the polymerization of the system and should be
considered when designing and utilizing different peptide sequences. All peptides led
to complete gelation within 2.5 minutes after UV light was applied and, consequently,
are promising and appropriate for cell encapsulation, as discussed further below. We
briefly compared to the polymerization of PEG4AE with different thiol-containing
crosslinkers (PEG2SH, GKGWGKG2SH) to examine the effect of monomer
chemistry on the polymerization rate (Supplementary Information, Figure 2.10). The
polymerization of this ‘inverse’ system was consistently slower than the alloc system,
which may be related to the reactivity of the allyl and thiol groups being affected by
neighboring substituents (i.e., oxycarbonyl [alloc] vs. ether [AE]’' or neighboring
amino acids>®). Further, in our hands, we observe variability in the final moduli and
polymerization times for PEG4AE and peptide2SH gels, which we speculate is
partially due to the propensity for disulfide formation between thiols on these charged
peptides.’” Presentation of thiols from PEG, as demonstrated with the peptide2alloc

system, allows consistent formation of hydrogels under cytocompatible conditions.
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Figure 2.2: In situ polymerization of PEG hydrogels with different
photoinitiators. A) Hydrogels (10 wt% with respect to PEG) were
polymerized in situ on a rheometer to monitor gel formation over time
using various initiator conditions. After 1 minute on the rheometer, UV
light (10 mW/cm?, 365 nm) was applied to samples. The storage moduli
of gels polymerized using 1.1 and 2.2 mM LAP initiator begin to
increase within 30 seconds after light application and finish forming in
approximately 1-3 minutes (modulus levels off). Gels polymerized using
2.2 mM 12959 begin to form 4 minutes after UV light application and
reach complete formation in approximately 13-14 minutes of exposure.
The rapid polymerizations observed for the LAP initiator are relevant for
cell culture applications. Representative data for each condition is shown
here. B) Complete polymerization, defined here as the point where the
change in modulus between consecutive data points is less than 0.1 %,
was determined for various initiator and monomer concentrations. As
shown in (A), the LAP initiator exhibits the most rapid polymerization,
with times of 0.96 + 0.05 and 2.60 + 0.03 minutes for 2.2 and 1.1 mM
LAP, respectively. Complete polymerization for 12959, at the highest
concentration compared to LAP (2.2 mM), occurs in 13.59 + 1.15
minutes. Using 2.2 mM LAP, hydrogels from various initial monomer
concentrations (7.5, 10, and 12.5 wt% with respect to PEG) were
polymerized. The 7.5 wt% condition exhibited the slowest
polymerization rate of 3.00 & 0.22 minutes due to fewer functional
groups that are available to react. The 10 and 12.5 wt% gels polymerized
in 0.79 £ 0.03 and 0.88 + 0.11 minutes as the number of functional
groups in solution is higher at the start of polymerization. C) Hydrogels
were polymerized with different alloc-modified peptides to evaluate any
effect of peptide chemistry on polymerization rate. The less charged
GKGWGKG2alloc and GPQGIWGQ2alloc peptides take 40 seconds
longer to polymerize than the charged RGKGRK?2alloc peptide, although
this is not as significant as the effects of weight percent and the type and
concentration of initiator on polymerization time.

2.4.2 Hydrogel Mechanical Properties Tuned to Mimic Soft Tissue
Environments

One common approach used to control or tune the initial mechanical properties
of hydrogels is varying the monomer concentration.” Controlling the hydrogel

mechanical properties, as measured by modulus, can be critical in cell culture and
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regenerative medicine applications, where the elasticity, or “stiffness”, of the
microenvironment that surrounds a cell has been shown to affect cell function and

fate.”*

These properties also must be consistent from gel-to-gel for a well-defined,
controlled material system. Here, we aimed to establish hydrogel compositions with a
range of equilibrium-swollen moduli that mimic different soft tissues. Toward this, we
measured the swollen storage moduli (G') and volumetric swelling ratios (Q) of
hydrogels formed from different initial monomer concentrations (7.5, 10, and 12.5
wt% with respect to PEG) (Figure 2.3).

We demonstrate for our material system that, by increasing the concentration
of monomer in the gel-forming solution, we can increase the modulus (Figure 2.3 B;
7.5 wt%, G' =553 + 81 Pa; 10 wt%, G’ = 1343 + 49 Pa; 12.5 wt%, G' = 2147 + 87 Pa),
creating gels with a range of elasticity comparable to native soft tissues (around the
range of neural tissues to muscle, £ ~ 1 to 10 kPa, where E =~ 3 G).”> Assuming that
the theory of rubber elasticity holds for these swollen gels, the behavior can be
attributed to an increase in crosslink density (p) by:*®

G = p,RTQ™/3 Eq.2.2

Similarly, we observed decreasing swelling ratios for increasing monomer
concentrations (Figure 2.3 C; 7.5 wt%, O =41.4 £ 1.3; 10 wt%, Q =33.3 £ 0.6; 12.5
wt%, O =29.2 + 0.4). Increased crosslink density inhibits how much a gel is able to
swell, thus the inverse relationship between p, and Q is expected and observed. The
results for the moduli and swelling ratios also were found to be statistically significant
(p <0.05), indicating that the material system may be easily tuned to have specific

mechanical properties by varying the concentration of monomer present within a gel.
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Figure 2.3:

Hydrogel mechanical properties tuned to mimic soft tissue
environments. A) To adjust the mechanical properties of hydrogels,
monomer concentration in solution prior to polymerization may be
increased or decreased to increase or decrease crosslink density and thus
modulus, respectively. B) Hydrogels from different initial monomer
concentrations (7.5, 10, and 12.5 wt% with respect to PEG) were
polymerized and swollen in PBS to demonstrate tunable hydrogel
mechanical properties. The lowest average swollen storage modulus was
observed for the 7.5 wt% gels (553 + 81 Pa), and increased with higher
monomer concentrations (1343 + 49 Pa and 2147 + 87 Pa). C) Another
important mechanical property to consider in the design of controlled
hydrogel mimics of the ECM is the volumetric swelling ratio. In
accordance with modulus measurements, for the gels polymerized with
an initial monomer concentration of 12.5 wt% (with respect to PEG), the
lowest volumetric swelling ratio is observed (29.2 + 0.4), and the
volumetric swelling ratio increases for lower concentrations (7.5 and 10
wt% with respect to PEG) (Q =41.4 £1.3 and 33.3 +0.6).

2.4.3 Hydrogel Stability Demonstrated for Long-Term Culture

Hydrogel degradation over time often is desirable for cell culture applications

to allow cellular processes, such as growth, proliferation, and migration, which can be

constrained or hindered by a tightly crosslinked material.”” However, nonspecific

degradation in aqueous solutions (e.g., hydrolytic cleavage of bonds within functional

groups) can limit the degree of user control over materials properties afforded by the

addition of enzymatically degradable peptide crosslinks'® or photodegradable

chemistries,’® resulting in unintended or premature hydrogel degradation such that the

gel does not remain intact for appropriate time periods during cell culture. For

example, Shih and Lin have shown that step growth PEG-tetranorbornene-based thiol—

ene hydrogels completely degrade in 2-3 weeks at physiological pH (pH ~ 7.4), where

the norbornene is linked to PEG by an ester bond leading to hydrolytic degradation.

Specifically, the degradation rate of these hydrogels was influenced by the peptide

crosslinker sequence, where peptides containing hydrophobic or aromatic residues
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exhibited slower degradation (e.g., CGGGC sequence knyq = 0.049 = 0.001 day ',
CGGLC sequence knyq = 0.036 = 0.002 day ').*’

In the hydrogel system presented here, we aimed to create monomers free of
ester bonds to allow the creation of hydrogels that are stable under cell culture
conditions. To assess the stability of the resulting hydrogels, we monitored the
volumetric swelling ratio (Q) of 10 wt% gels incubated in PBS and cell culture
medium at 37 °C over a period of three weeks (Figure 2.4), a typical length for many
two and three-dimensional cell culture experiments.’ For both conditions, the O values
qualitatively are constant during the time course, and there is no substantial
degradation during the incubation period. Quantitatively, the p-values for the gels
incubated in PBS for different times are all greater than 0.05, indicating no statistical
significance between the gels for each time points and thus that degradation does not
occur. For the gels incubated in culture medium, when comparing days 1-14, the p-
values are all greater than 0.05. However, the day 21 time point is statistically
different from the day 1 and 7 time points (p < 0.05), indicating a slight change in
swelling by 3 weeks. We hypothesize that nonspecific degradation of the peptide
crosslinker could be occurring over time in growth medium, which is more complex
than PBS and contains serum laden with enzymes, resulting in this small but
statistically significant increase in swelling. Despite this small swelling change, the
hydrogels remain robust and intact over multiple weeks in culture. The swelling ratios
of hydrogels in PBS versus media also are statistically significant for the entire
incubation period, which we speculate results from differences in the composition of
PBS and growth media. With this base system, various degradable peptide crosslinks

derived from ECM proteins (e.g., GPQG|IWGQ or IPVS |LRSG derived from
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collagen I) can be incorporated within the gels to allow cell-controlled matrix
degradation, where the degradation rate of the matrix can be tuned by peptide

selection for different applications.'®
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Figure 2.4:
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Hydrogel stability toward long-term cell culture. A) The thiol-ene
system is linked by a carbamate bond between a thiol-functionalized PEG
macromer and an alloc-functionalized peptide, which both lack
hydrolytically cleavable bonds (e.g., esters). To evaluate gel stability for
controlled cell culture over several weeks, 10 wt% hydrogels (with
respect to PEG) were incubated in cell culture medium and PBS for 3
weeks and volumetric swelling ratios (Q) measured. B) The swelling of
gels incubated in PBS did not significantly change (p > 0.05 for all
samples) indicating stability over the time period (Q =33.4+ 0.8, 30.8 £
1.3,30.6 £ 1.3, 30.3 +1.5). The swelling of gels incubated in growth
media slightly increased through the incubation period such that the first
two and last Q values are different (p < 0.05), although consecutive
points are not (p > 0.05), which may be attributed partly to non-specific
degradation of the hydrogel by enzymes present in the more complex
growth medium (Q =25.1£0.2,25.6 + 4,26.8 £0.8,27.6 + 0.4).
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2.4.4 Biochemical Cues Spatially Patterned within Hydrogels

One benefit that photoclick chemistry provides in the design of hydrogels is
the ability to control the presentation of biochemical cues in space or time.” Native
tissues are dynamic environments with gradients and defined regions of biological
cues occurring at different times, and the ability to capture this complexity in synthetic
systems is important for understanding and directing cellular processes.”> Here, we
studied the photoaddition of a model biochemical cue to our material (i) to establish if
excess free thiols could be modified after hydrogel formation and (ii) to demonstrate
control over the spatial presentation of these cues. Specifically, an alloc-modified
integrin binding peptide (RGDS or AF488RGDS) was coupled homogenously or in
specific regions to hydrogels containing free thiols using photopatterning.

While one of our goals was to develop a hydrogel from accessible materials,
we also aimed to use simple techniques to characterize this system. Ellman's assay,
which can identify free thiols in solution, is one such technique that has been used to

quantify free thiols in materials post-polymerization.**®!

We have utilized this assay in
a non-destructive method to quantify free thiols in our hydrogels such that, if desired,
gels may be rinsed of reagent, treated with tris(2-carboxyethyl)phosphine (TCEP),
rinsed of TCEP, and re-used in additional studies. In addition to quantifying free
thiols, we wanted to demonstrate that Ellman's reagent also could be used to observe
biochemical patterns created in gels with a reasonable degree of resolution as an
inexpensive and rapid alternative or complementary approach to using a fluorescently-
tagged cue (Figure 2.5 A).

Toward achieving this, 10 wt% gels (0.254 mm thick between glass slides)

initially were polymerized off stoichiometry so that free thiols (2 mM at preparation

prior to equilibrium swelling) remained for later modification with the pendant RGDS
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peptide. Adjusting for swelling, the free thiol concentration at equilibrium was
estimated to be roughly ~0.61 + 0.05 mM, so the free thiol concentration in hydrogels
as measured by Ellman's assay will be lower than 2 mM. The free thiol concentrations
of off-stoichiometry gels polymerized for 1 and 5 minutes subsequently was
determined by Ellman's assay to be 1.13 = 0.09 mM and 0.97 + 0.10 mM, respectively
(Figure 2.5 B, —RGDS condition). The gels polymerized for 1 and 5 minutes do not
have statistically different thiol concentrations (p > 0.05), supporting the results in
Figure 2.2 B that the 10 wt% gels are completely formed in under one minute.

To initially determine if a model biochemical cue could be added to these gels,
pre-formed gels incubated in RGDS monomer (20 mg/mL ~20x excess to SH) with
LAP (2.2 mM) were exposed to UV light for 1 and 5 minutes. The thiol concentration
after modification was determined for each condition by Ellman's (1 min = 0.01 + 0.01
mM, 5 min = 0.003 + 0.003 mM) (Figure 2.5 B, +RGDS condition). These
concentrations correspond to 93.1 and 94.8% modification of the remaining free thiols
and 98.5 and 99.0% total thiol modification, indicating high coupling efficiency of the
pendant peptide. There are slightly fewer free thiols in the gels polymerized for 5
minutes indicating that a longer polymerization time results in higher conversion of
functional groups; however, there is no statistical significance between the two
conditions indicating that the effects of longer polymerization are ultimately
negligible. Hydrogels polymerized off-stoichiometry (2 mM free thiol at preparation)
were then incubated in growth medium at 37 °C for 3 days to determine if cues could
be added at different times during culture. Only trace free thiols were observed with
Ellman's assay after this 3-day incubation (0.008 + 0.002 mM), indicating the

formation of disulfides either with components in the culture medium or between free
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thiol end groups on PEG. To test this hypothesis, TCEP (10 mM in PBS) was added to
the gels for 1 hour to break potential disulfide bonds. Gels subsequently were rinsed,
and the presence of free thiols was detected with Ellman's (1.54 £ 0.09 mM)
(Supplementary Information, Figure 2.11). This recovery of thiols confirms that a
large portion of free thiols post-polymerization were lost to disulfide formation upon
incubation in culture medium. While the application TCEP could be investigated as an
approach to allow temporal photopatterning, reducing agents such as it will negatively
affect cell viability®> and may not be a practical option for in situ photopatterning.
However, different orthogonal chemistries” could be utilized within this base hydrogel
system to allow the temporal addition of cues throughout long-term cell culture in
future investigations.

With the ability to add cues to the matrix after initial formation, spatially-
defined regions of various cues of interest can be created toward directing the

. . . . . . 10.22.63
organization and function of cells in three dimensions. "~

Fluorescently-labeled
cues are typically used to observe biochemical patterns in hydrogel-based matrices
with a high degree of resolution; however, this approach requires additional expense
and time for peptide labeling and fluorescence imaging. For a rapid and inexpensive
assessment of patterning, we examined using Ellman's reagent to observe spatially-
defined patterns as a simple alternative or complementary approach for preliminary
evaluations. Hydrogels photopatterned with the AF488RGDS peptide demonstrate
spatial resolution of cue addition (Figure 2.5 C) in the x, y, and z-directions for
patterns of arbitrary shapes (wide and narrow lines, squares). Next, to test Ellman's as

an alternative to fluorescently-labeled evaluation, non-labeled RGDS was patterned

into gels, and the gels were imaged under a light microscope immediately after the

71



application of Ellman's reagent (Figure 2.5 D). At short time periods (<5 minutes), we
observed resolution of the patterns; however, as the products from reaction with
Ellman's reagent diffused throughout the gel, the pattern began to disappear
(Supplementary Information, Figure 2.12). While Ellman's reagent is limited by the
fast diffusion of the reaction products, resulting in the short-term observation of
patterns in the x—y plane only, we envision using this test in initial or follow-up studies
of photopatterning in thiol-ene hydrogels because it is easy to use and provides almost
instant results. Initially, one could test the ability to pattern a hydrogel before building
or purchasing a more expensive fluorescently-tagged peptide. In later experiments,
one could quickly confirm that a different peptide or peptide sequence is patterned into
the same system without having to build another labeled peptide and use an epi-

fluorescent or confocal microscope.
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Figure 2.5: Biochemical cues spatially patterned within hydrogels. A) To create
patterns of biochemical cues, hydrogels are polymerized off-
stoichiometry ([SH] > [alloc]) and incubated with excess pendant RGDS
or AF488RGDS peptide. Gels were irradiated through photomasks
printed with black lines or squares for 1 and 5 minutes (left). Samples are
subsequently analyzed with fluorescent light or Ellman’s reagent to
determine the modification of free thiols with pendant biochemical cues
(right). B) Gels (10 wt% with respect to PEG) were polymerized with 2.2
mM LAP for 1 and 5 minutes off stoichiometry (2 mM free thiol at
preparation). After equilibrium swelling, the initial free thiol
concentration in these gels were 1.13 + 0.09 and 0.97 £ 0.10 mM,
respectively, as determined by Ellman’s assay. Only 0.01 £ 0.01 and
0.003 + 0.003 mM free thiol remained after adding the RGDS tether
indicating the efficient coupling of the model biochemical cue to the
hydrogel network. C) Following the setup shown in (A), arbitrary
patterns (squares, 1600 um?; lines of different thickness, 200 - 1000 um)
of a fluorescent peptide (AF488RGDS) were created within pre-formed
hydrogels and imaged on a confocal microscope for analysis. Resolution
of the pattern is observed in the x-, y-, and z-planes indicating selective
coupling to only regions of the gel that were exposed to light. (Scale bar,
200 um) D) As a quick and inexpensive alternative to fluorescence, a
non-fluorescent pendant peptide (RGDS) was photopatterned (lines of
different thickness) into pre-formed hydrogels. Ellman’s reagent was
directly applied to the top of these gels to identify regions lacking the
pendant peptide (yellow) with resolution in the x- and y-planes over short
times (< 5 min). (Scale bar, 1 mm)

2.4.5 Encapsulated Stem Cells Remain Viable and Metabolically Active within
Patterned and Non-Patterned Hydrogels

Hydrogel systems for cell culture or delivery must not only be cytocompatible,
but cells also must be able to withstand their polymerization conditions for
encapsulation within the matrix. PEG, the primary component of the materials
presented here, has been used in a variety of hydrogel systems owing to its bioinert
nature, providing a blank slate for the presentation of peptide sequences or whole

proteins to elicit specific cellular responses.” Furthermore, cells must be able to
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withstand multiple doses of UV light and radical initiator for the creation of
biochemical patterns within gels to direct cell behavior in three dimensions.

To evaluate the cytocompatibility of the initial polymerization conditions, we
encapsulated adult human mesenchymal stem cells, hMSCs, within non-degradable
gels (10 wt%, 2.2 mM LAP, 2 mM RGDS, 3000 cells/uL) polymerized for different
lengths of time. Specifically, based on our rheometric measurements, hydrogels were
polymerized for the minimum amount of time required to completely polymerize 10
and 12.5 wt% samples (1 minute) and in excess of the minimum amount of time to
polymerize 7.5 wt% samples (5 minutes). In addition, cell density was kept low to
promote primarily cell-matrix interactions and fully understand the limits of cell
viability in the system when encapsulating a dilute, single-cell suspension. Cell
viability and metabolic activity subsequently were evaluated 1 and 3 days after
polymerization to determine polymerization conditions appropriate for the initial
encapsulation and culture of cells, respectively.

A membrane integrity assay (LIVE/DEAD® Viability/Cytotoxicity Kit) of
cells encapsulated in gels (Figure 2.6 A) showed a higher percentage of living cells in
gels polymerized for 1 minute (87 + 2%) in comparison to 5 minutes (81 + 4%) at day
3 in culture. While decreased cell viability is observed for the 5 minute polymerization
condition, which could limit the use of gels with lower modulus in cell culture (e.g.,
7.5 wt%), viability can be rescued by adjustment of experimental parameters,
including increased cell—cell contact (i.e., controlling the density of encapsulated
cells),®* incorporating biomimetic peptides that promote additional cell-matrix

20,65

interactions, and lower initiator concentration (i.e., reducing concentration of

radicals during polymerization but at some cost to polymerization time).”* We
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increased the encapsulation density of cells in non-degradable gels polymerized for 5
minutes (3000 to 30,000 cells/uL) and demonstrated a corresponding increase in
viability (83 + 2% to 92 + 1%) (Supplementary Information, Figure 2.13).
Accordingly, cell encapsulation density can be adjusted as appropriate to support
viability and function depending on the experimental variables to be studied and
should be considered in experimental design when using this system.

The metabolic activity of cells, an indicator of cell viability and function, also
was monitored 1 and 3 days after encapsulation using CellTiter 96. Constant metabolic
activity over time was observed in the gels polymerized for 1 and 5 minutes over three
days (p > 0.05) (Figure 2.6 B). Initially (D1) the metabolic activity of the gels
polymerized for 5 minutes is statistically different (p < 0.05) from gels polymerized
for only one minute. However, by day 3, the metabolic activity of the gels
polymerized for 1 and 5 minutes is statistically similar (p > 0.05), indicating that the
initial effects of the polymerization are most apparent for longer irradiation time
periods but do not impact cell metabolic activity past the initial treatment. Here, the
short-term effects of encapsulation on cell survival appear minimal and similar to that
observed in other hydrogels formed by free radical initiation,”>* indicating that this
new hydrogel system could support cell culture or delivery in various experimental
applications.

Note that all conditions in the metabolic activity experiments presented above
were normalized to cells encapsulated in hydrogels with 1 minute of light exposure.
While normalization to encapsulated cells without UV exposure is desirable, the
hydrogel system presented cannot be easily formed without light. To assess any effect

of UV light alone on cell function, hMSCs were seeded in 96-well plates and
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metabolic activity monitored 1 and 3 days after exposure to UV. Light exposure did
not significantly affect hMSC metabolic activity at either D1 or D3 post-irradiation (p
> (.05, compared to no UV control) (Supplementary Information, Figure 2.14). This
result is consistent with the reports of others for single doses of UV light at 10
mW/cm?”.%

Toward utilizing this system for patterning gels with biochemical cues during
cell culture, we sought to establish relatively mild photopatterning conditions to
enable the application of multiple doses of light and radicals within 24 hours of
encapsulation. We first incubated gels with 2 mM free thiols prior to swelling in
serum-free and serum-containing, phenol red-free growth medium for 2 hours at 37
°C. Only 0.26 + 0.02 and 0.24 £+ 0.04 mM free thiols remained after incubation
indicating free thiol consumption at a rate much faster than 24 hours (Supplementary
Information, Figure 2.11); consequently, gels need to be incubated in PBS, rather than
culture medium, for photopatterning in the presence of cells. A balance must be struck
between allowing time for diffusion of the peptide and initiator into the gels while
minimizing the time that cells are incubated in PBS during this process. To address
this, we polymerized gels in geometries in which cell encapsulation experiments were
conducted (10 wt%, 20 pL gels in syringe tips) for 1 minute and placed them
immediately in the patterning solution (PBS containing 3 mg/mL RGDS ~3x excess to
SH and 2.2 mM LAP). Gels were incubated at 37 °C for 30 minutes or 1 hour and 30
minutes, times longer and shorter than the time estimated for diffusion of the

monomer to the center of the gel assuming Fickian diffusion (73 ~ 65 minutes):

2
ta= = Eq.23
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where L is half the thickness of the unswollen gel (~0.625 mm) and D the diffusion
coefficient (~10°cm?/s based on proteins of similar molecular weight as the RGDS
peptide).®” A second dose of UV light (1 minute) was applied to covalently link RGDS
within the hydrogel. As previously observed, free thiol concentration in gels
polymerized for 1 and 5 minutes (without patterning) was not statistically different (p
> (.05) and the patterned gels exhibit significantly lower concentrations of free thiols
post-patterning (p < 0.05 compared to that after 1 and 5 minute gel formation) at 0.30
+0.01 and 0.21 £+ 0.02 mM, respectively (Figure 2.6 C). These two photopatterning
conditions have statistically different thiol concentrations after polymerization (p <
0.05), suggesting that the peptide and initiator may not have fully penetrated the gel
during this incubation time. To test this hypothesis, gels (10 wt%, 20 puL in syringe
tips, 1 minute polymerization) were incubated with AF488RGDS (3 mg/mL) and LAP
(2.2 mM) in PBS for 30 minutes, 1 hour, and 1 hour 30 minutes, and exposed to UV
light for 1 minute to allow covalent attachment of the fluorescent peptide. Z-Stack
images through the entire gel depth (confocal) indicate consistent patterning of the
peptide through the gel depth for all conditions (Figure 2.6 D; Supplementary
Information, Figure 2.15). We speculate that the slight differences seen between the
thiol concentrations after patterning by Ellman's assay (Figures 2.5 B and 2.6 C) are
the result of small variations between batches of PEG-4SH monomer and hydrogels or
the relative excesses at which the cues were tagged (20x for proof-of-concept and 3 x
for patterning in the presence of cells).

To compare the effects of these photopatterning conditions on cell activity and
viability, cells encapsulated in non-degradable gels (3000 cells/uL, 1 minute UV

exposure) were incubated for 30 minutes or 1 hour 30 minutes in PBS containing
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RGDS and LAP and a second dose of UV light subsequently was applied for 1 minute.
Cell metabolic activity for these photopatterning conditions is statistically similar to
the 1 minute hydrogel formation condition at days 1 and 3 (p > 0.05), indicating that
exposure to multiple polymerizations (formation + patterning) has a minimal effect on
cell function (Figure 2.6 B). There appears to be a slight, but not statistically
significant, decrease in metabolic activity for each condition between days 1 and 3.
We hypothesize that this negligible decrease results from minor damage to cells in all
cases by the radically-mediated polymerizations, which shows up in reduced
metabolic activity at day 3. No statistical difference is observed between any condition
at day 3. Taken together, no specific effect of the photopatterning process is observed,
and the photopatterning conditions assessed here are appropriate for use in cell culture.
Finally, toward long-term culture of cells in patterned gels, hMSCs were
encapsulated in cell-degradable gels crosslinked with a MMP-cleavable peptide
sequence'® (GPQGIWGQ2alloc) and treated with 3 mg/mL RGDS and 2.2 mM LAP
in PBS for 1 hour (between the minimum and maximum incubation times tested for
photopatterning) before a second dose of UV light was applied to photopattern RGDS
within the network. After 6 days of culture, cells were stained with the LIVE/DEAD®
Viability/Cytotoxicity Kit and imaged on a confocal microscope to observe cell
viability and any spreading within the network. Viability greater than 90% was
observed and a few cells exhibited protrusions (Figure 2.6 E), indicative of adhesion to
and degradation of the matrix. Based on these results, this approach for cell
encapsulation and matrix photopatterning is promising for future studies to probe stem

cell-material interactions and direct cell function and fate in vitro.
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Figure 2.6: Encapsulated stem cells remain viable within patterned and non-
patterned hydrogels. A) Cells were mixed with PEG and peptide
monomers and encapsulated to demonstrate the utility of this material
system for cell culture in three dimensions. Cells stained green indicate
viable cells with intact membranes, whereas cells stained red indicate
cells with compromised cell membranes that are dead or dying.
Approximately 87 + 2 and 81 + 4 % of cells were viable after
encapsulation and culture for 3 days in 10 wt% gels (with respect to
PEG) polymerized for 1 and 5 minutes with 2.2 mM LAP. (Confocal
projection; Scale bar, 200 um) B) Metabolic activity of the encapsulated
cells also was assessed as a second measure of cell viability and function
in response to polymerization and short-term culture (normalized to the
gels polymerized for 1 minute 1 day after encapsulation). Various
encapsulation and photopatterning conditions were tested (I) 1 minute
encapsulation, (II) 5 minutes encapsulation, (IIT) 1 minute encapsulation
+ 30 minutes PBS/RGDS/LAP + 1 minute photopatterning, (IV) 1 minute
encapsulation + 1 hour 30 minutes PBS/RGDS/LAP + 1 minute
photopatterning. Condition II for day 1 is statistically different (p < 0.05)
from I, indicating that longer exposure times to UV and radicals can
initially affect viability. However, at day 3, conditions I and II are
statistically similar, indicating ‘recovery’ of the cells post-encapsulation.
The photopatterning conditions III and IV are statistically similar to I at
days 1 and 3; thus, incubation in PBS and a second dose of UV light do
not significantly impact cell function. C) Ellman’s assay was conducted
on hydrogels processed under conditions used in panel B (I, 11, III, and
IV). The initial encapsulation conditions I and II have statistically similar
free thiol concentrations, consistent with prior gel formation results. The
photopatterning conditions III and IV are statistically different from I and
11, indicating the ability to covalently attach peptides within the network
post-polymerization under mild conditions for cell culture. Further, III
and IV are statistically different from each other, suggesting that
photopatterning may be diffusion-limited in thicker gels used for cell
encapsulation. To evaluate this, D) gels incubated with 3 mg/mL
AF488RGDS and 2.2 mM LAP for 30 minutes were patterned with a
second dose of UV light for 1 minute. Uniform attachment of the
fluorescent cue is observed throughout the entire gel depth (~1.6 mm).
(Confocal z-stack; Scale Bar, 200 pm) E) Cells encapsulated in a MMP-
degradable hydrogel patterned with RGDS remain viable (> 90%) over 6
days in culture (top). Several encapsulated cells began to form
protrusions by day 6, characteristic of degradation and cell adhesion to
the matrix (bottom). (Scale bars, 200 um)
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2.5 Conclusions

In summary, we presented a novel hydrogel system formed by thiol-ene
photoclick chemistry through reaction of thiol-modified PEG and alloc-modified
peptides. Use of the LAP photoinitiator allowed rapid polymerization with
cytocompatible doses of UV light and the formation of hydrogels with appropriate
mechanical properties to mimic soft tissues. These hydrogels remain stable in cell
culture conditions and encapsulated cells are viable within the network. Biochemical
cues were selectively patterned within the gels to demonstrate spatial control over
matrix properties, and cells remained viable. Further, the monomers used in the design
of this system may be synthesized using established protocols or commercially
purchased, making the material accessible for the facile and consistent formation of
robust hydrogels to mimic the ECM. In the future, this base material may be used with
orthogonal click chemistries to allow control over biochemical and biomechanical
properties over days to weeks to study cell response to changes in the surrounding
environment and provides a useful platform to adapt for a variety of biomaterials
applications, including cell culture, tissue engineering, and drug delivery. Specifically,
toward application in culture and directing hMSC fate, gels could be patterned with
individual or multiple biochemical cues in spatially defined regions to drive cellular

processes, including adhesion, migration, proliferation, or differentiation.®>*
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Figure 2.7:

"H NMR of product and intermediates in PEG4SH synthesis in
DMSO. A) The hydrogen on the hydroxyl group of the initial PEG 20k
monomer is identified at 4.6 (m, 1H). B) After reaction with allyl
bromide, the hydroxyl peak on the PEG disappears and allyl ether peaks
appear at 5.1-5.2 (m, 1H), 5.2-5.3 (m, 1H), and 5.8-5.9 (m, 1H),
respectively. C) Conversion of the PEG-4-allyl ether (PEG4AE) to PEG-
4-thioacetate results in the disappearance of allyl ether associated peaks,
replaced by a peak at 2.3 (s, 3H), corresponding to the methyl group on
the thioacetate. D) After final conversion of PEG-4-thioacetate, the
product PEG-4-thiol (PEG4SH) was confirmed by the presence of a peak
at 2.3 (m, 1H) indicating the hydrogen on free thiol groups. This peak has
the same shift as that of the thioacetate peak, but is a multiplet and
corresponds to one hydrogen.
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Figure 2.8:

HPLC traces, MALDI-MS, and ESI-MS spectra for the purification
and identification of synthesized peptides. A) The major peak observed
with HPLC (left) was collected for the purification of
K(alloc)RGKGRKGK(alloc)G (RGKGRK2Alloc) crosslinker peptide.
The final product was confirmed by MALDI-MS (MW = 1282 g/mol,
N’-terminus acetylation). B) The major peak observed with HPLC (left)
contains AF488-AhxWGRGDSK((alloc)G (AF488RGDS). The crude
product was analyzed by ESI-MS (MW = 1059 g/mol). Note that the
molecular weight is for AhxWGRGDSK(alloc)G because the

AF488 AhxWGRGDSK(alloc)G is a minor species (approximately 1 for
every 220 AhxWGRGDSK(alloc)G). C) The major HPLC peak (left) for
the pendant K(alloc) GWGRGDS (RGDS) was analyzed by ESI-MS and
the final product confirmed. (MW = 946 g/mol). D) The major HPLC
peak (left) analyzed by ESI-MS (right) confirmed the synthesis of
KK(alloc)GGPQG | IWGQGK(alloc)G (GPQGIWGQ2alloc, MW = 1680
g/mol, N’-terminus acetylation). E) The major HPLC peak (left) of
K(alloc)GKGWGKGK(alloc) (GKGWGKG2alloc) was analyzed by ESI-
MS to confirm synthesis of the final product (MW = 1213 g/mol, N’-
terminus acetylation). F) The HPLC peak (left) of CGKGWGKGCG
(GKGWGKG2SH) was analyzed by ESI-MS and the final product
confirmed (MW = 952 g/mol).
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Figure 2.9:

"H NMR of lithium acylphosphinate initiator in D,O. Peaks labeled 1-
6 are identified on the NMR spectra corresponding to hydrogens on each
ring of the initiator.
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Figure 2.10: Polymerization of thiol—ene hydrogels with various peptides and
functionalities. Hydrogels (10 wt%) were polymerized with different
initial monomer solutions to investigate the effects of peptide sequence
and functionality on polymerization rate. The highly charged
RGKGRK?2alloc crosslinking peptide exhibits the fastest polymerization
when reacted with PEG4SH. The PEG2SH crosslinking molecule, when
reacted with PEG4AE, exhibits a slower polymerization than
RGKGRK?2alloc with PEG4SH, which may be due to either the lack of
charge in the reacting monomers or the change of the reacting functional
groups. Finally, the GKGWGKG2SH peptide with PEG4AE exhibited
the slowest reaction, with the modulus continuing to slowly increase at 6
minutes. This reaction may be partly affected by functional group
chemistry as well as disulfides, as the moduli (normalized here to the
final modulus at 6 minutes) were an order of magnitude lower than the
other gel conditions tested and the modulus appeared to continue to
increase slowly over time. Ellman’s assay was used to measure free thiols
in the peptide stock solution to insure 1:1 stoichiometry and total peptide
concentration also was checked with absorbance at 280 nm; however,
this decreased polymerization rate and modulus were consistently
observed.
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Figure 2.11: Ellman’s assay to determine free thiol concentration in hydrogels

over time in cell culture medium. A) Hydrogels incubated in growth
medium for 3 days were analyzed by Ellman’s assay to determine if
culture conditions affected temporal addition of biochemical cues. After
3 days in culture medium, only trace thiols were detected in the
‘Untreated’ condition by Ellman’s assay (< 0.01 mM), indicating the
formation of disulfide bonds over time. To test the hypothesis that
disulfides were forming, TCEP, a strong reducing agent, was added to the
samples and free thiol concentrations were found to be 1.54 £ 0.09 mM,
indicating that extensive disulfide formation occurred during incubation
with cell culture medium. In the literature, LAP has been shown to cleave
disulfide bonds in disulfide-bonded PEG-tetrathiol hydrogels, and we
wanted to determine if this could be applied in a PEG-peptide system.*
Samples were incubated with LAP and irradiated with UV light. A
slightly higher concentration of free thiols was present after irradiation
with light (0.07 £ 0.01 mM); however, this concentration would not be a
sufficient for the addition of biochemical cues to direct cell function. In
future studies, orthogonal click chemistries will be investigated to allow
long-term temporal control over biochemical properties. B) Hydrogels
incubated in serum-free and serum-containing phenol red-free cell culture
medium for 2 hours have decreased thiol concentrations (0.26 + 0.02 and
0.24 + 0.04 mM), indicating rapid consumption of free thiols in culture

medium and that photopatterning must be performed immediately in
PBS.
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Figure 2.12:

Discrete time lapse of photopatterned hydrogels in the presence of
Ellman’s reagent. A photopatterned hydrogel was incubated with
Ellman’s reagent, and imaged at 1, 2, 5, and 10 minutes to monitor
diffusion of the yellow TNB* ion through the sample. At 1 and 2
minutes, unpatterned regions are vibrant yellow; however, as time
increases to 5 minutes, the pattern becomes less resolved and eventually
disappears by 10 minutes. Samples should be imaged immediately for the
best resolution of patterns. (Scale bars, 200 pm)
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Figure 2.13:

Cell encapsulation and viability at different seeding densities. A)
Viability of cells encapsulated in 10 wt% hydrogels at 3000 (left) and
30000 (right) cells/uL was determined 3 days after encapsulation. Live
(green) and dead (red) cells were identified with a LIVE/DEAD®
Viability/Cytotoxicity Kit. (Scale bars, 200 um) B) Approximately 83 +
2% of cells remain viable in gels with 3000 cells/uL, whereas a
statistically higher percent of cells (p < 0.05) remain viable in gels with
30,000 cells/uL at 92 + 1%.
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Figure 2.14: Metabolic activity of cells treated with UV light in 2D. Cells seeded on
plates were treated with UV light for 1 minute. Metabolic activity was
monitored 1 and 3 days after treatment (D1 and D3) to determine the
potential effects. All absorbances were normalized to the “No UV”
condition at D1. Exposure to UV light alone does not have an apparent
effect on metabolic activity (p > 0.05) when compared to the “No UV”
condition. Further, an increase in metabolic activity is seen at D3,
indicating that the cells are able to recover from (and potentially
proliferate after) exposure.
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Figure 2.15:
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Whole gels patterned with AF488RGDS to determine depth of
diffusion and patterning. Gels (20 pL) were incubated with
photopatterning solution (3 mg/mL AF488RGDS, 2.2 mM LAP, PBS)
for A) 30 minutes, B) 1 hour, and C) 1 hour 30 minutes, before applying
a second dose of UV light for 1 minute. Confocal imaging through the
gel depth indicates attachment and uniform patterning of the fluorescent
peptide. (Scale bars, 200 um) D) The relative intensity of the fluorophore
for all three conditions is approximately the same (within noise),
indicating that the incubation times are sufficient to achieve uniform
patterning throughout the gel. The decrease in intensity at 0 pm indicates
the bottom of the gel has been reached (also seen in A-C, where the
image is darker).
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Chapter 3

NEW APPROACHES FOR THE ANALYSIS OF CELL-SECRETED
PROTEINS WITHIN SYNTHETIC EXTRACELLULAR MATRICES

3.1 Abstract

Cells interact with and remodel their microenvironment by degrading and
replacing structural proteins and secreting soluble factors which signal other cells in
the microenvironment to respond (e.g., recruitment to wounded or diseased tissue).
Synthetic material scaffolds have been developed by researchers to investigate how
cells behave within a well-defined in vitro culture environment to identify critical
factors that drive function and fate. However, it is poorly understood how cells
remodel these initially well-defined matrices, which may alter behavior and response.
Here we developed techniques to identify large proteins deposited within
poly(ethylene glycol) (PEG)-based hydrogel scaffolds and soluble factors secreted into
culture medium. Specifically, human mesenchymal stem cells (hMSCs) cultured
within PEG hydrogel scaffolds were decellularized, proteins were isolated by
degradation of the hydrogel, and PEG macromer was separated from the digested
protein sample (peptides) via spin column. Shotgun proteomics via HPLC with
MALDI-MS identified large proteins fibronectin and collagen VI, which were
confirmed by immunostaining. Luminex® assays performed on medium collected
from hMSCs during culture identified secreted soluble factors (VEGF, IL-8).

Together, these techniques may be used in future applications to study changes in
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secreted proteins in response to different microenvironments or proteins secreted by

other cell types within synthetic scaffolds.

3.2 Introduction

The extracellular matrix (ECM) of native tissue is a complex milieu of
chemical and physical factors surrounding cells that directs their function and fate in
vivo.! Large insoluble proteins (e.g., collagen, fibronectin, laminin, elastin),
proteoglycans (e.g., heparin sulfate) and polysaccharides (e.g., hyaluronic acid)
provide structure and binding sites that supports cells and allows their interaction with
the ECM.>* Cells remodel the ECM by secretion of enzymes (e.g., matrix
metalloproteinases) that degrade existing protein structures, deposit new insoluble
proteins to rebuild the structure, and also secrete small soluble proteins that drive
additional cellular function and recruit additional cell types that further remodel this
environment.”’ Toward understanding cell behavior in native tissue ECM, three-
dimensional (3D) scaffolds have gained interest in recent years to identify key cell-
ECM interactions that drive response and fate.*” In particular, synthetic material
scaffolds, often made from polymers (e.g., poly(ethylene glycol) (PEG), poly(ethylene
oxide), poly(caprolactone))'® and modified with chemical factors (e.g., peptides
mimicking ECM proteins), offer a higher degree of tunability so that the effects of
individual or multiple chemical and physical factors may be de-coupled, allowing
enhanced interpretation of response.'’ While synthetic scaffolds are initially well-
defined, cells remodel these microenvironments, as in native tissue, by depositing
insoluble ECM proteins and secreting soluble chemical factors for network
remodeling and cell-cell signaling. These cell-secreted proteins may dynamically alter

cell response observed in synthetic scaffolds by adding to or masking binding sites
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presented within the initial matrix, thus their identification will help in characterizing
cell response in vitro. Proteomics-based techniques allow analysis of complex
mixtures of proteins and may be used to identify critical factors that cells secrete
within their microenvironment in processes like wounding, aging, and disease.'* '

Various proteomics techniques have been developed to identify proteins
secreted by cells in vivo and in vitro. Electrophoresis techniques (2D-PAGE, 2D-
DIGE) allow the separation of complex mixtures of proteins by mass and charge for
subsequent analyses (gel imaging software or mass spectrometry) and protein
identification.'” In particular, 2D-PAGE has been a foundational tool for proteomics
research, described in numerous applications including identification of proteins
associated with wound healing, cancer, and drug discovery.'®*° Other separation
techniques such as liquid chromatography (HPLC) have been used in tandem with
mass spectrometry (ESI, MALDI-TOF) to identify proteins in mixed samples." This
technique offers more rapid and inexpensive analysis of a proteome when compared to
2D-PAGE, but some of the complexity of protein structures may be lost if samples are
digested prior to separation by LC for shotgun proteomics techniques.”’ More recently,
high-throughput techniques have been developed and utilized for the detection of
proteins including ELISA microarrays and multiplex microbead assays.** >

Despite the range of tools available to conduct proteomic analyses, analysis of
proteins secreted into synthetic 3D microenvironments is largely limited to
immunostaining-based techniques or chemical assays that require some initial
knowledge of what cells are secreting into their microenvironment. Adelow, et al.

demonstrated the production of the ECM proteins laminin, collagen I, and elastin by

human mesenchymal stem cells (hMSCs) and smooth muscle cells (SMCs) via
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immunostaining in a degradable PEG hydrogel scaffold for tissue regeneration.* Liao,
et al, also reported the synthesis of collagen and elastin by vocal fold fibroblasts
within a PEG-diacrylate network, observed with immunohistochemical staining and
quantified by measurement of hydroxyproline content, ninhydrin assays, and ELISA.*’
Immunostaining and ELISA require the selection of specific antibodies, while
ninhydrin and hydroxyproline assays only provide a quantitative measure of the
amount of protein in a sample. Thus, the identification of complex mixtures of
unknown proteins secreted by cells within synthetic scaffolds remains challenging.
Here, we aimed to develop a set of useful techniques to identify how cells
remodel synthetic material scaffolds (Figure 3.1). hMSCs were encapsulated within a
well-defined, and tunable PEG-based hydrogel matrix previously described by our
group.”®* After culture, gels were decellularized to remove some cellular structures
and leave behind larger proteins for subsequent analysis. Shotgun proteomics and
immunostaining were used to identify and confirm the presence of proteins secreted
within networks. Additionally, we investigated soluble factors that are secreted into
culture medium, via Luminex® assays. The results of these studies are promising
toward understanding cellular remodeling of synthetic microenvironments and
identifying secreted factors that may drive additional cell response. These techniques
and assays can be adapted to investigate numerous other cell lines cultured within
well-defined hydrogel-based models of the ECM. Additionally, information gained
from protein analysis may be used in the intelligent design of new scaffolds for cell
culture, where proteins secreted by one cell type may be incorporated within another

synthetic scaffold used to culture a second cell line and drive response.
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Figure 3.1: A multi-step approach to identify proteins secreted by cells cultured
within synthetic material scaffolds. Cells (hMSCs) are encapsulated
within a well-defined synthetic scaffold made from a crosslinked network
of polymer and peptide macromers (i, ii). Cells remodel this
environment, secreting large, insoluble proteins and small soluble factors
that assist in cell-cell signaling (iii). Here, we describe the use of
Luminex® assays to identify soluble factors and a shotgun proteomics
technique, coupled with immunostaining, to identify large proteins
isolated from hydrogel scaffolds (iv, v).

3.3 Materials and Methods

3.3.1 Preparation of Hydrogels

Macromers to form hydrogels, the inert polymer “backbone” 4-arm
poly(ethylene glycol) thiol (PEG4SH, 20 kDa MW), enzymatically-degradable
crosslink Ac-KK(alloe)G[GPQG | IWGQ]GK(alloc)K (Pep2Alloc), and pendant
peptide K(alloc)GWGRGDS (fibronectin/vitronectin mimic, RGDS), were

28,29 . .
d.”®*” Macromers were dissolved in Dulbecco’s

synthesized as previously describe
phosphate buffered saline (DPBS) supplemented with 1% penicillin/streptomycin (PS,
Invitrogen), and 0.5 pg/mL fungizone (FZ, Invitrogen). Solutions of macromers were
mixed at 6 wt% (w/v) PEG4SH, 2 mM RGDS, and stoichiometric ratios of Pep2Alloc
(final [SH] = [Alloc]) and polymerized for 1 minute under light at 365 nm and 10

mW/cm?,
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3.3.2 Cell Culture and Encapsulation

hMSCs (Lonza) were maintained in low glucose (1 g/L) Dulbecco’s Modified
Eagle Medium with sodium pyruvate (DMEM, Invitrogen) supplemented with 10%
fetal bovine serum (FBS, Invitrogen), 1% PS, 0.5 pg/mL FZ, and basic fibroblast
growth factor (FGF-2, Peprotech). Cells were passaged or collected for encapsulation
or Luminex® experiments at 70-80% confluency.

For encapsulation experiments, hMSCs at P6 were collected, counted
(hemocytometer), and re-suspended in hydrogel precursor (5000 cells/puL). To make
gels for decellularization and shotgun proteomics, 10 pL. gels were prepared by
pipetting cell/macromer solution into the tip of a sterile, cut syringe and polymerized
for 1 minute with collimated light at 365 nM and 10 mW/cm” (Exfo Omnicure Series
2000). For immunostaining experiments, gels were prepared by polymerizing 15 pL of
hydrogel precursor (cell-free) in the tip of a sterile, cut syringe to form a base. 5 uL.
cell/macromer solution was polymerized with a second dose of light to form a top
layer (final gel volume 20 pL). A live/dead viability/cytotoxicity assay, was also
performed on cells encapsulated for 1 and 10 days to confirm viability as previously
described for hMSCs cultured within these hydrogels (Supplementary Information,

Figure 3.6).*

3.3.3 Decellularization and Degradation of Protein Samples for Proteomic
Analysis

Proteins from hMSCs cultured for 10 days in hydrogels were isolated through

adaptation of a decellularization technique (for generating a fibronectin matrix)***' t

0
our 3D hydrogel scaffolds. Washing and lysis buffers were prepared fresh in deionized
water: buffer 1(100 mM Na,HPO, at pH 9.6, and 2 mM MgCl,, 2 mM EGTA), lysis

buffer (8§ mM Na,HPOy4 at pH 9.6 and 1% NP-40), and buffer 2 (300 mM KCI and 10
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mM Na,HPOj at pH 7.5). Hydrogels were rinsed 2 x 15 min with DPBS to remove
culture medium. Subsequently, gels were treated 2 x 15 min with buffer 1, 1 x 30 min
plus 1 x 60 min with lysis buffer, 2 x 15 min with buffer 2, and 4 x 15 min deionized
water to remove cellular structures from the gel. Subsequently, decellularized gels
were degraded with collagenase (Thermo Fisher, 50 U/mL in Hank’s Balanced Salt
Solution HBSS) for 1 hour at 37 °C and lyophilized for subsequent treatments to run

proteomic analyses (Figure 3.2 A).

3.3.4 SDS-PAGE to Separate Proteins in Samples Collected from Plates

To determine if proteins from within hydrogels may be isolated via SDS-
PAGE for proteomic analysis with an automated in-gel digestion method,** a mixture
of proteins (Table 3.1) or a molecular weight ladder (10-250 kDa, Bio-Rad) were
encapsulated in hydrogels. The following controls and conditions were loaded after
treatment: @) molecular weight ladder (2-212 kDa, New England Biolabs); b)
molecular weight ladder (Bio-Rad) ¢) protein mixture, lyophilized d) encapsulated
molecular weight ladder (2 pL, Bio-Rad), whole gel; e) encapsulated protein mixture,
whole gel; and f) encapsulated protein mixture, gel degraded with collagenase (3
U/mL in HBSS), sample passed through 50 kDa spin column (EMD Millipore), top

fraction retained and lyophilized.
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Table 3.1:

Protein mixture for encapsulation within hydrogels to test protein

isolation from PEG hydrogels with SDS-PAGE.

Protein Molecular Weight (kDa) Mass in Gel/Lane (ng)
Fibronectin 220 5

Lactoferrin 80 1.25

Bovine Serum Albumin | 66.5 0.62

Myoglobin 16.7 10

Aprotinin 6.5 5

For SDS-PAGE, running buffer (57.6 g Glycine, 12 g Tris, 2 g SDS, filled to 2
L in DI water), destain buffer (200 mL Methanol, 140 mL Acetic Acid, filled to 2L in
DI water), and sample buffer (50 pL 3x SDS Sample Buffer and 5 uL. 30x
dithiothreitol [DTT] Reducing Agent) were prepared. Dry protein from sample
conditions ¢ and f'was reconstituted in DI water (~0.1 mg in 100 uL) and sample
buffer (50 uL) was added to all samples and molecular weight ladders. Samples were
heated for 5 min at 95 °C and loaded into lanes of the gel. The gel was placed in an
SDS tank and 150 V applied until the blue dye front moved through the gel. After
separation, the gel was removed from the SDS tank and rinsed in DI water for 5
minutes. The gel was incubated with SYPRO® Ruby Protein Stain for 3 hours and
washed 3x with destain buffer, allowing the last wash to occur overnight. The gel was

scanned and imaged to observe separation of the proteins from samples.

3.3.5 Shotgun Proteomics to Identify Proteins Isolated from Hydrogels
Shotgun proteomic analyses were performed as by Valente, et al.*> with some
modifications described below. Briefly, lyophilized gel samples were reconstituted in

25mM ammonium bicarbonate (Fisher Scientific) prior to incubation with 100mM
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dithiothreitol (BioRad), 150mM iodoacetamide (Sigma Aldrich), and trypsin
(Promega) digestion. Digested samples were acidified with formic acid (Thermo
Fisher) and loaded onto 10 kDa MWCO spin columns (EMD Millipore) to separate
peptides from PEG. Peptides were desalted using C18 OMIX tips (Agilent) per
manufacturer’s instructions.

Low pH RP-HPLC was carried out as described’® on a Tempo LC-MALDI
Spotter (ABSciex) with an acetonitrile gradient in 0.1% trifluoroacetic acid (Fisher
Scientific) over a 110 minute program. Eluate was deposited onto MALDI target
plates every 10 seconds with alpha-cyano-4-hydroxycinnamic acid matrix (HCCA,
Sigma Aldrich) spiked with an adrenocorticotropic hormone fragment (Sigma Aldrich)
(Figure 3.2 B).

MALDI mass spectrometry was performed with 1000 laser shots per spot over
a mass range of 800-4000 m/z with internal calibration. Up to 15 peaks above
signal/noise 20 were selected per spot for MSMS. MSMS data were acquired with
2000 laser shots per precursor and submitted to Protein Pilot software (v4.5, ABSciex)
for database searches, using the Paragon algorithm (ABSciex), against the homo
sapien taxonomy of NCBInr (download date 6/13/14). Accession numbers of
hypothetical and unnamed proteins were BLAST searched to identify potential

matches.
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Figure 3.2: Shotgun proteomics sample preparation workflow. A) hMSCs are
cultured in gels (i) and deposit cells within the network (ii). At selected
time points, samples are treated with washing and lysis buffer to remove
major cellular compartments, leaving large proteins entrapped within the
hydrogel (iii). Gels are degraded with collagenase and samples
lyophilized prior to protein digest (iv). B) Lyophilized proteins (v) are
degraded with seq-grade trypsin (vi) overnight. PEG/peptide fragments
from hydrogels were removed via 10 kDa MWCO spin columns (vii, red)
and the bottom fraction containing peptide fragments from digested
proteins was retained. The sample was desalted, run through RP-HPLC,
and deposited every 10 s (mixed with HCCA) onto a MALDI target (viii)
for subsequent identification via mass spec analysis and database
searches.

3.3.6 Immunostaining for Large Proteins in Hydrogel Scaffolds

Collagen VI (mouse, DSHB Hybridoma Product 5C6; deposited by Engvall,
E.S.), fibronectin (mouse, Abcam), and vimentin (rabbit, Abcam) antibodies were
selected to confirm the presence of intracellular (vimentin) and extracellular (collagen
IV, fibronectin) proteins identified in proteomic analyses. Blocking and

permeabilization solutions were prepared fresh: BPSolnl (3% w/v bovine serum
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albumin/BSA + 0.05% v/v Triton-X in DPBS) and BPSoIn2 (5% BSA w/v + 0.1% v/v
Triton-X in DPBS). hMSCs cultured 10 days in hydrogels (15 puL base + 5 puL cell
suspension on top) were rinsed of culture medium for 2 x 5 min with DPBS and fixed
in 4% paraformaldehyde in DPBS for 15 minutes. After fixation, samples were
washed 1 x 5 min DPBS and 2 x 5 min BPSoln1. Gels were incubated 1 hour at room
temperature with BPSoln2 to block and permeabilize prior to incubation overnight at 4
°C with primary antibodies (Collagen VI, 10 pg/mL; Fibronectin, 10 pg/mL;
Vimentin, 1 pg/mL) in BPSoln2. After primary antibody incubation, gels were rinsed
3 x 1 hour in BPSoln1 and secondary antibodies incubated overnight at 4 °C in
BPSoln2 (Phalloidin, Sigma Aldrich, 1:250 dilution; Goat-anti-mouse AF488, Thermo
Fisher, 1:300 dilution; Goat-anti-rabbit AF488, Thermo Fisher, 1:300 dilution). After
secondary antibody incubation, samples were rinsed 3 x 45 min in BPSoln1 followed
by 1 hour incubation with DAPI (DAPI, Thermo Fisher, 700 nM in DPBS) and 3 x 30
min rinses in DPBS. Samples were stored at 4 °C, protected from light, until imaging

on a Zeiss LSM 800 confocal microscope (z-stacks, 100 images per stack, 2 um

spacing).

3.3.7 Collection of Culture Medium for Luminex® Assays

For Luminex® experiments, forty-eight hours prior to seeding, hMSCs at P6
were fed with medium without FGF-2 so that it was not present in the assay. Cells
were collected, counted, and seeded at 10000 cells/cm” in 6 well plates (n = 3 wells)
and fed every 48 hours during culture. After 8 days in culture, media was collected
and centrifuged (1000 rpm, 5 min) to remove any cell debris. Samples were aliquotted

and stored at -20 °C until assayed (Figure 3.3).
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3.3.8 Luminex® Multiplex Analysis of Secreted Cytokines

A Luminex® assay (EMD Millipore) was selected containing vascular
endothelial growth factor (VEGF), endothelial growth factor (EGF), basic fibroblast
growth factor (FGF-2), interleukin 8 (IL-8), tumor necrosis factor alpha (TNF-a), and
platelet-derived growth factor AB/BB (PDGF AB/BB) analytes. Assays were
performed following standard instructions provided by EMD Millipore as briefly
described below.

On the first day of the Luminex® assay, the human cytokine standard (10000,
2000, 400, 80, 16, and 3.2 pg/mL), media samples from cell culture, and “blank”
media samples were incubated in the provided 96-well plate with pre-mixed
Luminex® beads. After overnight incubation, allowing the factors present in the
standard and samples to bind with analytes on the bead surface, samples were
removed and detection antibodies and streptavidin-phycoerythrin were added to the
beads (1 hour). The 96-well plate was run through the Luminex® system to detect
beads bound with analytes (Figure 3.3).

Data analysis was performed using the XPONENT Software with a 5-
parameter logistic. The standard curves for each analyte were qualified by visual
inspection, comparison of the net mean fluorescence index (MFI) values, the standard
deviation of points, and percent recovery. Specifically, standard curves for each
analyte were visually inspected for any abnormal curve fits (e.g., plateauing,
bottoming out, duplicate standard separation) and the appropriate standards removed;
net MFI values that were too close to those of the background were invalidated; and
points with percent recovery outside 75-125% were also invalidated (Supplementary
Information, Table 3.4). Analyte concentrations were determined after validating the

standard curves for each analyte.
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Figure 3.3: Luminex® Assay workflow. hMSCs cultured on plates secrete proteins
into culture medium (i). Medium is collected at selected time points,
centrifuged to remove debris (ii), and stored at -20 °C until assay. Media
samples are incubated with Luminex® beads overnight, allowing analyte
attachment (iii). After overnight incubation, detection antibodies are
added and samples are passed through a Luminex® 200 system to
identify analytes and detect their concentrations (iv).

3.4 Results and Discussion

3.4.1 Large Proteins Secreted within the Matrix Isolated and Identified
Identification of large proteins secreted by cells within synthetic scaffolds
presents a unique challenge toward understanding cell behavior and response in vitro.
First, these proteins add to the complexity of the pre-defined synthetic
microenvironment and may alter the response of cells as additional binding sites are
made present or as binding sites from peptides initially within the matrix are masked.

Additionally, identification of these proteins within scaffolds may help with intelligent
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design of new scaffolds as peptides mimicking these proteins may be synthesized and
incorporated. We have developed a PEG-based hydrogel scaffold with tunable
biomechanical and chemical properties for cell culture applications to identify key
factors in the ECM that drive cell function and fate;”®* however, little is known about
how cells remodel this environment.

Toward development of techniques to identify large proteins present within
synthetic microenvironments, we adapted three previously-described techniques for
proteomics analyses to isolate and identify proteins secreted within our 3D PEG-based
hydrogels: i) SDS-PAGE for the isolation of proteins for MALDI-MS, ii) Shotgun
proteomics by HPLC coupled with MADLI-MS, and iij) immunostaining select

proteins of interest.

3.4.1.1 SDS-PAGE to Isolate Proteins from PEG Hydrogels

SDS-PAGE is a technique that has been previously used to separate proteins
secreted by cells during culture for subsequent proteomic analysis. One benefit with
the use of SDS-PAGE to isolate proteins is the preservation of the whole protein,
which may provide additional information on the protein function. We first aimed to
isolate proteins encapsulated within hydrogels with minimally destructive techniques
and run SDS-PAGE.

PEG-SDS interactions present a challenge for application of the technique to
separate proteins from PEG-based hydrogels. Zheng, et al. demonstrated that the
separation of PEGylated proteins with SDS-PAGE smeared and broadened gel bands
while native PAGE permitted a clear separation of proteins.’* However, native PAGE
is dependent on both protein mass and charge, thus separation of protein mixtures such

as those deposited within hydrogel networks proves difficult. To address the issue
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with PEG-SDS interaction, we investigated whole gel loading and removal of PEG
from samples prior to loading.

Here, we encapsulated a mixture of proteins of different molecular weight
(Table 3.1 and Figure 3.4, iii) and a molecular weight ladder (Figure 3.4, 1) within
PEG-based hydrogels to determine if they might be isolated via SDS-PAGE. For our
first condition, whole gels loaded with proteins were soaked with SDS and loaded into
a lane. We hypothesized that the covalent crosslinks between PEG and peptide
macromers would prevent some of the issues with SDS-PEG interactions (micelle
formation) and that the mesh/pore size® of hydrogels would permit the migration of
proteins into the PAGE gel lane. After mixture and heating with SDS sample buffer,
gels were loose, indicating that some interactions with SDS had occurred. Whole gels
were loaded into single lanes (Figure 3.4, i and ii). We observed spreading and
smearing of bands, supporting our observation that SDS-PEG interactions had
occurred. The second condition we investigated was the encapsulation of proteins
within hydrogels, degradation of the hydrogel with collagenase, and removal of
PEG/peptide hydrogel macromers from the protein sample with a spin column (50
kDa). Two drawbacks of this technique are that collagenase will degrade collagen,
known to be secreted by hMSCs, and any proteins or collagen peptide fragments
below 50 kDa will be removed with PEG/peptide macromers (~20 kDa MW). We still
observed spreading and smearing of bands in this condition (Figure 3.4, iv), indicating
that PEG remained in samples after removal with spin columns, which we hypothesize
may be fragments of hydrogel that were not degraded or were connected with the
encapsulated proteins. With this information, we chose to pursue alternate options for

the identification of large proteins secreted by cells within hydrogels, namely a
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shotgun proteomics technique and immunostaining to confirm protein identification as

described in the next two sections.
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Figure 3.4: SDS-PAGE on protein samples and molecular weight ladders
encapsulated in synthetic hydrogels. To test if proteins may be
separated from gels by electrophoresis, a protein mixture (iii, Table 3.1)
and a molecular weight ladder (1) were encapsulated in PEG-based
hydrogels. Whole gels containing the molecular weight ladder (i) and
proteins (ii) were loaded directly into lanes after treatment with SDS
sample buffer. Gels softened with the addition of SDS and bands were
smeared indicating interactions with SDS affected the separation.
Removal of PEG from protein samples prior to loading was also tested.
Specifically, the mixture of proteins was encapsulated in a hydrogel,
hydrogels were degraded with collagenase, and PEG/peptide macromer
fragments were removed with a spin column (50 kDa MWCO) with the
top fraction containing proteins retained. The lane containing degraded
sample (iv) was smeared, indicating that some amount of PEG remains
after use of a spin column. Note that two molecular weight ladders (1, 2)
were loaded in case interference from neighboring lanes due to PEG-SDS
interactions occurred. Data collected by Leila Choe.
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3.4.1.2 Shotgun Proteomics Identifies Proteins Secreted by hMSCs within PEG
Hydrogels

Numerous proteomics techniques to identify proteins secreted by cells are
available, however, selection of an appropriate method can prove challenging due to
sample type and complexity.'*~® Shotgun proteomics permits the analysis of complex
mixtures of proteins with little information about the protein composition prior to
analysis. We selected this technique partly because of the challenges associated with
isolation of proteins from PEG-based hydrogels.

Whole proteins entrapped within synthetic scaffolds are difficult to isolate due
to the high abundance of polymers relative to protein and entanglements of polymers
with proteins. Additionally, the removal of the polymer is required to prevent potential
interference with mass readings (e.g., increased molecular weight of proteins due to
PEG-protein entanglements). We have incorporated a matrix metalloproteinase
(MMP)-degradable peptide crosslink to permit cell-driven degradation within our
hydrogel networks; however, we can also selectively degrade gels by cleavage of this
peptide upon the exogenous application of enzymes. With this, gel degradation and
PEG removal may easily be incorporated into the workflow for shotgun proteomics as
previously described.”

To isolate proteins, we initially degraded gels with collagenase and lyophilized
the samples in preparation for tryptic digest. After digest, samples containing
PEG/peptide gel macromers and cell-secreted peptides were separated via spin column
(10 kDa MWCO) allowing cell-secreted peptide fragments to pass through while
removing trypsin (MW ~ 23 kDa), collagenase (MW ~ 68-130 kDa), and PEG/peptide
macromer fragments (MW > 20 kDa). The bottom fraction was retained and run

through RP-HPLC and spotted with 4-HCCA onto a target for MALDI-MS analysis
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and protein identification (Abbreviated Results, Table 3.2; Full Results,
Supplementary Information, Tables 3.5 and 3.6). It is important to note that protein
identification was performed on sample from two gels and only high confidence
matches (>95% confidence, >1.85 contribution) are reported from searches. Thus,
only the most highly expressed proteins within samples were identified. In future
work, a larger numbers of samples (higher total protein content) or more sensitive
methods may permit the identification of additional proteins present in samples.
Collagen VI and fibronectin, which have previously been identified in hMSC

3749 were found within our synthetic scaffolds, indicating that the techniques

culture,
described allowed isolation and identification of large ECM proteins at low sample
concentration. While we are primarily interested in the identification of large ECM
proteins, vimentin and other intracellular proteins also were identified. We
hypothesize that due to the relatively small pore size and hMSC spreading within PEG
hydrogel networks, not all of the cellular proteins wash out of the gel during and after
decellularization. Here, the detergent NP-40 was used to decellularize scaffolds and
allow removal of nuclear components,’' but alternate techniques for decellularization®'
to remove cytoskeletal components (e.g., actin, vimentin) could be investigated in
future studies if intracellular protein removal is desired. However, with the relative
ease of sample preparation (decellularization and degradation), straightforward
incorporation into existing shotgun proteomics workflow, this technique is promising
for the identification of proteins secreted by other cell types or in response to
extracellular stimulus (e.g., peptides that promote binding to networks, addition of

cytokines) within synthetic microenvironments. Additionally, the identification of

both large intra- and extracellular proteins permits an additional handle on the analysis
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of cell behavior within 3D scaffolds, where proteins associated with a mesenchymal
phenotype (vimentin) and several associated with differentiation (collagen VI, actin,

fibronectin, tubulin), may indicate that the hMSCs cultured here were undergoing

. 4244
chondrogenesis.

Table 3.2:  Abbreviated table of results for proteins identified by shotgun

proteomics. Hypothetical protein (gi|31874109) was determined to be
fibronectin via BLAST search (Supplementary Information, Table 3.6).
Other unnamed and hypothetical proteins (gi|189053217; gi|21739834)
were identified via BLAST search as peroxiredoxin and AP-5 complex
subunit beta-1, respectively. Notably, large ECM proteins collagen VI
and fibronectin are present within the sample at high confidence levels
from sample with low protein concentration. Data collected by Leila

Choe.
Accession Number Protein Name Confidence (%)
214502027 serum albumin preproprotein 99
gi|31874109 hypothetical protein 99
2i/62896523 vimentin variant 99
gi|55743106 collagen alpha-3(VI) chain isoform 5 | 99
precursor
gil49457374 HIST1H4F 99
gi/62897625 beta actin variant 99
gi|73909156 Annexin A2 99
£1/62087582 H2A histone family, member V 99
isoform 1 variant
gi|73762521 delta-globin Troodos variant 99
g2i/87196339 collagen alpha-1(VI) chain precursor | 99
gil49456871 TUBB 99
2i|189053217 unnamed protein product 99
gi|156104889 protein AF-9 isoform a 99
gi|21739834 hypothetical protein 99
21258690785 estrogen receptor alpha 99
3*,4,5,6,7,8*/1068 isoform, partial
gi/68533107 MYHI10 variant protein 99
gi|2330597 MHC class I antigen 99
g£i/74099694 sulfite oxidase, mitochondrial 99
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3.4.1.3 Immunostaining Confirms the Presence of Proteins Identified via
Shotgun Proteomics

Traditionally, immunostaining has been used to identify large proteins secreted
within 3D in vitro synthetic culture scaffolds due to challenges associated with the

26,27,37,40 .
1. However, this

isolation of proteins from within a crosslinked materia
technique is limited in that the user must select a panel of antibodies targeting proteins
of interest. We used immunostaining here to determine if the isolation and protein
analysis techniques described above correctly identified proteins secreted within our
PEG-based hydrogels. Specifically, htMSCs cultured for 10 days were stained for
vimentin, fibronectin, and collagen VI. Strong signal was observed for each protein
(Figure 3.5 A) when compared to negative controls (secondary antibody only, Figure
3.5 B). It is important to note that fibronectin and collagen VI were observed to be
localized to the cell membrane surface, which may mask binding to peptides (e.g.,
RGDS) initially present within synthetic microenvironments at late culture times.
Based on these results, the developed shotgun proteomics technique to identify
proteins isolated from decellularized scaffolds is promising for broader application to

identify proteins secreted by other cell lines or to understand cell response within

synthetic microenvironments.
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AF488 Goat-anti-mouse AF488 Goat-anti-mouse AF488 Goat-anti-rabbit

Figure 3.5: Immunostaining proteins identified by shotgun proteomics. A)
Samples were stained for fibronectin, collagen VI, and vimentin, which
had been identified by shotgun proteomics. All proteins were present in
the immunostained samples. Note that fibronectin and collagen VI are
located on the surface of the cells while vimentin is localized within the
cell body. B) Negative controls with only secondary antibodies applied
were used to confirm positive staining for each protein in (A). Z-stack
projections, 100 um scale bar.

3.4.2 Soluble Factors Secreted into Culture Medium Identified via Luminex®
Assays

Soluble factors secreted by hMSCs have been implicated in wound healing and
disease processes (e.g., tissue repair and regeneration,*® cancer progression and
tumor growth*’). Here, we used Luminex® multiplex bead assays to identify the
presence of soluble factors and their relative concentrations secreted by hMSCs into

culture medium. A 6-plex panel targeting VEGF, EGF, FGF-2, IL-8, TNF-a, and
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PDGF AB/BB was selected for identification of factors associated with inflammation

and wounding healing conditions.** >’

Growth medium collected from hMSCs and “blank™ culture medium (control)
was assayed and concentrations of analytes identified (Table 3.3). No significant
concentration of PDGF-AB/BB was detected, and low, but significant levels of EGF,
FGF-2, and TNF-a were present in hMSC culture medium (p << 0.05). IL-8, a pro-

inflammatory cytokine that has been shown to promote cell migration in wounding

51,52

and cancer metastasis, was found at high concentrations in the sample. High levels

of VEGF secretion were observed, another factor reported to be secreted by hMSCs,

associated with angiogenesis, which promotes tissue regeneration and wound

53-55

healing. These data indicate that hMSCs are secreting soluble factors involved in

regulation of wound healing and tissue repair, matching those reported in literature.

Table 3.3: Concentration of analytes (pg/mL) secreted by hMSCs in 2D culture.
IL-8 and VEGF are secreted at high concentrations relative to the blank
concentration. Note that readouts of <3.2 and <16 indicate that negligible
concentrations of factors were present in the sample, so the minimum
value accepted for the standard curve concentration is reported. Standard

error values for each hMSC sample concentration are reported.

Sample

EGF

FGF-2

PDGF-
AB/BB

IL-8

TNF-o

VEGF

hMSC

4.44 £
0.06

13.26 £
0.15

N/A

420.90 +
13.26

0.55+
0.03

399.01 +
10.19

Blank

2.99

9.98

<3.2

0.50

0.22

<16

While this data represents preliminary results for the identification of soluble

factors secreted in 2D microenvironments, the technique may easily be adapted to 3D

by collection of medium from wells containing gels. If needed, analytes may be
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concentrated with spin columns to improve signal for the assay. In future studies,
hMSCs may be stimulated by the addition of other factors including different peptides
tethered to synthetic matrices or soluble factors to drive differentiation to determine

how external stimulation affects secretion of soluble factors.

3.5 Conclusions

Herein, we described the development of techniques to identify proteins
secreted in synthetic PEG-based hydrogel matrices. A shotgun proteomics approach
permitted the identification of several large proteins isolated from decellularized
hydrogel samples and was confirmed by immunostaining. Luminex® multiplex bead
assays identified the secretion of factors associated with wound healing and disease.
Together these techniques represent a new method for global identification of
unknown soluble and insoluble proteins secreted by cells within synthetic scaffolds,
with proteins identified in samples collected from hMSCs matching those reported in
literature. These new methods are promising for future application in identifying
proteins secreted by other cell lines during in vitro culture, understanding cell response
to external stimuli, and the intelligent design of novel scaffolds for tissue engineering

and cell culture applications.

3.6 Acknowledgements

The authors thank Dr. Kelvin Lee and Leila Choe for their collaboration on the
work, conducting SDS-PAGE and shotgun proteomics experiments and assistance
with Luminex® Assays. The authors also thank Dr. Matthew Rehmann for protein
mixtures used in SDS-PAGE experiments. We thank the NSF SBE2 IGERT program

at the University of Delaware (fellowship awarded to Lisa Sawicki), the Institutional

123



Development Award from NIH for COBREs (P20GM 104316 and P30GM110758-01),
and the Susan G. Komen Foundation Career Catalyst Research Grant (CCR16377327)

for funding.

3.7 Supplementary Information

Table 3.4: Net MFI values of standard curve analytes in Luminex® assays. Net
MFTI values (shown above) and percent recovery were evaluated to
confirm or invalidate points in the standard curve (invalid points
highlighted red). Standards 5 and 6 were invalidated for FGF-2 because
net MFI values were close to background. Standard 6 for PDGF was
invalidated due to large variance in the net MFI. Standard 1 for VEGF
was invalidated due to percent recovery out of 80-120% range (86.05 and
126.74 %). Standards 5 and 6 were invalidated for VEGF because net
MFTI values were close to background.

Standard Expected EGF FGF-2 PDGF | IL-8 TNF-a VEGF
Curve Concentration

(pg/mL)
1 10000 21488.75 11023 6274 26766 26010.75 7011.5
1 10000 21654.75 11167.5 | 6486.5 | 26856 25893.75 8051.5
2 2000 15479.25 4091.5 1716.5 | 16891 14237.75 2040.5
2 2000 15490.75 3893 1723.5 | 16134.5 14330.75 1802.5
3 400 4666.75 490.5 331 5374 4003.75 193.5
3 400 4589.75 547 345.5 5468.5 4225.75 177.5
4 80 611.75 29 67 1356.5 1049.75 13.5
4 80 586.25 32 74.5 1376.5 1080.75 15.5
5 16 42.75 1 12 256.5 195.25 0.5
5 16 45.25 1 14 257.5 206.75 1.5
6 3.2 7.25 0 4 52.5 41.75 -0.5
6 3.2 5.75 0 1.5 53.5 37.75 0.5
Background | 0 0.25 -1 0 0.5 -0.25 0.5
Background | 0 -0.25 1 0 -0.5 0.25 -0.5
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Table 3.5: Complete list of proteins identified by shotgun proteomics. Large
proteins isolated from decellularized samples were identified, with high
confidence (>95%) specified for database searches. Accession numbers
of unnamed and hypothetical proteins were BLAST searched and
matches were identified (Supplementary Information, Table 3.6). Data

collected by Leila Choe.

Sample Number Accession Number Protein Name

1 21/4502027 serum albumin preproprotein

1 gi|23307793 serum albumin

1 21/189054552 unnamed protein product

1 gi|119626071 albumin, isoform CRA h

2 2i|31874109 hypothetical protein

3 2162896523 vimentin variant

3 gi|340219 vimentin

3 2121757045 unnamed protein product

3 gi|167887751 vimentin variant 3

3 2i]16552261 unnamed protein product

4 gi|55743106 collagen alpha-3(VI) chain isoform 5
precursor

4 gi|55743098 collagen alpha-3(VI) chain isoform 1
precursor

4 gi|530371361 collagen alpha-3(VI) chain isoform X2

4 gi|530371359 collagen alpha-3(VI) chain isoform X1

4 21240255535 collagen alpha-3(VI) chain isoform 4
precursor

4 21219841772 COLG6A3 protein

4 21219521324 COLG6A3 protein

4 2i|119591516 collagen, type VI, alpha 3, isoform CRA h

4 gi|119591513 collagen, type VI, alpha 3, isoform CRA e

4 gi|119591511 collagen, type VI, alpha 3, isoform CRA ¢

5 21/49457374 HIST1H4F

5 gil45767731 HIST1HA4I protein

5 gi|119575948 histone 1, H4e

5 gi|119575932 histone 1, H4c

6 2162897625 beta actin variant

7 gi|73909156 Annexin A2

7 21/34364597 hypothetical protein

7 gi|18645167 Annexin A2

8 2162087582 H2A histone family, member V isoform 1
variant

9 gi|73762521 delta-globin Troodos variant

9 gi|71727231 beta globin

9 gi|6003534 hemoglobin beta subunit variant

9 gi|6003532 hemoglobin beta subunit variant

9 2i|4504349 hemoglobin subunit beta

9 gi|4378804 hemoglobin beta chain

9 2i|40886941 hemoglobin beta

9 2129446 unnamed protein product
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Table 3.5 continued.

9 2126892090 beta globin chain variant

9 21256028940 beta-globin

9 gi|187940241 hemoglobin beta chain variant

9 gi|18462105 delta-globin

9 gi|18418633 mutant beta-globin

9 gi|179409 beta-globin

9 gi|13549112 beta globin chain variant

10 2i|87196339 collagen alpha-1(VI) chain precursor

11 21/49456871 TUBB

11 21|332246227 tubulin beta-2B chain isoform 2

11 gi|27227551 class Il beta tubulin isotype

11 21/189069169 unnamed protein product

14 2i/189053217 unnamed protein product

15 gi|156104889 protein AF-9 isoform a

16 2121739834 hypothetical protein

17 gi|258690785 estrogen receptor alpha 3*,4,5,6,7,8%/1068
isoform, partial

18 gi|68533107 MYHI10 variant protein

18 gi|641958 non-muscle myosin B

18 21530410345 myosin-10 isoform X3

18 21530410343 myosin-10 isoform X2

18 gi|367460090 myosin-10 isoform 3

18 gi|367460087 myosin-10 isoform 2

18 2i|119610456 myosin, heavy polypeptide 10, non-muscle,
isoform CRA ¢, partial

18 21109734611 Myosin, heavy chain 10, non-muscle

19 212330597 MHC class I antigen

20 gi|74099694; sulfite oxidase, mitochondrial

20 gi|530400755 sulfite oxidase, mitochondrial isoform X1
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Table 3.6:  List of unnamed or hypothetical proteins from Table 3.5 identified
by BLAST search. Accession numbers of unnamed and hypothetical
proteins were BLAST searched and the top five hits for searches are
reported above. Sample numbers 1, 3, 7, 9, 11, which had other top hits
identified with shotgun analysis, were confirmed by BLAST search.
Samples 2, 14, and 16, which did not have other hits identified with
shotgun analysis were identified as fibronectin, peroxiredoxin, and AP-5,

respectively.
Sample Number Accession Number Accession Number, Protein Name
1 21/189054552 21/4502027, serum albumin preproprotein

21|28592, serum albumin
gi|23307793, serum albumin
21|6013427, serum albumin precursor
21|28590, unnamed protein product

2 2i|31874109 21|34364820, hypothetical protein

21]119590949, fibronectin 1, isoform CRA n
21/16933542, fibronectin isoform 3 preproprotein
21]119590945, fibronectin 1, isoform CRA _j
21/530370043, fibronectin isoform X9

3 gi|21757045 £i/62414289, vimentin
21|62896523, vimentin variant
21|340219, vimentin
gil47115317, VIM
21167887751, vimentin variant 3

7 2134364597 gi|50845388, annexin A2 isoform 1
21/73909156, Annexin A2
gi|4757756, annexin A2 isoform 2
2i|18645167, Annexin A2
2i/16306978, Annexin A2

9 2129446 21|23268449, hemoglobin beta chain variant Hb S-
Wake

2i|71727231, beta globin

gi|4504349, hemoglobin subunit beta

21|229959, Chain B, Refined Crystal Structure of
Deoxyhemoglobin S. I. Restrained Least-Squares
Refinement at 3.0-Angstroms Resolution
21/26892090, beta globin chain variant

11 21/189069169 2i|4507729, tubulin beta-2A chain isoform 1
gi|27227551, class 11 beta tubulin isotype
gi|21746161, tubulin beta-2B chain
2i/49456871, TUBB

21|223486, tubulin beta
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Table 3.6 continued.

14

gi[189053217

2i|4505591, peroxiredoxin-1

21|973743966, Chain A, Human Peroxiredoxin-1
C83s Mutant

21/164519504, Chain A, Crystal Structure of
Human Peroxiredoxin I In Complex With
Sulfiredoxin

21|440306, enhancer protein

21260656338, Chain A, Crystal Structure of
Sulfiredoxin In Complex with Peroxiredoxin I And
Atp:mg2+

16

gi[21739834

gi|379317153, AP-5 complex subunit beta-1
21|119594844, DKFZp761E198 protein, isoform
CRA b

gi|10732604, unknown

2i|114325483, DKFZp761E198 protein
21|119594843, DKFZp761E198 protein, isoform
CRA a

Figure 3.6: Live/dead viability/cytotoxicity stain. hMSCs encapsulated at A) 1 day
and B) 10 days remain viable within hydrogels (green = live, red = dead).
Notably, cells spread within matrices by day 10, indicating local
degradation of the network and binding to RGDS peptide. 100 um scale

bar.
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Chapter 4

UNDERSTANDING BREAST CANCER CELL CULTURE AND
ACTIVATION IN RESPONSE TO EXTRACELLULAR CUES WITHIN
BIOMIMETIC HYDROGEL MICROENVIRONMENTS

4.1 Abstract

Breast cancer reoccurs in approximately 20 percent of patients more than 5
years after successful treatment of the primary tumor and almost exclusively within a
distant, metastatic tissue site." It is hypothesized that the extracellular matrix (ECM) of
these metastatic tissue sites regulates dormancy and recurrence of cancer as the initial
microenvironment is remodeled over time upon aging or wounding.” In vitro culture
models have been developed to investigate key factors in the ECM that regulate
dormancy and recurrence;** however, the chemical and mechanical properties of these
scaffolds are often difficult to control, so identifying individual or combinations of
cues responsible for cell response proves challenging. Here, we have developed a fully
synthetic three-dimensional (3D) cell culture scaffold with tunable chemical and
mechanical properties to investigate breast cancer in vitro. Specifically, poly(ethylene
glycol) (PEG)-based hydrogels containing cell-degradable peptide crosslinks and
modified with receptor-binding peptides (RGDS, GFOGER, IKVAV) mimicking
ECM proteins found within metastatic tissue sites were synthesized. Estrogen receptor
negative (ER-, MDA-MB-231) and ER+ (T-47D) breast cancer cells were cultured
within these environments to investigate response to individual or multiple mechanical

and chemical cues. The size and shape of cell clusters formed within
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microenvironments was monitored to assess activation for the different conditions.
Additionally, the role of B1 integrin binding was investigated toward identifying
interactions that may be responsible for regulation of response. These studies represent

a novel approach to investigating breast cancer dormancy and recurrence in vitro.

4.2 Introduction

Late recurrence of metastatic breast cancer, more than five years after
successful treatment of the primary tumor, is often difficult to detect and treat,
resulting in poor prognosis for patients.' In order to successfully establish within a
metastatic microenvironment, cells must enter the bloodstream, evade immune
response during circulation, extravasate from blood vessels, and adhere within the new
metastatic tissue microenvironment.”® Cancer cells that metastasize but fail to
properly adhere to the extracellular matrix (ECM) of metastatic tissue sites are
hypothesized to form dormant tumor cells or micrometastases that recur at late times.”
Subsequent changes in the composition of physical and chemical factors presented by
the native ECM, with aging, wounding, or disease, are thought reactivate these
quiescent cells or micrometastases, forming a new, proliferating tumor.”® However,
the critical factors in the ECM that regulate dormancy and reactivation remain poorly
understood and must be identified to improve treatments to prevent late metastatic
recurrence.

Toward understanding metastasis and recurrence, researchers have investigated
breast cancer subtypes associated with different patient outcomes. Broadly, luminal
and basal subtypes, expressing estrogen (ER), progesterone (PR), or human epidermal
growth factor 2 (HER2) receptors, have different potentials for invasion, metastasis,

and recurrence.”'’ Basal, or triple negative subtypes (ER-, PR-, HER2-), tend to
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metastasize and form new tumors immediately or at early times (< 5 years) after

10,11 . . .
" Luminal cancers, often ER+, while less aggressive, have

entering a new tissue site.
been associated with late recurrence through the formation of dormant cells or

micrometastases.”'”'? Cell lines derived from these tumor subtypes have been used to
investigate behavior and response to treatment in two- and three-dimensional (2D, 3D)

%131 While subtype is an important factor to consider in

in vitro culture systems.
diagnosing and treating disease, additional studies are needed to identify specific cell-
ECM interactions that regulate tumor cell activity for the distinct subtypes.

Common sites for metastasis and recurrence, including the bone marrow, liver,
and lungs, have distinct properties due to their different function in the body."” "’
These metastatic niches present a complex milieu of chemical and physical cues that
cells sense and respond to. ECM structure provides a 3D mechanical support for cells,
made of insoluble proteins (e.g., collagen, laminin, fibronectin, elastin),
glycosaminoglycans (e.g., hyaluronic acid), and proteoglycans (e.g., aggrecan) that
form a fibrillar network with different mechanical properties based on tissue type and

composition.'*"

Young’s modulus (E), which describes the stiffness of a material, has
been reported for various metastatic tissue sites and range from soft (bone marrow, E
~ 600 Pa; liver, E ~ 640 Pa)***' to stiff (lungs, E ~ 5,000-6,000 Pa).*' Stiffness has
been shown to play a role in regulating proliferation and growth of clusters and

2224 Beyond structure, insoluble ECM proteins also

implicated in tumor cell dormancy.
provide binding sites that allow adhesion to the matrix, which have been shown to
drive dormancy and activation through binding cellular integrins (e.g., a5p1, avp3).”

Additionally, niche cells (e.g., fibroblasts, human mesenchymal stem cells hMSCs),

remodel this complex ECM with aging or wounding by degrading existing proteins,

136



depositing new proteins, and secreting small soluble factors (e.g. fibroblast growth

26-29 1dentification of critical

factor FGF-2, transforming growth factor beta TGFp).
mechanical and chemical factors present within this complex milieu that regulate cell
response is required to understand mechanisms regulating dormancy.

Several in vitro models to study dormancy and recurrence in response to the
metastatic ECM have been described. In a 2D model of dormancy, fibronectin and
FGF-2 were shown to induce dormancy, but also maintain survival, through integrin
a5p1.* Barkan, et al. reported that the addition of fibronectin and collagen to
basement membrane extract (BME) for 3D cell culture maintained activation of breast
tumor cells through integrin p1 signaling.”' Lack of mechanical property control and
differences between biochemical composition of these model systems and the native
ECM make it challenging to identify key ECM signals that promote dormancy or
activation. Synthetic materials scaffolds have gained increasing interest in recent years
for the culture of cancer cells in vitro. The formation of tumor spheroids have been

22,3233 and behavior related to

reported in several synthetic polymer-based scaffolds
metastasis and response to drug treatments match that observed in vivo. These
synthetic scaffolds and seminal works on understanding dormancy in vitro motivate
the need to develop a novel model of the metastatic tissue ECM to study breast cancer
dormancy and recurrence.

Herein, we present a well-defined, synthetic 3D scaffold for the culture of
breast cancer to investigate response to the presentation of key factors found within
metastatic tissue ECM (Figure 4.1). Specifically, a poly(ethylene glycol) (PEG)-based

hydrogel system with tunable mechanical properties has been modified with

biochemical cues mimicking the ECM proteins collagen (GFOGER),
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fibronectin/vitronectin (RGDS), and laminin (IKVAYV), found within metastatic
tissues. MDA-MB-231 (ER-) and T-47D (ER+) breast cancer cells have been
encapsulated within discrete environments, and their response quantified. Toward
understanding activation within these microenvironments, we have investigated the
effects of matrix density and single or combinations of peptides on activation during
culture. Additionally, the role of integrin B1 in regulating activation within select
conditions has been studied. This 3D synthetic material system represents a novel
approach to investigate breast cancer activity within an in vitro model system, and a
primary investigation of cancer cell response to different mixtures of chemical signals

within soft and stiff synthetic 3D substrates.

Polymer ~ Enzymatically- o0y binding ER-and ER+

“Backbone” dggradable_ Pendant Peptides Breast Cancer Cells
PEG Peptide Crosslink

Figure 4.1: General schematic of breast cancer culture in hydrogels. Synthetic
PEG-based hydrogel scaffolds with well-defined chemical and
mechanical properties will be used to probe for key factors present within
the microenvironment that regulate dormancy and activation of
metastatic breast cancers.
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4.3 Materials and Methods

4.3.1 Macromer and Initiator Synthesis

Macromers for hydrogel formation were synthesized using previously-
described methods.”**> 4-arm poly(ethylene glycol) thiol (PEG4SH, 20 kDa MW), the
“backbone” within the hydrogel structure, providing a reactive free thiol, was
synthesized via a 3-step reaction. Peptides containing alloxycarbonyl (alloc)-protected
lysines, providing a reactive vinyl, were synthesized via solid phase peptide synthesis
(MBHA rink amide resin, Novabiochem; Chemmatrix, Protein Technologies) on a
Protein Technologies PS3 synthesizer using Fmoc chemistry. Synthesis of the
enzymatically-degradable crosslink Ac-KK(alloc)G[GPQG | IWGQ]GK(alloc)K
(Pep2Alloc) and pendant peptides K(alloc)(PEG:),W(PEG;)IKVAYV (laminin mimic,
IKVAYV), K(alloc)GWGRGDS (fibronectin/vitronectin mimic, RGDS),
K(alloc)G(POG)4,FOGERG(POG)4G (collagen mimic, GFOGER) were confirmed via
mass spectrometry. The photoinitiator, lithium acylphosphinate (LAP), to generate

radicals for polymerization, also was synthesized as described.

4.3.2 Hydrogel Synthesis and Characterization

Hydrogels were polymerized for mechanical and biochemical characterization
as previously-described.’**® Briefly, PEG4SH, Pep2Alloc, and pendant peptides
(IKVAYV, RGDS, or GFOGER) were dissolved in phosphate buffered saline (PBS)
supplemented with 1% penicillin streptomycin (PS, Invitrogen) and 0.5 pg/mL
fungizone (FZ, Invitrogen). Gel precursor solution, containing 6, 8, or 10 percent PEG
by weight (wt%), was prepared by mixing PEG4SH with 2 mM pendant peptides and
stoichiometric ratios of Pep2Alloc (final [SH] = [Alloc]). Precursor was pipetted into

the tip of a cut syringe (1 mL) or sandwiched between glass slides, coated with Rain-
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X, and spaced with a 0.254 mm gasket. Collimated light at 365 nm and 10 mW/cm®
(Inpro Technologies collimating adaptor, Exfo Omnicure Series 2000) was applied for
1-5 min to polymerize gels. After polymerization, gels were removed from syringe
tips or slides and placed in appropriate buffer (PBS, growth medium, Ellman’s
reaction buffer) for subsequent analysis.

To evaluate the mechanical properties of gels, modulus measurements were
performed on 6, 8, and 10 wt% gels containing 2 mM RGDS, polymerized for 5
minutes, and swollen overnight in culture medium at 37 °C. Gels were placed between
parallel plates on a TA AR-G2 rheometer and compressed to 0.25 N normal force to
prevent slip. Strain- and frequency-sweeps were performed to determine the linear
viscoelastic regime, and 5% strain and 5 rad/s frequency were selected to perform
swollen modulus measurements (n = 4 gels).

To evaluate the incorporation of different pendant peptides in gels, Ellman’s
assay was performed to check free thiol concentration post-polymerization, as
previously-described.>**> Here, 10 wt% gels polymerized with 2 mM of RGDS,
GFOGER, or IKVAYV were evaluated (n = 3 gels).

4.3.3 Cell Culture and Collection

MDA-MB-231 and T-47D breast cancer cells were cultured on tissue culture
poly(styrene) in DMEM (Corning Cellgro) supplemented with 10 % v/v fetal bovine
serum (FBS, Invitrogen) and 1% PS. Growth medium was replaced every 48-72 hours
during culture. At 80% confluency, cells were passaged (1:4) or collected for
experiments. Specifically, to collect cells for experiments, cells were removed from
plates (trypsin/EDTA, 5 minutes, Corning Cellgro), counted via hemocytometer, and

aliquotted for the desired number of cells based on the experiment and conditions. The
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aliquots were centrifuged (1200 rpm, 3 minutes) and the cell pellet retained for
subsequent treatment with blocking antibodies or mixture with hydrogel precursor for

encapsulation (described below).

4.3.4 p1 Blocking

Antibody, AIIB2 (rat, DSHB; deposited by C.H. Damsky), was used to block
B1 integrin on the surface of T-47D and MDA-MB-231 cells harvested for
encapsulation experiments. Prior to encapsulation, cell aliquots were suspended in
DMEM containing 100 pg/mL AIIB2 antibody and incubated for 1 hour at 37 °C.
Aliquots were centrifuged (1200 rpm, 3 min) and the cell pellet was resuspended in
hydrogel precursor for encapsulation (described below). Growth medium
supplemented with 100 pg/mL AIIB2 was replaced every 48-72 hours during culture
of B1-blocked cells.

4.3.5 Cell Encapsulation

Cell encapsulation was performed as previously described, and with
modification to minimize nutrient gradients for long-term culture.”**> MDA-MB-231
and T-47D cells were collected, centrifuged, and re-suspended in gel precursor (6 or
10 wt%, 2 mM total pendant peptide) at 5000 cells/uL. For viability experiments, cell
suspensions were pipetted into the tips of sterile cut syringes (20 puL) and irradiated
with light (365 nm, 10 mW/cm?) for 1 min. Post-polymerization, gels were placed in a
sterile, untreated 48-well plate and rinsed with fresh culture medium. Culture medium
was replaced every 48-72 hours.

To prevent potential gradient effects from encapsulation in thick (20 uL) gels

during long culture periods, cells were encapsulated with the following method: i) 15
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uL of cell-free gel precursor was polymerized in a sterile, cut syringe tip mold (1 min,
365 nm, 10 mW/cm?), and ii) 5 uL of cells suspended in gel precursor (5000 cells/pL)
was pipetted on top of the 15 puL base and polymerized with a second dose of light (1
min, 365 nm, 10 mW/cm?). Post-polymerization, gels were placed in sterile, untreated
48-well plates with the cell layer on top and rinsed with fresh culture medium. Culture
medium was replaced every 48-72 hours during the course of experiments. This “on-
top” encapsulation method was used for immunostaining experiments investigating
cell response to matrix density, individual and peptide combinations, a culture time

course, and 1 blocking.

4.3.6 Viability Assays

Viability of MDA-MB-231 and T-47D cells encapsulated in hydrogels was
determined using a live/dead viability/cytotoxicity kit (Invitrogen). Cells were
encapsulated in 6 and 10 wt% gels containing 2 mM RGDS and cultured for 1 and 3
days (n = 3). At day 1 and 3, gels were rinsed of medium (3 x 10 min, PBS), stained (1
X 45 min, 4 puM ethidium homodimer, 2 pM calcein AM in PBS), and rinsed (3 x 10
min, PBS). Samples were immediately imaged on a Zeiss LSM 780 confocal. Three z-
stacks (100 images per stack, 2 pm spacing) were taken per gel (n = 3), for a total of 9
images. To quantify percent viability, live (green) and dead (red) cells were counted in

each image z-projection.

4.3.7 Immunostaining Experiments
3D immunostaining experiments were conducted to investigate cell response
within synthetic microenvironments. Blocking and permeabilization solutions were

prepared fresh: BPSolnl (3% w/v bovine serum albumin/BSA + 0.05% v/v Triton-X
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in PBS) and BPSoln2 (5% BSA w/v + 0.1% v/v Triton-X in PBS). At select time
points during culture, encapsulated (“on-top”) cells were rinsed (2 x 5 min, PBS) and
fixed (1 x 15 min) in 4% paraformaldehyde (PFA) in PBS. PFA was removed, gels
were washed (1 x 5 min PBS, 2 x 5 min BPSoln1), and the fixed cells were
permeabilized and blocked (1 x 60 min, BPSoln2). After blocking, cells were
incubated overnight at 4 °C with primary antibodies (Ki-67, Abcam, 1:100 dilution) in
BPSoln2. The next day, gels were rinsed (3 x 60 min, BPSoln1) and incubated with
secondary antibodies Alexa Fluor 488 goat-anti-mouse (ThermoFisher, 1:300 dilution)
and F-actin (Sigma Aldrich, 1:250 dilution) in BPSoln2 overnight at 4 °C, protected
from light. On the final day of immunostaining, gels were rinsed (3 x 45 min,
BPSolnl) and incubated with DAPI (700 nM in PBS) for 1 hour. Gels were rinsed (3 x
30 min, PBS) and stored at 4 °C in PBS, protected from light, until imaging.

Cells cultured in different environments (Table 4.1, list of conditions) were
immunostained to investigate cell response to the following: 4) Matrix density, cells
cultured for 10 days; B) single and combinations of peptides, cells cultured for 10
days; C) time course, cells cultured for 3, 10, 20, 30, and 40 days; and D) B1 blocking,
cells cultured for 10 days. After immunostaining, gels were imaged on a Zeiss LSM
800 confocal. Three z-stack images (100 images per stack, 2 pm spacing) were taken
per gel (n = 3), for a total of 9 images. Images were analyzed in Volocity and

MATLAB as described in 1.3.8.
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Table 4.1:

Conditions examined for immunostaining encapsulation

experiments. For each experiment, 3 gels were formed per condition (n

= 3). All gels were polymerized for 1 minute with light at 365 nm and 10
mW/cm?® and cells were encapsulated at 5000 cells/pL, confined within a
5 uL top gel layer.

Condition | GFOGER | RGDS IKVAV Weight % | Experiment
Number (mM) (mM) (mM) PEG

1 2 0 0 6 A,B,C,D
2 2 0 0 10 A

3 0 2 0 6 A,B,D

4 0 2 0 10 A

5 0 0 2 6 A,B,C

6 0 0 2 10 A

7 0 0 0 6 B

9 0.25 0.25 1.5 6 B

10 0.1 0 1.9 6 B

11 0 0.1 1.9 6 B

12 0.05 0.05 1.9 6 B

4.3.8 Volocity and MATLAB Imaging Analysis

Z-stack images were initially processed in Volocity 3D imaging analysis

software. Specifically, the shape and size of clusters and cells was determined by

analysis of the cytoskeleton (stained for F-actin). Clusters and cells were identified by

finding objects in the red channel. Filters to close and fill holes in the object were

applied to improve the precision of volume measurements. A noise filter (medium)

was added to smooth the surface of clusters and cells for more accurate surface area

measurements. Additionally, touching objects were separated and objects touching the

edges of the image or with volume less than 1000 um’ (debris) were excluded. The

volume, surface area, and shape factor of each cell or cluster in each image was

reported.
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MATLAB was used to count and bin the cluster/cell data from Volocity into
discrete sub-groups based on shape factor or volume to identify conditions in which
cells remain active. To evaluate cell spreading and protrusions within different matrix
conditions, the number of cells and cell clusters were counted for the following shape
factor (SF) groups: ) SF > 0.8; 11) 0.75 <SF <0.8; 11]) 0.7 <SF <0.75; IV) 0.65 <SF
<0.7; ) 0.6 <SF <0.65; V1) 0.55 <SF <0.6; V1) 0. 5 <SF <0.55; and VIII) 0.5 <
SF; where shape factor = 1 is a perfect sphere. To compare cell and cell cluster size
within different conditions, the number of cells and clusters were counted for the
following volumes (V): ) V < 25,000 um’, small, 1-5 cell clusters; II) 25,000 <V <
50,000 urn3, medium, 5-10 cell clusters; 171) 50,000 <V < 75,000 um3, large, 10-15
cell clusters; and /V) V > 75,000 um’, extra large, greater than 15 cell clusters.
Volume groups were based on the approximate volume of a single cell, 5,000 um’, as
determined by analysis of single cell volume from live/dead images taken at Day 1 (T-
47D: 4900 £ 100, 5900 + 200; MDA-MB-231: 5400 + 100, 4300 £100 pm” in 6 and
10 wt% gels, respectively). The counts for each image per condition were averaged

and standard error values calculated.
4.4 Results and Discussion

4.4.1 Hydrogel Mechanical Properties and Composition Controlled to Mimic
the Metastatic Tissue ECM

PEG-based hydrogel scaffolds offer users a high level of control over matrix
mechanical and chemical properties. Several ways in which mechanical properties
may be tuned include adjusting the macromer molecular weight, which alters distance
between crosslinks, or changing macromer concentration, which changes matrix

density. In both cases, the pore size of the network is altered which corresponds to
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different material modulus, or stiffness, where high modulus is associated with small
pore size (low macromer molecular weight or high macromer concentration).”®>*
However, it is important to note that small pore size may restrict growth of the cells
post-encapsulation, resulting in lower viability during long-term culture. To prevent
this, enzymatically-degradable peptide crosslinks are incorporated within networks,
which locally degrade with the secretion of various matrix metalloproteinases
(MMPs).*”

The bulk mechanical properties of common metastatic tissue sites range from
soft (bone marrow, liver, E ~ 600, 640 Pa) to stiff (lungs, E ~ 5000-6000 Pa).***' To
capture these properties, macromer concentration was varied within hydrogels and
modulus was characterized after swelling in culture medium. The moduli of swollen 6,
8, and 10 wt% (with respect to PEG) gels crosslinked with an enzymatically-
degradable peptide (GPQG | IWGQ) and containing 2 mM RGDS were measured at 37
°C with parallel-plate rheology. 6 wt% gels had the lowest moduli (E ~ 3G) at 702 +
85 Pa, and 8 and 10 wt% gels had higher moduli at 2683 + 508 Pa and 6184 + 381 Pa,
respectively. These moduli are within the range of reported metastatic tissue ECM
moduli (Figure 4.2 A). In subsequent studies, we investigate the effects of the 6 wt%
and 10 wt% gels, mimetic of the bone marrow, liver, and lung, on cell response during
culture.

In addition to control over the mechanical properties, synthetic hydrogels
provide a bioinert network that may be modified with chemical cues to impart
biological activity. Individual or multiple cues may be added to the network at precise
concentrations so the effects of single or multiple factors may be discerned in simple

to complex environments. Short amino acid sequences derived from proteins
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(peptides) that bind receptors on the surface of cells (e.g., integrins) have been
identified and used in hydrogel scaffolds to promote adhesion and control cell fate in
3D. While numerous, we selected three peptide sequences that are widely used to
mimic collagen, fibronectin/vitronectin, and laminin, the most prevalent proteins
within metastatic tissue ECM that also play a role in wounding/aging.

The collagen mimic, GFOGER, which primarily targets integrins a1f1 and
02p1,* was synthesized containing an allyloxycarbonyl-protected lysine (K(alloc)) to
allow covalent incorporation within the network and (POG), repeat units, which help
with assembly into triple helices. The peptide was purified with HPLC and mass
spectrometry confirmed the peptide molecular weight, 3152 g/mol. RGDS, a mimic of
fibronectin, vitronectin and other proteins, has been broadly used to promote adhesion
to bioinert scaffolds through binding integrins avp3 (strongest), aSp1, a8B1, avpl,
avps, avp6, avBs, and ollbp3,*** was synthesized with K(alloc) for pendant
incorporation. The molecular weight of 946 g/mol was confirmed after purification.
Finally, IKVAV, a mimic of laminin that primarily targets the laminin receptor® was
built with a K(alloc) for pendant attachment and (PEG), repeat units to improve
solubility due to the presence of hydrophobic isoleucine, valine, and alanine amino
acid residues. The molecular weight, 1363 g/mol, was confirmed after purification.

Differences in hydrophilicity, net charge, assembly, and size (steric hindrance
to access alloc groups) of peptides may affect their covalent attachment to PEG-based
networks and thus the observed response. To determine if the peptides built here have
similar levels of attachment within hydrogels, we quantified free thiol concentration
after polymerization of 10 wt% gels containing 2 mM GFGOER, RGDS, or IKVAV.

After polymerization (1 min light, 365 nm, 10 mW/cm?), gels were rinsed and swollen
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in Ellman’s reaction buffer. Quantitative Ellman’s assay was run on whole gels, and

the free thiol concentration determined (Figure 4.2 B). No significant difference in the

concentration of free thiols (p > 0.05) post-polymerization was observed indicating

similar levels of attachment for all peptides.
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Figure 4.2: Mechanical and chemical properties of PEG hydrogel scaffolds. A)

The elastic modulus of hydrogels was tuned to mimic the bulk
mechanical properties of common metastatic tissue sites (bone marrow ~
600 Pa; liver ~ 640 Pa; lungs ~ 5000-6000 Pa). Specifically, the
concentration of PEG and peptide macromers was varied to achieve soft
and stiff substrates. The 6 wt% gel modulus of 702 + 85 Pa is mimetic of
the bone marrow and liver, where the 10 wt% gel modulus of 6184 + 381
Pa is mimetic of the lung. These two moduli will be investigated in
subsequent studies. B) Multiple peptides will be investigated to identify
cancer response, however, their attachment must be consistent to ensure
similar concentrations of binding sites are available to encapsulated cells.
Ellman’s assay confirmed similar levels of free thiols in gels post-
encapsulation (p > 0.05) indicating consistent attachment of IKVAV,
RGDS, and GFOGER peptides.

4.4.2 T-47D and MDA-MB-231 Breast Cancer Cells Remain Viable Post-
Encapsulation in PEG-Based Hydrogels

Cancer subtype has been associated with different behavior post-metastasis,

with ER- tumors exhibiting aggressive behavior and early recurrence while ER+
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tumors form distant metastases that recur at late times. Previous studies investigating
dormancy and recurrence in in vitro and in vivo models have used a variety of
different cell lines belonging to ER+ (e.g., D2.0R, MCF-7, K7TM2-AS.46, CK5-,
ZR75-1, BT474, T-47D) and ER- (e.g., D2A1, MDA-MB-231, K7M2, EWDS,
SUM149, SUM159, MDA-MB-453, T4-2) subtypes.”**® For our culture
experiments, we selected the MDA-MB-231 (ER-) and T-47D (ER+) lines to
investigate activation within 3D synthetic matrices.

Light and radical-based polymerizations for cell encapsulations have shown to

negatively affect cell viability in some cell lines.*”**

Thus, light dose (intensity and
wavelength), concentration of photoinitiator, and polymerization should be minimized
to reduce their effects on cells. Long wavelengths of UV (~365 nm) at low intensity
(~6 — 10 mW/cm?) have been shown cytocompatible, with negligible damage to cells
(membrane, p53 expression) for radical polymerizations occurring in under 10

47,49

minutes.” " The gel-based system used here forms gels in under 10 minutes and has

3435 To determine if T-

demonstrated high viability with the encapsulation of hMSCs.
47D and MDA-MB-231 cells remain viable post-encapsulation, we encapsulated cells
in 6 and 10 wt% gels crosslinked with degradable peptides and containing 2 mM
RGDS, polymerized for 1 minute. At 1 and 3 days post-encapsulation, cells were
stained with a live/dead viability/cytotoxicity kit, imaged, and viable cells counted in
each 3D image (Figure 4.3, n = 3 gels, 3 images per gel). Atday 1,98 +1 % T-47D
and 93 = 1 % MDA-MB-231 cells were viable in 6 wt% gels and 88 =2 % T-47D and
77+ 3 % MDA-MB-231 cells were viable in 10 wt% gels, indicating minimal initial
impact on viability. We hypothesize that the slightly decreased viability in the 10 wt%

conditions at day 1 is due to the higher concentration of macromer, which may result
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in more radicals proximate to the cell surface or constriction by the matrix during
polymerization. After 3 days, the cells were viable at 99 + 1 % (T-47D, 6 wt%), 95 + 1
% (MDA-MB-231, 6 wt%), 98 £ 1 % (T-47D, 10 wt%), and 92 + 1 % (MDA-MB-
231, 10 wt%). The higher viability at day 3 may be attributed to the survival of cells
that were viable at day 1 with minimal death due to encapsulation within the gel.
These viability data are comparable to similar photoinitiated systems*’ and what was

observed for h(MSCs.
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Figure 4.3: Viability of MDA-MB-231 and T-47D breast cancer cells post-
encapsulation. A) MDA-MB-231 and T-47D breast cancer cells were
encapsulated within hydrogels and cultured for 1 and 3 days. Live/dead
viability/cytotoxicity stained-cells were imaged and live (green, no
membrane damage) and dead (red, nucleus) cells were counted to
quantify percent viability. Example images are from 6 wt% gels at D1,
200 pum scale bar. B) Greater than 70% viability was observed for all
conditions at D1, with the highest viability in 6 wt% conditions. Cells
that survived initial encapsulation remained largely viable within the
conditions, corresponding to the increased levels of viability observed at
day 3, with all lines greater than 90% viable.

Hypoxia and nutrient-deprivation have been reported in 3D culture systems
with thick cell-gel constructs used for long-term cultures, which can affect cell

3951 T determine if this occurs in the described material

viability and response.
system, we cultured cells in 20 pL gels or gels with a 15 pL cell-free base and 5 L.
top containing cells for 10 days (10 wt%, 2 mM RGDS). At day 10, cells were

immunostained and different regions in the gels imaged to determine if any nutrient
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gradients or hypoxia may exist. Cells at the base and center of the 20 pL gels exist as
single cells or small clusters of cells, especially for T-47D cells, whereas larger
clusters and cell spreading is observed at the top of the gels. Cells encapsulated in the
"on top" gels exhibit consistent morphologies through the depth of the 5 pL layer
(~200 pm), so this technique will be applied in future culture experiments

(Supplementary Information, Figure 4.9).

4.4.3 Synthetic Networks with High Matrix Density Restrict Cancer Cell
Growth and Activity

While often considered simplified as a culture model when compared to
naturally-derived substrates or in vivo models, one benefit of synthetic material
scaffolds is the ability to independently control their mechanical and chemical
properties.’” Loessner, et al. have described the culture of ovarian cells in a PEG-
based hydrogel, which permits the formation of large spheroids in soft environments
(G’ =241 + 19 Pa; comparable to our 6 wt% gels), while stiffer matrices slowed
proliferation and smaller spheroids formed.** Toward investigating the activity of
breast cancer cells within our material system, we first investigated the effects of
matrix density on breast cancer cell activation within discrete microenvironments
containing GFOGER, RGDS, and IKVAYV peptides.

T-47D and MDA-MB231 cells encapsulated in 6 and 10 wt% gels containing 2
mM GFOGER, RGDS, or IKVAV were cultured for 10 days and immunostained
(Figure 4.4). Size and morphology of clusters and cells formed during culture were
analyzed in Volocity and MATLAB to identify differences in activation within these
discrete microenvironments of different modulus. In section 4.4.4, we will discuss the

effects of different peptides on activation in depth, but to provide context for results
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here, cells exhibit active behavior (large clusters = T-47D, irregular shape = MDA-
MB-231) in the RGDS and GFOGER conditions cells when compared to the IKVAV
condition (small clusters = T-47D, spherical morphology = MDA-MB-231).

Between the 6 and 10 wt% environments, the ER- MDA-MB-231 cell line
remains primarily as small clusters (1-5 cells, Supplementary Information, Figure 4.10
A), with low percent of medium, large, and extra large clusters in each condition.
Notably, the shape of cells and clusters in the 6 wt% microenvironment is highly
irregular, with ~70-80% of cells having a shape factor less than 0.7 in the RGDS and
GFOGER conditions. A more spherical morphology is observed in the 10 wt%
environment, with ~50-60% of cells in the GFOGER and RGDS conditions having a
shape factor greater than 0.7 (Figure 4.4 A). Although spheroids primarily form within
gels containing IKVAYV, ~60% of cells have a shape factor less than 0.75 in 6 wt%
versus 40% of cells in 10 wt% conditions, indicating decreased activity may occur
within the 10 wt% microenvironments. However, for other encapsulations in 6 wt%
gels with 2 mM IKVAV (sections 4.4.4, 4.4.5), we have observed ~40 % of cells with
a shape factor less than 0.75, indicating that the behavior observed in the IKVAV
condition may ultimately depend on different interactions of cells with this
biochemical factor as opposed to matrix density effects. T-47D, which are generally
less aggressive, exhibit a spherical morphology in both the 6 and 10 wt% conditions
(Supplementary Information, Figure 4.10 B), with no specific trend related to matrix
density. However, in the 6 wt% gels containing RGDS or GFOGER, ~35-50% of
clusters are classified in the medium (5-10 cells), large (10-15 cells), and extra large
(>15 cells) clusters groups as opposed to ~25-30% of clusters in the 10 wt% gels

(Figure 4.4 B). Taken together, these data would indicate that high matrix density
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might restrict cluster growth within 10 wt% microenvironments. In subsequent
studies, we focus on the permissive, 6 wt% condition to evaluate the effects of
different peptides on activation due to the most distinct cell response and highest

levels of activation observed within these networks.
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Figure 4.4: Matrix density effects on cancer cell response during culture. A)
MDA-MB-231 cells spread within 6 wt% gels containing RGDS and
GFOGER with high irregularity (low shape factor, toward VIII), while

the 10 wt% matrix restricts growth and more spherical clusters form with
fewer protrusions (high shape factor, toward I). Generally more spherical
in the IKVAYV condition, only slight irregularity is observed in the 6 wt%
condition compared to the 10 wt% condition. B) T-47D cells remain
largely spherical during culture in all gel conditions. However, slightly
larger clusters form within the 6 wt% gels compared to the 10 wt% gels
indicating matrix density may restrict cluster growth. Z-projection
images shown with scale bars =100 um, F-Actin = red, DAPI = blue.
Shape factor I) SF > 0.8, 11) 0.75 <SF < 0.8, I11) 0.7 < SF < 0.75, IV)
0.65<SF<0.7,V) 0.6 <SF <0.65, VI) 0.55 <SF <0.6, VII) 0. 5 <SF
<0.55, and VIII) 0.5 < SF; Cluster Size I) V < 25,000 um’, II) 25,000 <
V < 50,000 um?, IIT) 50,000 < V < 75,000 pm®, and IV) V > 75,000 pm”.
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4.4.4 Collagen and Fibronectin/Vitronectin Mimetic Peptides Permit Cancer
Cell Spreading and Cluster Growth within Synthetic Microenvironments

Proteins and factors to which cells bind within metastatic microenvironments
are thought to be key in the process of dormancy and reactivation of breast cancer.
Researchers have found that remodeling of the ECM and changes in protein
composition due to wounding or aging tissues environment promote the reactivation of
dormant tumor cells.” Specifically, various studies have shown that increased
deposition of fibronectin and collagen I, and secretion of soluble factors like TGF,
which also stimulates collagen deposition by niche cells,’ creates a permissive

31,54 . .
33134 Here, we investigated the response of cancer cells to

environment for recurrence.
individual and multiple receptor-binding ligands (RGDS, GFOGER, and IKVAYV),
mimicking key proteins within metastatic tissue ECM, incorporated within soft
matrices (6 wt%).

Focusing first on response to individual peptide sequences, 2 mM of RGDS,
GFOGER, or IKVAYV, were polymerized with cells in 6 wt% hydrogels and stained
after 10 days in culture. Notable differences in the shape of MDA-MB-231 cells in
response to the different peptides was observed (Figure 4.5 A). In the IKVAV
condition, cells are spherical with the ~80 % of clusters in all images having a shape
factor greater than 0.7. In both RGDS and GFOGER conditions, cells are more
irregular with ~80-90% of cells having a shape factor less than 0.7. While MDA-MB-
231 cells remain primarily as small clusters for all conditions, there are slight
increases in the percent of medium, large, and extra large clusters in the RGDS and
GFOGER conditions. This indicates that integrin binding and adhesive sites presented

by RGDS and GFOGER ligands in matrices provide an activating environment for

MDA-MB-231 cells. Little to no difference in the shape and size of T-47D clusters is
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observed, with primarily spherical morphology (~80% SF > 0.7) and large clusters
(~30-50% medium-extra large) identified in all conditions (Figure 4.5 B). We
hypothesize that cluster formation and growth of T-47D cells may result from
different interactions of this cell type within synthetic networks, resulting in lower

activation (Figure 4.5 B).">>

Finally, we also investigated a condition with no peptide
and observed similar response to the IKVAV condition with MDA-MB-231 and all
conditions with T-47D, indicating that cell-matrix interactions may play a critical role

in activation (Supplementary Information, Figure 4.11).
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Figure 4.5: Response of MDA-MB-231 and T-47D to the presentation of
individual peptide cues in 6 wt% gels. A) MDA-MB-231 are highly
irregular within the RGDS and GFOGER conditions, but remain
primarily spherical within the IKVAYV condition. This indicates that
binding to the matrix and activity occurs within the RGDS and GFOGER
conditions while less activity occurs within the IKVAYV condition.
Additionally, clusters with high volume (Cluster Size, III and I'V) form
within the GFOGER and RGDS conditions further supporting that cells
are active within these microenvironments. B) T-47D clusters remain
largely spherical within environments indicating less activity and cellular
response to the presentation of different chemical binding groups. No
significant difference in cluster size for these conditions is observed,
further indicating T-47D survival and cluster growth may depend on
different interactions within synthetic microenvironments. Shape factor
I) SF>0.8,11) 0.75 <SF<0.8, 1) 0.7 <SF < 0.75,IV) 0.65 < SF < 0.7,
V) 0.6 < SF <0.65, VI) 0.55 <SF <0.6, VII) 0. 5 <SF <0.55, and VIII)
0.5 < SF; Cluster Size I) V < 25,000 pm®, 1) 25,000 < V < 50,000 pm’,
I11) 50,000 < V < 75,000 um’, and IV) V > 75,000 um’.
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Native tissue is inherently complex, containing mixtures of proteins with
which cells interact. RGDS, GFOGER, and IKVAYV peptides target specific cellular
integrins and receptors, thus combinations of these peptides or other factors may need
to be incorporated within environments to observe different responses. To determine
whether combinations of multiple receptor-binding peptides within culture might alter
cell response, we investigated various conditions inspired by the increased levels of
collagen and fibronectin found within wounded and aging tissues. Specifically,
conditions rich in IKVAYV containing low concentrations of RGDS and GFOGER
were examined (Table 4.1, Experiment B). MDA-MB-231 cells responded to the
presence of the lowest levels of RGDS and GFOGER in IKVAV (conditions 10-12),
with ~50-60% of cells having a shape factor less than 0.7, indicating activation. The
most pronounced response was observed in condition 9, where ~85% of cells have a
shape factor less than 0.7, comparable to the RGDS-only condition, indicating that
response may also depend on ligand concentration (Figure 4.6 A). As previously
observed, T-47D cells exhibited little activation within these microenvironments,
indicating that the particular mixture of receptor-binding ligands studied here elicits
minimal response (Figure 4.6 B). In future studies, other receptor-binding peptides or
soluble factors secreted by niche cells (e.g., hMSCs, fibroblasts) may be investigated
to identify critical factors that regulate response from T-47D and other ER+ cancer

cells.
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Figure 4.6:
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Response of cells to mixtures of receptor-binding peptides. A) MDA-
MB-231 are highly active within microenvironments containing IKVAV
supplemented with low levels of RGDS and/or GFOGER. A shift toward
irregular shape and increase in cluster size is observed for all conditions
containing RGDS and GFOGER. In particular, condition 9 which has the
highest concentrations of RGDS and GFOGER trends toward the lowest
shape factor, close to that of the RGDS-only condition, indicating that
response may be dependent on ligand concentration. B) T-47D do not
exhibit significant differences in shape factor or cluster size in
environments containing different mixtures of peptide ligands, and low
levels of activation indicating that response to the selected peptides is
minimal. Shape factor I) SF > 0.8, I1) 0.75 <SF < 0.8, II1) 0.7 <SF <
0.75,1V) 0.65 <SF < 0.7, V) 0.6 <SF < 0.65, VI) 0.55 <SF < 0.6, VII)
0.5 < SF <0.55, and VIII) 0.5 < SF; Cluster Size I) V < 25,000 um’, II)
25,000 < V < 50,000 pm?, I1I) 50,000 < V < 75,000 pm’, and IV) V >
75,000 pm’. 9) 0.25 mM RGDS, 0.25 mM GFOGER, 1.5 mM IKVAV;
10) 0.1 mM GFOGER, 1.9 IKVAV; 11) 0.1 mM RGDS, 1.9 mM
IKVAV; 12) 0.05 mM RGDS, 0.05 mM GFOGER, 1.9 mM IKVAV.
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4.4.5 Low Levels of Proliferation Observed During Long-Term Culture in
Environments Containing GFOGER

Monitoring culture in time is critical toward identification of ECMs that permit
cancer cell activation. Previous in vitro models investigating dormancy and recurrence
have studied proliferation via metabolic activity assays or expression of the nuclear

proliferation marker, Ki-67.74*>*

Here, we studied the of response cells cultured
within 6 wt% gels containing either 2 mM IKVAV or GFOGER over 40 days (D3,
D10, D20, D30, D40). These conditions were chosen toward investigating response
within “dormant” or “remodeled” (high levels of collagen) environments. Here, we
monitored Ki-67 expression and the number of clusters (rather than percent) within
discrete shape-factor and cluster size groups to investigate proliferation over time in
discrete microenvironments.

By D10 in the GFOGER environment, MDA-MB-231 cells exhibit irregular
morphology, whereas in the IKVAV condition, spherical morphology dominates
during the 40-day culture period (Figure 4.7 A). Notably, changes in the number of
cells/clusters occur over time within both conditions (Figure 4.7 A). Between D3 and
D10, there is a decrease in cell/cluster number. We hypothesize that cells that have
survived initial encapsulation (day 3) have yet to properly adhere within the
microenvironment, owing to insufficient or inadequate cell-matrix interactions for
survival of the full cell population, which may be confirmed by the spherical
morphology observed for MDA-MB-231 at D3. The number of MDA-MB-231
clusters continues to increase between days 20 and 40 for both the conditions.
However, the greatest increase is observed in the GFOGER condition, which we
attribute to interaction with the peptide. The difference between days 30 and 40 is not

significant, and we hypothesize that a maximum density of clusters within 3D culture
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may have been reached. MDA-MB-231 clusters in the IKVAV condition also increase
between D20 and D40, but at a slower rate due to different cell-matrix interactions.
We hypothesize that the mechanism behind proliferation here differs from the
GFOGER condition. Specifically, we hypothesize that as MDA-MB-231 cells remodel
and deposit proteins into the hydrogel, a more permissive environment may be created
that allows low levels of proliferation.

Spherical morphology is observed again for T-47D cultured within both
environments during 40 days in culture, indicating only low levels of activation in
response to the matrix. However, as with the MDA-MB-231s, changes in the number
of cells/clusters over time occur within both conditions (Figure 4.7 B). A more
pronounced decrease in cluster number between D3 and D10 is observed for T-47D
(~50% versus ~30% for MDA-MB-231), which we believe is due to lower activity as
a result of fewer appropriate cell-matrix interactions for promoting the activation of
this cell line. Spherical morphology, consistent with cell-cell interactions, persists
during 40-day culture and indicates that the behavior of T-47D cells may partly be
independent of cell-matrix interaction. Thus, we hypothesize that the increase in
cluster number and cluster size over time may be due to deposition of proteins by
breast cancer cells into the hydrogel, which provide new cell-matrix interactions and
permit low levels of proliferation, as observed in the MDA-MB-231 IKVAV
condition. However, more clusters present in the GFOGER condition by D40 versus
IKVAYV indicate that there may be some minimal cell-matrix interactions that are
adequate for promoting slightly higher levels of activation.

Only low levels of Ki-67 expression were observed at D3 and D10 in all

conditions, with its disappearance in most images by D20 (Supplementary

162



Information, Figure 4.12). We attribute this to the fact that Ki-67 is only present
during cell division, thus the slow cycling of cells in a 3D microenvironment makes it
challenging to capture the exact time a cell is actively dividing with individual time
point analyses. Live cell imaging or other markers of cell division/cell cycle (e.g.,
FUCCI)*” may be investigated in future studies to capture changes in the cell

activity and cluster growth over time.
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Figure 4.7: Culture in gels containing GFOGER and IKVAYV for 40 days. A)

MDA-MB-231 cultured in 6 wt% gels containing GFOGER and IKVAV
exhibit distinct response to the peptides presented. Between D3 and D10,
the cells in the GFOGER condition gain irregular morphology that is
sustained during the entire 40-day culture. Within the IKVAV condition,
cells remain largely spherical over the 40-day culture. A decrease in
cluster number is observed between D3 and D10, which we hypothesize
results from a percent of cells failing to properly adhere during the first
week. Subsequent increase in the number of clusters indicates low levels
of proliferation during the remaining culture period. B) T-47D cells
remain largely as spheroids during the entire 40-day culture. Similar to
the MDA-MB-231, a decrease in cluster number is observed between D3
and D10. We hypothesize that the low levels of proliferation observed
between D20-D24 could result from the deposition of proteins by T-47D
cells within the hydrogel, which may generate a permissive environment
for growth. Shape factor I) SF > 0.8, II) 0.75 < SF < 0.8, III) 0.7 <SF <
0.75,1V) 0.65 <SF < 0.7, V) 0.6 <SF < 0.65, VI) 0.55 <SF < 0.6, VII)
0.5 < SF <0.55, and VIII) 0.5 < SF; Cluster Size I) V < 25,000 um’, 1I)
25,000 <V < 50,000 um’, IIT) 50,000 < V < 75,000 pm’, and IV) V >
75,000 um’.

4.4.6 Binding to Integrin 1 is Critical for Activation within Synthetic
Microenvironments

Integrin binding has been implicated in regulating cellular processes associated

with dormancy and recurrence. In particular B1 has been a focus of numerous studies

investigating cellular pathways that drive proliferation or dormancy. Proliferation of
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dormant cells through integrin 1 signaling, which induces phosphorylation of Src and
focal adhesion kinase (FAK) and activates extracellular signal-related kinase (ERK),
has been reported in 3D.*'”** In 2D, a5B1 up-regulation, mediated by FGF-2
signaling, was associated with the survival of dormant cells on fibronectin. Here, we
investigated integrin B1 binding to scaffolds where activation was observed, namely
the 6 wt% conditions containing 2 mM GFOGER and RGDS.

B1-blocking antibody (AIIB2) was used to block MDA-MB-231 and T-47D
cells prior to encapsulation and supplemented during their culture within gels (100
pg/mL in growth medium, 10 days in culture). f1-blocked MDA-MB-231 exhibited
marked differences in behavior for the GFOGER and RGDS conditions (Figure 4.8
A). Specifically, spherical cluster morphology was observed in GFOGER-containing
gels (~70-80% SF > 0.7), matching IKVAYV behavior previously observed; however,
blocked cells in the RGDS condition remained irregular (~80% SF < 0.7). As noted
earlier, RGDS binds numerous integrins (avp3 (strongest), a5p1, a8B1, avpl, avps,
avp6, avps, and allbp3)*"** while GFOGER primarily targets alp1 and 02p1,* thus
interaction of MDA-MB-231 with RGDS via other integrins is likely. B1-blocked T-
47D exhibited spherical morphology and similar cluster formation behavior (~30-40%
medium and large clusters), as seen in non-blocked conditions, further supporting
observations that cell-cell interactions may dominate over cell-matrix interactions
within the given microenvironment and preferentially drive response of these cells in
vitro (Figure 4.8 B). Thus, investigation of other integrin-binding peptides or soluble
factors secreted by niche cells or in co-culture may be required to see enhanced levels

of activation within these synthetic microenvironments.
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Figure 4.8:

A Shape Factor MDA-N:ILE(-)231 Cluster Size

2 60 4 —+— RGDS Blocked —a— RGDS Blocked

2 —=— GFOGER Blocked| 80 1 —=— GFOGER Blocked
> —_— —_——_—

2 40 4 RGDS 60 - RGDS

2 40

g 20 -

5 20 A1

a

0 T T

I m v v vivivi

RGDS
B1 Blocked

B Shape Factor TAZ; Cluster Size
v 60 - —o— RGDS Blocked —a— RGDS Blocked
g —&— GFOGER Blocked | 80 1 —=— GFOGER Blocked
=} —— - — —
3 40 J RGDS 60 - RGDS
b ——GFOGER
T 20
4
(0]
a.
0

I m v v Vvivivi

B1 blocking of cells within microenvironments containing RGDS and
GFOGER. A) MDA-MB-231 cells blocked with B1 (AIIB2) exhibit
spherical morphology during culture in scaffolds containing GFOGER.
However, irregular morphology persists in the RGDS-containing
hydrogel indicating cells remain active. We hypothesize that the less
specific binding of the RGDS peptide targets other integrins on MDA-
MB-231 cells and permits adhesion to and activation within the network.
B) T-47D response remains the same when B1 is blocked, further
supporting minimal levels of activation and binding occur within these
networks. Z-projection images shown with scale bars =100 um, F-Actin
= red, DAPI = blue. Shape factor 1) SF > 0.8, IT) 0.75 < SF < 0.8, I1I) 0.7
<SF<0.75,1V) 0.65 <SF<0.7, V) 0.6 <SF <0.65, VI) 0.55 <SF <
0.6, VII) 0. 5 <SF <0.55, and VIII) 0.5 < SF; Cluster Size I) V <25,000
um’, IT) 25,000 < V < 50,000 um’, I1I) 50,000 < V < 75,000 um’, and IV)
V > 75,000 pm’.
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4.5 Conclusions

The culture of breast cancer cells (MDA-MB-231, T-47D) within a tunable and
fully synthetic polymer-based hydrogel scaffold was described for the investigation of
factors that may promote dormancy or activation in vitro. Precise modulation of both
chemical and mechanical properties allowed investigation of individual cues within
discrete microenvironments. Matrix density was shown to restrict the activation and
outgrowth of both MDA-MB-231 and T-47D cells cultured within stiff, lung-mimetic
microenvironments. Response to biochemical cues (peptides) incorporated within
networks was also studied, with collagen-mimetic (GFOGER) and
fibronectin/vitronectin-mimetic (RGDS) peptides resulting in high levels of activation
observed in the MDA-MB-231 cells. Culture of cells over weeks demonstrated low
levels of proliferation in both lines, with proliferation of MDA-MB-231 driven by
cell-matrix interactions, whereas T-47D cells exhibit less activation in response to the
provided microenvironment and appear to rely primarily on cell-cell interactions and
matrix remodeling for survival. Finally, 1 was shown to be important in regulating
activation of MDA-MB-231 within environments containing GFOGER, whereas
RGDS appeared to bind other integrins and cells remained active. These studies
represent a novel approach to examine breast cancer response within a fully synthetic,
3D PEG-based scaffold, containing individual or mixtures of biochemical peptide
ligands. In future work, this system may be adapted for co-culture with metastatic
niche cells to investigate the role of soluble factors in regulating activation, especially
related to ER+ T-47D cell response, toward identification of targets for the

development of improved treatments for recurrent cancer.

167



4.6 Acknowledgements

This work was supported by the Institutional Development Award from the
National Institutes of Health (P20GM103541), the Pew Charitable Trusts (00026178),
a National Science Foundation Career Award (DMR-1253906), the Delaware COBRE
program with a grant from the National Institute of Generals Medical Sciences —
NIGMS (1 P30 GM110758-01), the Susan G. Komen Foundation Career Catalyst
Research Grant (CCR16377327), and the National Science Foundation IGERT SBE2
program at the University of Delaware (fellowship to L. Sawicki). The authors thank
Dr. Kenneth van Golen and Dr. Madhura Joglekar for training in breast cancer cell
culture. The authors also thank Dr. Wilfred Chen for use of an automated plate reader,
Ms. Elisa Ovadia for assistance with sample preparation for timecourse experiments,
Mr. Christopher Bresette for assistance with peptide synthesis, and the Delaware

Biotechnology Institute Bioimaging Center for access to the Zeiss LSM 780 confocal.

168



4.7 Supplementary Information

Figure 4.9:

Bottom “On Top” Gel

MDA-MB-231

Bottom “On Top” Gel

Hypoxia and nutrient deficiency within thick hydrogels. A) MDA-
MB-231 and B) T-47D cells cultured within 20 pL discs formed by
polymerization in 1 mL syringe tips appear morphologically different at
the top and the bottom of the gel after 10 days in culture. Small clusters
(esp. in T-47D) found at the bottom of gels, which is directly in contact
with a plate during culture, indicate that there may be gradients of
nutrients and oxygen through the gel depth. To prevent this, a 15 pL cell-
free base was polymerized in the syringe tip followed by a 5 pL layer
containing cells. Morphologies are consistent through the depth of these
“on top” gels. Note that all of the scale bars are 100 pm. The smaller
appearance of the clusters in the “on top” gel is due to imaging on a
different microscope with a wider field of view. F-Actin = red, DAPI =
blue.

169



40

20

Percent Total Clusters

1/

L S L
I unmowv v vevivi

40 A

20 1

— T T T T
I unmowv v v v v

40 -

20

A |MDA-MB-231  RGDS GFOGER IKVAV
100 100 100
g Cluster Size ——6 Wt% ——6 Wt% ——6 wt%
g 801 —a—10wt% | 80 ——10wt% | 80 1 —a—10 wt%
2 60 - 60 - 60 -
2 40 A 40 - 40
g
S 20 - 20 A 20 -
&
0 . . 0 T 0
| I m v | I m v 1] mn v
B |T—47D RGDS GFOGER IKVAV
60 A Shape Factor ——6 Wt% 60 - —t—6 Wt% 60 - ——6 Wt%
—8—10 wt% —8—10 wt% —=—10 wt%

I m wv v vivivi

Figure 4.10: Matrix density effects during culture in synthetic scaffolds. A) As

noted earlier, MDA-MB-231 exhibit highly irregular behavior in 6 wt%
hydrogels. However, no significant differences in MDA-MB-231 cluster
size are observed between the different matrix densities of 6 and 10 wt%
gels. B) Cluster size of T-47D changes with matrix density while clusters
remain spherical within the different conditions. However, no significant
trends in cell shape (shape factor) related to the 6 and 10 wt% conditions
are observed. Shape factor I) SF > 0.8, I1) 0.75 < SF < 0.8, III) 0.7 < SF
<0.75,1V) 0.65 <SF <0.7, V) 0.6 <SF < 0.65, VI) 0.55 <SF < 0.6, VII)
0.5 < SF <0.55, and VIII) 0.5 < SF; Cluster Size I) V < 25,000 um’, II)

25,000 < V < 50,000 pm?, I1I) 50,000 < V < 75,000 pm’, and IV) V >

75,000 um’.
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Figure 4.11: Comparison of binding to RGDS, GFOGER, and IKVAYV peptides
versus no peptide. A) MDA-MB-231 and B) T-47D exhibit similar
response to hydrogels containing no peptide. Specifically, spherical
clusters with smaller size (esp. MDA-MB-231) are observed. This
behavior is similar to the response within gels containing IKVAV,
indicating that binding to IKVAV may not occur or is very weak
compared to RGDS and GFOGER. Shape factor I) SF > 0.8, IT) 0.75 <
SF<0.8,11I) 0.7 <SF <0.75,1V) 0.65 <SF < 0.7, V) 0.6 < SF < 0.65,
VI) 0.55 <SF <0.6, VII) 0. 5 <SF <0.55, and VIII) 0.5 < SF; Cluster
Size 1) V < 25,000 um’, II) 25,000 < V < 50,000 um’, IIT) 50,000 < V <
75,000 um’, and IV) V > 75,000 pm’.
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IAN MDA-MB-231
GFOGER

38 MDA-MB-231

T-47D
GFOGER

Figure 4.12: Ki-67 expression during culture. A/B) MDA-MB-231 and C/D) T-47D
cells cultured in gels containing GFOGER and IKVAV proliferate slowly
over the course of 20 days in culture, with the formation of larger and
increased numbers of spheroids as shown above. However, Ki-67, an
indicator of if cells are dividing and in the cell cycle (proliferation), is
expressed at low levels (only a few cells) at D3 and largely disappears
between D10 and D20. Thus Ki-67 is unable to adequately capture the
low levels of proliferation observed in the 3D material system described
here. Z-projection images with 100 um scale bars, F-Actin = red, DAPI =
blue, Ki-67 = green.
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Chapter 5

CONCLUSIONS AND FUTURE DIRECTIONS

In this chapter, key conclusions from Chapters 2-4 are presented with
recommendations for future studies toward understanding breast cancer activation

within synthetic microenvironments.

5.1 Design of Well-Defined PEG-Based Hydrogels for Cell Culture Applications

In chapter 2, we described the creation of a novel poly(ethylene glycol) (PEG)-
based hydrogel for cell culture applications generated via facile synthetic techniques.
Specifically, thiol-modified PEG, peptides containing alloxycarbonyl-protected
lysines (providing reactive vinyls), and lithium acylphosphinate (LAP) photoinitiator
were synthesized using simple protocols, established in literature.'” These materials
are also commercially available, which will permit broader use of the material scaffold
in 3D cell culture and tissue engineering applications. Hydrogels polymerized rapidly,
within 5 minutes, after the application of light (365 nm and 10 mW/cm?) and in the
presence of LAP, which minimized the effects of light and radicals on cell viability.
Specifically, greater than 70% viability was observed for all cell types encapsulated
(hMSC, T-47D, MDA-MB-231), with some cell lines and conditions having high
viability at greater than 90%. The modulus of the material was tuned to mimic the
bulk mechanical properties of soft tissue sites (~600-6000 Pa).** Additionally,

biochemical cues, providing adhesion sites to promote cell-matrix interactions, were
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initially added or patterned within the microenvironments with high levels of
efficiency as determined via Ellman’s assay.

While this system represents a relatively simple approach to generating 3D
culture scaffolds, control over properties in time is limited. Specifically, biochemical
cues cannot be added after samples are incubated in culture medium as accessible thiol
groups for reaction are consumed by species within the medium. Follow-up studies to
develop techniques to dynamically alter this scaffold’s biochemical and biomechanical
properties would allow enhanced investigation of response to temporal property
changes. A relatively simple method to address this would be to polymerize gels off-
stoichiometry with excess peptide, providing reactive vinyls for later reaction with
thiol-containing peptides and polymers. However, this method could disrupt
polymerization and would require large amounts of peptides, which is significantly
more expensive to synthesize, so other techniques for dynamic modulation should be
investigated. Cambria, et al. described the incorporation of LPRTG peptides within
PEG-based hydrogel networks and subsequent ligation and cleavage of GGG-EGF
(epidermal growth factor fused to a tri-glycine peptide) mediated via sortase A.> A
similar scheme could be used to add and remove peptides coupled within our hydrogel
network by covalent incorporation of LPXTG peptides (modified with K(alloc) for
reaction with PEG-thiol) within the initial hydrogel substrate and subsequent addition
or cleavage of GGG-Peptides mediated by sortase A.

Beyond investigation of hMSC, MDA-MB-231, and T-47D cell response
within synthetic 3D scaffolds, we are also interested in studying the behavior of other
tumorigenic and non-tumorigenic cells in vitro. To date, we have also encapsulated the

MCF-12A, MCF-10A, and MCF-7 lines within our hydrogel scaffolds. MCF-10A and
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MCF-12A both exhibit viability (> 70%) post-encapsulation, however low and
variable viability was observed for MCF-7 (30-60%) one day after encapsulation
(Figure 5.1). We hypothesize that as described in literature, sensitivity to light and
radicals during polymerization resulted in the lower viability observed.® Probing
whether the decreased viability was due to light and radicals, MCF-7s were also
encapsulated in PEG-cyclooctyne and PEG-azide networks (SPAAC chemistry),
which form a gel without initiation by light or other catalysts. Viability of MCF-7s
was preserved post-encapsulation within these materials (> 80%) indicating that
damage to light and radicals occurred in the presented material system. For broader
use of the developed synthetic hydrogel, cell lines must individually be tested to
confirm viability. However, if low viability is observed, other light- and radical-free
chemistries (e.g. thiol-maleimide, SPAAC) should be considered for hydrogel

formation and cell encapsulation.

Percent Viable
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20
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Figure 5.1:

Viability of MCF-7 cells within PEG-based hydrogels. A) Live/dead
viability/cytotoxicity stain was used to quantify survival of MCF-7 cells
post-encapsulation. A large number of dead cells (red nuclei) are
observed, indicating that the encapsulation is not hospitable to cells.
Scale bar, 100 um. B) Low levels (30-60%) of viability was observed

across 5 encapsulation experiments. C) Encapsulation within gels formed

by radical- and light-free polymerization (Cyclooctyne) demonstrated
increased levels of viability (79 + 3%), supporting observations that
radicals and light may damage MCF-7 cells during encapsulation.




Finally, toward improving the design of materials scaffolds to study cell
binding and response, we are interested in the synthesis of novel peptides with
enhanced and specific binding to target integrins (Appendix B). Briefly, the one-bead-
one-compound technique developed by Lam, et al., which has been used broadly for
drug discovery and screening applications,” was used here to generate a library of
peptides to identify sequences with enhanced binding to a11 and a2p1. In
collaboration with Dr. Kit Lam and Dr. Emanual Maverakis, we have synthesized and
screened a library based on the collagen-mimetic peptide, GFOGER. Several linear
peptide sequences have been identified as potential targets and additional studies are
ongoing to characterize their binding to cells and specificity for the a1p1 and a21
integrins. Additionally, we are working on the design of cyclic peptide sequences
identified in other library screens to enhance binding to av3. Specifically, techniques
to make the cyclic LXW?7 sequence,” which is based on perturbations of the RGDS
peptide, are being investigated for covalent incorporation within hydrogel scaffolds

and for targeted cancer therapy.

5.2 Development of Proteomics Techniques to Identify Proteins Secreted within
Synthetic Scaffolds

In chapter 3, we described the development of a technique to isolate and
identify proteins secreted by cells cultured within synthetic material scaffolds.
Specifically, h(MSCs were cultured in PEG-based hydrogels, allowing cellular
remodeling and deposition of proteins within the scaffold. Scaffolds were
decellularized to remove some cellular compartments and proteins were collected
from the decellularized gels via degradation of an MMP-degradable peptide crosslink

with collagenase. The protein/polymer mixture was subsequently digested with trypsin
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and large PEG/peptide fragments from the gel were separated from the small peptide
fragments of cell-secreted proteins with low MWCO spin columns (10 kDa). Shotgun
proteomics via HPLC with MALDI-MS identified the presence of large proteins
collagen VI and fibronectin, secreted by hMSCs cultured within gels, and
immunostaining confirmed their presence. Luminex® multiplex bead assays also
identified soluble factors (VEGF, IL-8) secreted by hMSCs within the
microenvironment, which may drive additional cell response. This technique is
promising toward future application in identifying proteins secreted by other cell lines
or investigating proteins secreted by a single cell type in response to presentation of
different hydrogel chemical and physical properties.

In particular, relating to the differences in response and proliferation observed
for MDA-MB-231 and T-47D cells cultured within hydrogels (Chapter 4), future work
investigating the protein profiles secreted by these cells may help explain observations
about their response in vitro. Finally, Luminex® bead assays, which were used to
analyze samples collected from cells cultured in 2D, can be adapted to 3D cultures and

for a broader panel of analytes in future studies.

5.3 Examination of Breast Cancer Behavior and Response within Synthetic 3D
Microenvironments

The response of breast cancer cells cultured within synthetic PEG-based
hydrogel scaffolds was identified and characterized in chapter 4. With the ability to
independently investigate response to mechanical and chemical properties, we were
able to identify various microenvironmental factors that may regulate their dormancy
and activation. In particular, scaffolds with high matrix density (high modulus, stiff)

were found to decrease activity of cells cultured within hydrogels by restricting cluster
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growth and spreading within the network. Peptides mimicking fibronectin/vitronectin
(RGDS, targets avfB3, a5p1, and other integrins) and collagen (GFOGER, targets
alpBl, a2PB1) were found to promote activation within microenvironments as compared
to a laminin mimic (IKVAV, targets laminin receptor). Studies blocking 1
demonstrated the loss of activation within hydrogels containing GFOGER while
activation was maintained in the RGDS microenvironment, indicating that other
integrins may be involved in the activation observed for the RGDS condition. Taken
together, these results are promising toward the identification of critical factors that
regulate cancer dormancy and recurrence within a synthetic, in vitro scaffold.
Motivated by the response observed in hydrogels containing RGDS, where
MDA-MB-231 cells remained active after blocking B1, future work can be performed
to identify other integrins or receptors associated with active behavior observed in
vitro. Specifically, it has been demonstrated that different integrins are expressed at
different levels by various breast cancer cell lines,” which may affect the cell’s ability
to bind and respond to peptides within a synthetic scaffold. Individual or combinations
of integrins can be blocked in future studies to identify additional cell-ECM
interactions that may be responsible for cell activation within discrete
microenvironments. For example, MDA-MB-231 remained active after blocking 1 in
gels containing RGDS (targets a5B1, avp3, others), thus blocking 1 and 3
individually and in combination can be performed to investigate the effects of both
integrins on activation within hydrogels. Further, blocking the laminin receptor may
help elucidate the different response observed in environments containing IKVAV.
Other integrin binding peptide sequences can synthesized with enhanced binding to

various integrins (e.g., RGDG3PHSRN which strongly binds a5p1)' to study
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additional biochemical factors that may support activation during 3D culture. Beyond
the presentation of factors tethered to synthetic matrices, various soluble factors (e.g.,
TGF-B1, FGF-2)'""* have also been implicated in dormancy and recurrence. These
factors, secreted by metastatic niche cells, motivate future work toward the co-culture
of breast cancer cells with niche cells (e.g., fibroblasts, hMSCs). This may be achieved
through various techniques including the application of conditioned medium to
samples (least complex to execute), transwell assays, or direct culture within the same
microenvironment (most complex to evaluate).

The assays described here provide information to evaluate cell activation
within synthetic microenvironments at discrete time points; however, additional
techniques need to be developed to understand cell behavior and response in time as
well as on a genomic level. The current techniques used to evaluate response are
destructive, end-point analyses (fixed cells for immunostaining), thus the behavior of
cells in a single sample microenvironment cannot be monitored over time. As a result,
large numbers of samples are required to execute time course experiments, which
make it challenging to evaluate multiple conditions at a time. The development of live
imaging techniques and the use of dynamic markers of the cell cycle (e.g. FUCCI)" or
partial labeling of cells with GFP can be explored to monitor cell behavior and provide
additional information on proliferation and activation within microenvironments.
Finally, toward model validation and identification of critical markers of dormancy
and recurrence, RNA sequencing can be used to compare gene expression of cancer

cells cultured within our synthetic scaffolds to human and animal data sets.'*"”
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5.4 Summary

In this thesis, a novel approach to investigate the response of breast cancer
recurrence was presented. A synthetic hydrogel scaffold with well-defined mechanical
and chemical properties was generated for the culture of cells within a 3D
microenvironment. Techniques to analyze cellular remodeling of these environments,
which alters the properties of these initially well-defined scaffolds, were also
developed. Activation in response to the presentation of individual or multiple
chemical and physical cues found within metastatic tissue sites was investigated and
several conditions promoting activation were identified. Beyond investigation of
cancer recurrence, the system presented here may be used in diverse biological
applications for the culture of additional cell lines or primary cells to explore critical

factors in the ECM that regulate cellular response and fate in vitro.
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Appendix B

DESIGN OF NOVEL PEPTIDES WITH ENHANCED BINDING TO
INTEGRINS

B.1 ONE-BEAD-ONE-COMPOUND COMBINATORIAL LIBRARY

In collaboration with Dr. Kit Lam and Dr. Emanual Maverakis, a one-bead-
one-compound (OBOC) peptide library, with perturbations on the collagen-based
peptide mimic GFOGER, was built. Specifically, linear and cyclic peptides were
synthesized on resin (Table B.1.1) with amino acid substitutions as shown in Tables
B.1.2-B.1.6.

Library synthesis was performed via manual peptide synthesis techniques.
TentaGel S NH; Resin (Rapp Polymere, 0.32 mmol/g loading, 15 g) was swollen in
N,N-dimethylformamide (DMF) overnight. Fmoc-protected cysteine (c), N,N -
diisopropylcarbodiimide (DIC), and N-hydroxybenzotriazole (HOBt) were dissolved
in DMF at 5x excess and added to the resin beads. The coupling reaction was allowed
to proceed for 2 hours (shaken), and coupling of the cysteine was confirmed via Kaiser
test. Resin was rinsed 3x in DMF, 3x in methanol (MeOH), and 3x in DMF. Fmoc
deprotection was performed by treatment with 25% piperidine in DMF for 2x 15 min.
After deprotection, resin was rinsed with 3x DMF, 3x MeOH, and 3x DMF and Fmoc
removal confirmed via Kaiser test. For coupling X, resin was split into 30 tubes and
individual amino acids (5x excess, Table B.1.2) were coupled to the resin in each tube
(activated by 5x excess HOBt/DIC in DMF) for 2 hours. Coupling was confirmed by

Kaiser test and the beads were re-combined for washing, deprotection, and washing
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post-deprotection. Coupling, deprotection, and washing was performed for the
remainder of the amino acids, splitting the resin at positions X,-X7 for coupling amino
acids in Tables B.1.2-B.1.6. Note that at the positions GXs, X¢, and X7, resin was
taken to make linear or cyclic peptides of different lengths.

For linear peptides, protecting groups were removed with trifluoroacetic acid
(82.5 mL), phenol (7.5 g), thioanisole (5 mL), DI water (5 mL), and triisopropylsilane
(2.5 mL) for 3-5 hours. After deprotection, resin was rinsed 1x MeOH, 1x DMF, 1x
5% diisopropylethylamine/DMF, 1x DMF, 3x MeOH, 3x dichloromethane, 1x MeOH,
3x DMF, 1x 50/50 DMF/water, 3x water, 3x ethanol, and 3x 70% ethanol. Peptides
were stored at 4 °C in 70% ethanol prior to screening. For cyclic peptide formation,
cysteine was coupled to the N’-terminus prior to protecting group deprotection
(described above). After side chain deprotection, cyclization buffer (75:5:20 v/v/v
water: acetic acid: dimethylsulfoxide, pH 6.0 with ammonium hydroxide) was added
to the resin and reacted for 24 hours. Fresh cyclization buffer was added and
cyclization was allowed to proceed for an additional 24 hours. Disulfide bond
formation was confirmed via Ellman’s assay and resin beads were rinsed and stored at

4 °C in 70% ethanol as described above.

Table B.1.1: List of linear and cyclic peptide sequences generated for the OBOC
peptide library. Amino acid residues (X;-X7) were varied as shown in
Tables B.1.2-B.1.6. L = Linear, C = Cyclic.

Name Sequence

Ll GX5X4GX3X2X1C

L2 X6GX5X4GX3X2X1 C

L3 X7X6GX5X4GX3X2X10
Cl1 CGX5X4GX3X2X1C

C2 CX6GX5X4GX3X2X1C
C3 CX7X6GX5X4GX3X2X1 C
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Table B.1.2: Thirty amino acid substitutions for the X, X¢, and X7 positions.

#1 #2 #3 #4
Fmoc-Phe(3,4-diCl)- Fmoc-D-Chg-OH Fmoc-L-HoCit Fmoc-Hyp(tBu)-OH
OH MW:379.4 MW: 411.4 MW: 409.0
MW: 456.4 FmocNH._ COOH HNFmoc._COOH tBUO"MU
F HN__ COOCH
moc| : o \(/\/NHCONHz NFmoctzioOH
\@CI
#5 #6 #7 #8
Fmoc-D-Phe(3-Cl)- Fmoc-D-3-Pal-OH Fmoc- Aib-OH Fmoc-L-1-Nal-OH
OH MW: 388.4 MW: 325.5 M MW: 437.47
MW: 421.9 FmocHN COOH FmocHN___COOH
FmocNH-~__-COOH FmocNH.__ COOH
g (@ < ()
’ ¥
#9 #10 #11 #12
Fmoc-Dpr(Boc)-OH Fmoc-D-Tyr(Me)-OH Fmoc-L-Phg-OH Fmoc-Nle-OH
MW: 426.4 MW: 417.47 MW:373.4 MW: 353.4
FmocNH.__COOH FmocNH . _COOH FmocNH. _ COOH FmocNH. __ COOH
E\NHBoc (( ) ( j \/\
#13 #14 #15 #16
Fmoc-D-Ala-OH Fmoc-D-Glu(OtBu)- Fmoc-D-Asn(Trt)-OH Fmoc-Ile-OH
MW:311.3 a | OH MW: 596.7 n | MW: 3534 I
FmocNH COOH MW: 425.5 FmocNH. __COOH FmocNH.__COOH
\l/ FmocNH COOH §
\‘; CONHTrt /\/
COOtBu
#17 #18 #19 #20
Fmoc-D-Leu-OH Fmoc-D-Lys(Boc)- OH Fmoc-D-Ser(tBu)-OH Fmoc-D-Met-OH
MW: 353.4 MW: 468.6 MW: 383.4 s | MW:371.5 m
FmocNH.__ COOH FmocNH.__COOH FmocNH COOH FmocNH COOH
T s
j%/ \l/\/vNHBoc oBu ~
#21 #22 #23 #24
Fmoc-D-Phe-OH Fmoc-D-Pro-OH Fmoc-L-Thr(tBu)-OH Fmoc-L-Val-OH
MW: 387.4 MW: 337.4 p | MW:397.5 T | MW:339.4 \Y
FmocNH._ COOH FmocNH COOH FmocNH COOH
D COOH /\[ /\'/\
NFmoc OtBu
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Table B.1.2 continued.

#25 #26 #27 #28
Fmoc-D-Trp(Boc)-OH | Fmoc-D-His(Trt)-OH Fmoc-Asp(OtBu)-OH Fmoc-GIn(Trt)-OH
MW: 526.6 w | MW:619.7 h | MW:411.5 D | MW: 610.7 Q
FmocNH.__COOH FmocNH COOH FmocNH\/COOH FmocNH._ COOH
H é\/CONHTrt
4 “ ji['ﬁ) “cootBu
o NTrt
#29 #30
Fmoc-Tyr(tBu)-OH Fmoc-Arg(Pmc)-OH
MW: 459.6 Y | MW: 662.8 R
FmocNH\:/COOH FmocNH\/COOH
\©\ SN O NHE
OtBu H
Table B.1.3: Eighteen amino acid substitutions for the X, position.
#1 #2 #3 #4
Fmoc-Arg(Pmc)-OH N-Fmoc-amino-(4-N- | Fmoc-L-HoCit Fmoc-Hyp(tBu)-OH
MW: 662.8 R | Boc-piperidinyl) MW: 4114 MW: 409.0
FmocNH._COOH NH carboxylic acid HNFmoc._ COOH tBuO...
= MW: 466.53 (4-Apc) (N COOH
\/\H NHPmc | FmocHN ijOOH NHCONH, NFmoc
N
Boc
#5 #6 #1 #8
Fmoc-Dpr(Boc)-OH Fmoc-D-3-Pal-OH Fmoc- Nva-OH Fmoc-Asp(OtBu)-OH
MW: 426.4 MW: 388.4 MW: 3394 MW: 411.5 D
FmocNH. _ COOH FmocHN COOH FmocNH. __ COOH FmocNH. __ COOH
< - ;
NHBoc I@ ~— N ooy
#9 #10 #11 #12
Fmoc-D-GIn(Trt)-OH Fmoc- Orn(Boc)-OH | Fmoc-D-Thr(tBu)-OH | Fmoc-L-Ser(tBu)-OH
MW: 610.7 q | MW: 4545 (132.12) | MW:397.5 t | MW: 383.4 S
FmocHN\(C/OOH FmocNH\/COOH FmocNH COOH FmocHN\/COOH
CONHTTt ~">NHBoc /\[OtBu otBu
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Table B.1.3 continued.

#13 #14 #15 #16
Fmoc-D-Ala-OH Fmoc-D-Glu(OtBu)- | Fmoc-L-Asn(Trt)-OH | Fmoc-D-Lys(Boc)-OH
MW: 311.3 a | OH MW: 596.7 N | MW: 468.6 k
FmocNH COOH MW: 425.5 e | FmocHN___COOH FmocNH. __ COOH
\l/ FmocNH COOH H \‘/\/VNHB
\l; SCONHTH o
COOtBu
#17 #18
Fmoc-Tyr(tBu)-OH Fmoc-D-His(Trt)-OH
MW: 459.6 Y | MW:619.7 h
FmOCNH\:/COOH FmocNH COOH
N
\©\Ot8u / »
NTrt
Table B.1.4: Four amino acid substitutions for the X3 position.
No. X Structure No. X Structure
1 Asp HZN\/COOH 3 Aad HZN\;/COOH
(D) ~COoH ~"cooH
2 Glu HZNYCOOH 4 Bmc HZN\_/COOH
(E) \COOH ~s">coon
Table B.1.5: Fifteen amino acid substitutions for the X4 position.
#1 #2 #3 #4
Fmoc-Hyp(tBu)-OH Fmoc-D-Chg-OH Fmoc-D-Pro-OH Fmoc-Thz-OH
MW: 409.0 MW: 379.4 MW: 337.4 p | MW: 3552
tBuO«.., FmocNH._ COOH S/>\
{ j*COOH -+ COOH AN COOH
NFmoc NFmoc Fmoc
#5 #6 #7 #8
Fmoc- Aib-OH Fmoc-Ach-OH Fmoc-Acpc-OH Fmoc-Arg(Pmc)-OH
MW: 325.5 MW: 365.4 MW: 323.35 MW: 662.8 R
FmocHN COOH FmocNH. _COOH
FmocNH.__ COOH FmocNH.__COOH £
et Z \/\H NHPmc
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Table B.1.5 continued.

#9 #10 #11 #12
Fmoc-D-Thr(tBu) Fmoc-Asp(OtBu)-OH | Fmoc-Gln(Trt)-OH Fmoc-Ser(tBu)-OH
MW: 397.5 t | MW:411.5 D | MW:610.7 Q | MW: 3834
FmocHN_ _COOH FmocNH\/COOH FmOCNH\/COOH FmocHN___COOH
IOtBU :\COOtBu “~_—~CONHTrt \OtBU
#13 #14 #15
Fmoc-Ala-OH Fmoc-D-Glu(OtBu)- Fmoc-D-Asn(Trt)-OH
MW:311.3 A | OH MW: 596.7 n
FmocHN__COOH | MW:425.5 e | FmocNH._COOH
: FmocNH COOH \E
z \‘; CONHTTt
COOtBu
Table B.1.6: Twenty-eight amino acid substitutions for the X5 position.
#1 #2 #3 #4
Fmoc-Phe(3,4-diCl)- Fmoc-D-Chg-OH Fmoc-Bpa-OH Fmoc-Phe(4-Me)-OH
OH MW: 379.4 MW:491.5 MW: 401.46
MW: 456.4 FmocNH._ COOH FmocNH___ COOH
FmocHN___COOH FmocNH._ COOH
: Cl H
0
#5 #6 #1 #8
Fmoc-D-Phe(3-Cl)- Fmoc-D-3-Pal-OH Fmpc-Cha-OH Fmoc-D-Phe(4-CN)-
OH MW: 388.4 MW: 393.48 OH
MW: 421.9 FmocHN__COOH FmocHN..-COOH MW: 412.4
FmocNH.__COOH =N s FmocHN___COOH
) - e 5!
CN
#9 #10 #11 #12
Fmoc-D-HoPhe-OH Fmoc-D-Tyr(Me)-OH | Fmoc-Phg-OH Fmoc-Nle-OH
MW: 401.5 MW: 417.47 MW: 373.4 MW: 353.4
FmocHN_. _COOH FmocNH . _COOH FmocNH. _ COOH FmocNH. __ COOH
T\/O SN
OMe @
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Table B.1.6 continued.

#13 #14 #15 #16
Fmoc-Phe(4-CF;)-OH | Fmoc-L-1-Nal-OH Fmoc-Phe(3,5-diF)-OH Fmoc-Phe(3,4-diF)-OH
MW: 455.4 M MW: 437.47 MW: 423 .4 MW: 423 .4
FmocHNvCOOH FmocHN\/COOH FmocHNvCOOH . FmocHN\/COOH .

\©\CF3 \Q \@F

9 F
#17 #18 #19 #20
Fmoc-Phe(4-F)-OH Fmoc-Tyr(tBu)-OH Fmoc-Ser(tBu)-OH Fmoc-D-Met-OH
MW: 405.4 MW: 459.6 Y | MW: 383.4 S | MW:371.5 m
FmocHN___COOH FmocNH._COOH FmocHN___COOH FmocNH COCH
\©\ ~otBu LS\
F OtBu
#21 #22 #23 #24
Fmoc-Phe-OH Fmoc-Pro-OH Fmoc-D-Thr(tBu)-OH Fmoc-Hyp(tBu)-OH
MW: 387.4 F | MW: 3374 P | MW: 397.5 t | MW: 409.0
FmocHN.___COOH FmocNH COOH tBuO....
Q\COOH /\[ L J~coon
\© Fmoc OtBu NFmoc
#25 #26 #27 #28
Fmoc-D-Trp(Boc)- Fmoc-Ach-OH Fmoc-Arg(Pmc)-OH Fmoc-Ala-OH
OH MW: 365.4 MW: 662.8 R | MW:311.3
MW: 526.6 W FmocHN COOH FmocNH. _COOH A
FmocNH.__COOH ;\/\ FmocHN.__COOH
N™ “NHPme :

3

NBoc

Screening of libraries was performed with hMSCs and K562 cells expressing

alpha 1 to investigate binding specificity for alp1. Sterile beads were rinsed 5x with

phosphate buffered saline (PBS) and placed into a nontreated culture dish.

Approximately 1 x 10° cells in 10 mL culture medium (cell concentration may be

tuned depending on study) were added to the beads. Plates with cells and beads were

incubated at 37 °C overnight or to time points of interest to allow cell interaction with

peptides on the bead surface. Samples were inspected under a Zeiss stereomicroscope

and beads with cells bound to the surface were picked out of the plate (Figure B.1.1).

Cells were removed from the bead surface by 8 M guanidine chloride prior to
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sequence identification. Three peptides from L3 were identified in initial library
screens (Table B.1.7) and were built as a “focused” library. These sequences are

undergoing additional analysis for binding specificity to alf1.

8%8%
N4

Figure B.1.1: Example of cells bound to the surface of a bead during library screens.
These beads were selected for sequence identification.

Table B.1.7: Three linear peptide sequences (L3) were identified in initial peptide
library screens. These sequences were synthesized for additional studies
on specificity for binding to al1p1.

Peptide X7 X6 Xs X4

G G X3 Xz Xl C
Al D-His | Nal-1 | G | D-Tyr(Me) Hyp G Glu Arg D-Lys c
A2 D-Lys | Nle G Pro Hyp G Asp | D-Ala Arg c
A3 Nle Tyr G Nal-1 D-Pro G Bmc Arg Arg c

197



B.2 SYNTHESIS OF CYCLIC PEPTIDES IDENTIFIED IN OBOC
SCREENING

In addition to the identification of novel peptide sequences using the OBOC
technique, we are also developing techniques to covalently attach cyclic peptides
identified in other OBOC libraries within hydrogel networks. Specifically, the LXW7
sequence (c-RGDdv-c, cyclized by disulfide bridge between c-c), based on
perturbations of RGDS, was shown to have enhanced binding to avf3. For cyclization
and covalent attachment of this sequence to hydrogel networks formed by thiol-ene
click chemistry, we made several modifications to the sequence. To permit cyclization
through thiol—ene ‘click’ chemistry, an alloxycarbonyl-modified lysine (reactive
vinyl) and monomethoxytrityl (Mmt)-protected cysteine (reactive thiol) were
incorporated at opposite ends of the base peptide sequence. The Mmt-protecting group
may be selectively removed in dilute acid conditions to permit cyclization. PEG,
spacers were added to improve solubility and a trityl (Trt)-protected cysteine was
incorporated to allow covalent attachment to thiol—ene hydrogel networks. The Trt-
protecting group is deprotected with high concentrations of acid and is removed upon
cleavage of the peptide from resin. The final sequence is c(Mmt)-G-RGDdv-K(alloc)-
(PEG2)2-¢(Trt). The linear peptide sequence was built on a Protein Technologies PS3

peptide synthesizer and cyclization was performed as follows:

1. After peptide synthesis on the PS3, if desired, split beads into manual
peptide synthesis vessels (glass frit) to make linear or cyclic peptides.
Cleave the linear peptide as described in step 14 below.

2. Prepare Ellman’s reaction buffer (2.4g sodium phosphate, 74.4mg
EDTA, 200ml DI H,0; pH 7.5-8 with sodium hydroxide or phosphoric
acid) and Ellman’s reagent (4 mg in 2 mL Ellman’s reaction buffer) to
monitor the cyclization reaction via the presence of free thiols.

198



10.

11.

12.

13.

14.

Swell the peptide on resin in dichloromethane (DCM) for 30 minutes
and place a few resin beads into a microcentrifuge tube. Apply
Ellman’s reagent to the beads to check for free thiols. If the solution
turns yellow, free thiols are present. At this stage, there should be no
free thiols.

Mix .54 mL of trifluoroacetic acid (TFA) with 29.46 mL of DCM to
make 30 mL of 1.8% TFA solution.

Prepare lithium acylphosphinate (LAP) photoinitiator solution by
dissolving 110.3 mg LAP in 30 mL of DI water.

Remove the Mmt protecting group by applying 1.8% TFA 10 times for
30-60 seconds each while stirring. Place a few resin beads into a
microcentrifuge tube and apply Ellman’s reagent to check for free
thiols. If the solution turns yellow the test indicates free thiols are
present and proceed to step 7. If no free thiols are detected, repeat this
step.

Wash 5x with DCM for 30-60 seconds to remove any remaining TFA.
Gently apply air to dry the resin and re-swell in DCM.

Add 3 mL of the LAP solution to the beads and allow diffusion into the
beads for 10 min while stirring.

Apply UV light at ~20mW/cm” and 356 nm (while stirring) to initiate
reaction between the alloc and free thiol groups.

Drain and add fresh LAP solution every 10 minutes to compensate for
initiator consumption during reaction. Allow the reaction to proceed for
90 minutes.

After 90 minutes, wash the resin with DCM 3 times for 30-60 seconds
and blow air through the synthesis vessel to dry.

Place several beads into a microcentrifuge tube and apply Ellman’s
reagent to check for free thiols. If solution doesn’t change colors (no
free thiols remain), proceed with step 14. If solution is turns yellow
repeat steps 8-11.

After drying, cleave the peptide from resin (95% v/v TFA, 2.5% v/v
water, 2.5% v/v triisopropylsilane, 5% w/v dithiothreitol, 2.5% w/v
phenol) for four hours and precipitate in ice cold diethyl ether. Wash 3
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times with diethyl ether and dry (desiccator). Store at -20 °C until
purification (HPLC) and/or mass spec analysis. Note that the Trt
protecting group will be removed with cleavage from resin.

In an initial test of the cyclization procedure, the mass of crude cyclic and
linear products was analyzed via ESI (Figure B.2.1). The mass of the linear product
was confirmed, indicating that synthesis of peptide on the PS3 was successful.
However, noise in the ESI spectrum of the cyclized peptide indicates that the crude
cyclic product was not pure. We hypothesize that the reaction between neighboring
peptides on a single resin bead may result in the formation of multiple connected

peptides, making the product mass difficult to identify.
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Figure B.2.1: ESI-MS data for crude linear and cyclic peptides. Linear peptides were
successfully created via solid phase peptide synthesis on a Protein
Technologies PS3 (MW = 1326 g/mol, '4 peak = 664 g/mol). The initial
test of the cyclization procedure did not generate a pure cyclic peptide
product.
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Toward improvement of the cyclization technique, we aimed to generate low

loading resin to increase spacing between neighboring peptides on a single resin bead:

1.

Deprotect Resin

Weigh out ChemMatrix Resin for a 0.25 mmol scale peptide.
Swell resin in DMF for 30 minutes and drain after swelling.

Add 20% piperidine in DMF to resin and shake/stir for 10 min.
Drain and add fresh piperidine/DMF solution for a total of 3 rinses.

Rinse deprotected resin 3x DMF, 3x Methanol, 3x DMF, and 3x
DCM.

If not used immediately, dry resin and store at -20 °C.

React with Amino Acid to Establish Reaction Curve

Dissolve c(Trt) (4x excess to 0.25 mmol loading) and DIC/HOBt
(3.95x excess) in DMF and immediately add to the resin.

To establish a reaction curve, let coupling proceed for 2.5, 5, 10,
20, and 30 minutes (Figure B.2.1). Collect beads from each of these
time points for analysis.

Rinse resin 3x DMF, 3x Methanol, 3x DMF, and 3x DCM then dry.

Remove Fmoc with Piperidine and Measure on Nanodrop

Accurately weigh 10 mg of resin into an eppendorf tube.
Add 800 mL of DMF and allow the resin to swell for 15 minutes.
Add 200 mL of piperidine.

Vortex to ensure good mixing and let stand at room temperature for
15 minutes.

Measure the absorbance at 301 nm versus a 20% piperidine in DMF
blank on the NanoDrop.
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4.  Generate Large Batch of Low-loading Resin Based on Reaction Curve
and Synthesize Peptides

* Repeat steps 1-3, selecting the 5 minute coupling time to attach
c(Trt) in step 2, generating a single loading density resin.

* Confirm loading in step 3 by taking only a small portion of the
resin beads.

* Place resin in a reaction vessel on the PS3 peptide synthesizer and
cap remaining free amine sites (acetic anhydride) prior to Fmoc
deprotection of the c(Trt) and coupling of the second amino acid
residue (PEG;). Proceed with standard peptide synthesis and
cyclization procedures.

Based on the reaction curve, low loading resin was generated for reactions
occurring in under 10 minutes (Figure B.2.2). We selected the 5 min coupling time to
generate low loading resin, which yielded resin with loading of ~0.01-0.07 mmol/g in

subsequent reactions.
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Figure B.2.2: Reaction curve for generating low loading resin. The 5 minute coupling
time was selected to generate low loading resin for subsequent cyclic
peptide synthesis.
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Toward improving the characterization of cyclic peptides post-synthesis, we
used an ACQUITY UPLC H-Class/SQD2 mass spectrometer that permits LC-MS
analysis of the peptide product. Comparing chromatograms of the linear and cyclic
peptides built on low loading resin, the linear product was present within a
distinguishable large peak while spreading and multiple peaks were observed in the
cyclized product. This further indicates that impurities may present after cyclization

(Figure B.2.3).
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Figure B.2.3: Chromatograms (SQD?2) of crude linear and cyclic peptide products
built on low loading resin. Linear product was identified in the major
peak; however, spreading and multiple peaks present within the cyclic
peptide product indicate the presence of impurities.

To attempt purification of the crude cyclic product built on low loading resin,
we ran a slow HPLC gradient (5-55% acetonitrile in water, 1-43 minutes) and
collected the two largest product peaks observed (Figure B.2.4 A). P1 contained the

correct product molecular weight and may contain cyclized peptide (Figure B.2.4 B,
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red arrows). Unfortunately, due to impurities and low initial loading, product yield is
minimal; so other techniques to perform cyclization (e.g., solution-based cyclization)
will be pursued in future work. Additionally, we will investigate techniques to confirm

that the generated peptide is cyclic (e.g., 2D NMR).
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Figure B.2.4: Purification (HPLC) and mass spec (SQD2) analysis of cyclic

peptide built on low loading resin. A) Cyclic peptide was separated
over a slow gradient and major peaks (P1 and P2) were collected for
analysis. B) The molecular weight of the cyclic peptide was identified
(red arrows); however impurities in the sample are present, resulting in
low yield.
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