ABSTRACT

CHESTER, DANIEL.Microgel Films with Controllable Loss Tangent as a Platform to Study
Cell Mechanotransduction Respongginder the direction of Dr. Ashley Brown).

Cells have the ability to sense the mechanics of their microenvironment, prsd toeir
cellular responses accordingly, which plays a rolessue homeostasis as wellths propagation
of many diseases, namely fibrosis. In order to understand the roleah substrate mechanics
play in modulating cellular behavior, purely g@lasnaterials with controllable stiffnesses have
beenwidely used. However, due to the viscoelastic nature of biological tigheeesults of such
studiescan vary fronthecellular responses observadvivo. Therefore, recent studies have begun
to create materials with nehinear elastic properties that can be controlled irrespective of the
substrate stiffness with the hopes of recapitulating the responses serin anin vitro setting.
This dissertatiorfocuses on the creation of microgel schffothat have highly controllable
viscoelastic properties in order to further the understanding of the role that viscoelasticity plays in
modulating mechanotransduction respon#ess my hypothesis that by altering the amount of
internal particle crossiking or the external film crosslinkindensities the viscoelasticity of
microgel thin films can be controlled and used for the study of mechanotransduction responses.
The overarchig purpose of the works described in this dissertation was to develigpogel film
technology capable of (1) having highly controllable viscoelastic properties to study the effect that
viscoelasticity has oribroblast migration, morphology, and fibroticesponses; (2) creating
patterned microgel films by utilizing the ultasc microplotting printing methodh order to
further the applications of microgel thin filmand(3) being combined with PA gels in order to
study the combinatory effect that miged film surface viscoelasticity and PA gel substrate

stiffness has onlfroblast cellular and nuclear morphology.
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Figure 1.6. The Time-Dependent Material Properties of Biological Tissues.
Biological tissues are not purely elastic and have a -tlapendent
viscoelastic property. This can be seen in the stress relaxatiees of
various biological tissues, which decrease towards O over time, when
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Reprinted fromNature Materials Volume 15. Chaudhuri, O., Gu, L.,
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Figure 3.1. Characterization of microgel thin film properties. A) Microgel particles
are created in a precipitatiggolymerization reaction with the constituents
p-NIPam, AAc, and BS and initiated with APS at 700C. Microgel particles
were createdby keeping the AAc concentration at 5% and by varying the
amount of BIS to be either 1, 2, 4, or 7%. B) Dry microgel particle diameters
and heights were measured with AFM. C) Summary ofogel particle
and film characterization. D) Microgel thin filmsere created in a LBL
process through centrifugation where layers of negatively charged microgel
particles were alternated with layers of positively charged PEI. E) Film loss
tangentwasmeasr e t hr ough AFM. F) The Youngds
was measuredith AFM and data was fit with the Hertz model; * p<0.05.28

Figure 3.2. Analysis of fibroblast migration responses on microgel thin films.
HDFns were seeded on collagemated microgel thin films for 2 hrs and
imaged over 24 113. A) Representative images of single cells migrating
using either ameboid or mesenchymal cell migration over 60 mins are
shown. Circles represent the cell body, while the dots represent the centroid
of the cell body. Yellow arrows represent the direcaod relative path of
migration. The timdapse videos were then analyzed in the commercially
available software Aivia to quafyt cellular migration responses including
velocity (B), path length (C), and straigiie length (D). * p<0.05; **
p<0.01; *** p<0.001; **** p<0.0001.......cceeeieiiiiiiiiiriiieeee e 32

Figure 3.3. Loss tangent of microgel films modulates cell contractility, morphology,
stress fiber formation, and CTGF ExpressionA) HDFns were seeded on
collagencoated microgel films and singtel stiffness was measured 12
hrs after seeding via AFM. B) TFM wagerformed on a celly-cell basis
with cells seeded on collageoated films built on PA gels containing
fluorescent beads. 12 hrs after seeding images were taken of individual cells
before and after lysis. Traction forces were calculated using a MatLab
algorithm. HDFns were seeded on collageated films for 24 hrs and then
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Print Quality Resulting from Bioinks with Changing Microgel and PEG
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20% PEG (v/v). &) Print quality was assessed by measuring features in
ImageJ such as dot radii, circularity, the percent of the template pattern to
print, printed line length, and printed line widtlespectively. Significant
differences wre measured between microgel bioinks with different
microgel concentration, but the same percentage of PEG. *** p<0.0005,
FRHE K0.00005 .. 59

Microgel Bioink Print Heights Measured by Atomic Force Microscopy.
Atomic force microscopy (AFM) was used in order to determine the
thickness of printed lines made on plain glass with bioinks containing
different microgel and PEG concentration. A) A representatnage of a
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by AFM where microgel concentration remained constant at 2 mg/mL and
the PEG percentage was changed. C) The heights of printed lines measured
by AFM where PEG percentage raimed constant at 20% émicrogel
concentration was changed. *** p<0.0Q05............ccccvvmriiimmmriiiiiie 61

Microgel Bioink Contact Angle Changes Based on Surface Coating\)
Contat¢ angle measurements were taken using a Raane Advanced
Contact Goniometer Model 102 and Droplmage Advanced software was
used to image the water dropletsEPB Representative droplet images for
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microgel concentration was kept constant at 2 mg/mL and PEG
concentration was varied. G) Contact angle of bioink droplets where PEG
percentage was kept constar2@% and microgel concentration was varied.
H) Contact angle of bioinks with 2 mg/mlf microgels and 20% PEG. *

Changing Surface Coating Efects Microgel Bioink Print Quality. A)
Representative image of a bioink containing 2 mg/mL of microgels and 20%
PEG on a BSA coated surface-Hp Print quality on each coated surface
using a bioink containing 2 mg/mL of microgels and 20% PEG was
measuredn ImageJ by analyzing printed dot radii, printed dot circularity,
the percent of the template pattern to print, printed line width, and printed
line length respectively. G) The heights of printed lines measured by AFM.

Printing Features Increases Linearly with Changing Print Head
Diameter: A) A template pattern was designed in orttermeasure how
printed feature quality chged with the glass capillary print head diameter.
B) A representative image of a print using a 50 um diameter with a bioink
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Figure 4.7.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

containing 2 mg/mL of microgels and 20% PEG on a BSA coated surface.
C-G) Print quality vas measured in ImageJ by analyzing prirdetradii,
printed dot circularity, the percent of the template pattern to print, printed
line width, and printed line length respectively. * p<0.05, ** p<0.005, ***
P<O.0005.. . eeeeee ittt e cerer et e e e e e s smne e r e e e e e e nnnre e e annreeeeeend 67

Patterning Microgel Films Using an Ultrasonic Microplotter: Patterned
microgel films were created using particles labeled with Alexa Fluor 594
Cadaverine (red) or Alexa Fluor 488 Cadaverine (green). Bioinks with the
labeled particles were createdhatoncentration of 2 mg/mL and printed on
BSA coated surfaces. Patterns with green feature sizes of 200x200 um (A),
100100 pum (B), 50x100 um (C), and 50x50 pum (D) were printed......... 69

PA Gel and Microgel Composite Sbstrate Synthesis and
Characterization. A) Composite microgel and PA gel substrates were
created by first polymerizing a PA gel on a glass coverslip. The paeder
PA gel was functionalized with SURBANPAH and incubated with PEI for
microgel film buildup. Microgel film buildup occurred in a layby-layer
fashion with EDC/ NHS crosslinking occurring after the first layer and again
after the fourth layer. B) &hart of the PA gel stiffnesses, microgel particle
internal crosslinking densities, and diffeteamounts of external film
crosslinking concentrations used to create the composite substrates. C) Loss
tangent AFM imaging was performed on 3 different loaetion 2 different
microgel films built on glass to measure how external crosslinking
influences film viscoelasticity. Significant differences were measured
between films with different external crosslinking concentrations, but the
same percentage of BIS: <0.005, *** p<0.0005, **** p<0.00005........... 82

Cellular morphology on 2 kPa PA gelsimages were taken 24 hours after
seeding HDFn cells on collagematedcomposite substrates with a PA gel
stiffness of 2 kPa and the cell membrane stained green and the cell nucleus
stained blue. Cell area (A) and cell circuiafB) were measured in ImageJ

with a total of at least 30 cells measured across 3 different campos
substrates. C) Representative images of HDFn cells with the labeled images
I-iv corresponding to the points labeleny ion graphs A and B.................... 84

Cellular morphology on 9 kPa PA gelsimages were taken 24 hours after
seeding HDFn cells on collagewated composite substrates with a PA gel
stiffness of 9 kPa and the cell membrane stained green and the cell nucleus
staned blue. Cell area (A) and cell aitarity (B) were measured in ImageJ

with a total of at least 30 cells measured across 3 different composite
substrates. C) Representative images of HDFn cells with the labeled images
i-iv corresponding to the points klled v on graphs A and B.................... 85

Cellular morphology on 20 kPa PA gelslmages were taken 24 hours after
seeding HDFn cells on collagewated composite substrates with a PA gel
stiffness o020 kPa and the cell memane stained green and the cell nucleus
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Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure A.1.1.

Figure A.1.2.

stained blue. Cell area (A) and cell circularity (B) were measured in ImageJ
with a total of at least 30 cells measured across 3 different composite
substrates. C) Representative images oFHPells with the labeleidhages

I-iv corresponding to the points labeleny ion graphs A and B.................... 86

Cell Morphology Responses to Changing Losgangent and Stiffnessin

order to better visualize the trends in cellular morphology acros bo
stiffness and loss tangent, the area (A) and circularity (B) responses of
HDFn cells were plotted in 3D. These graphs show that cell morphology
responses fadw similar trends as dictated by the loss tangent and that the
magnitude of the observed respea changes with stiffness. These graphs
also highlight the variability in observed responses seen on substrates with
loss tangent values DeloW. ..ot 87

Nuclear morphology changes across changing substrate stiffnessda
viscoelasticity. HDFn cells were seeded on collagsated composite
substrates and imaged aft&24 hours. Nuclear morphology was
characterized by measuring nucleus area (A), circularity (B), and aspect
ratio (C) in ImageJ. At least 30 cells were meaduacross 3 different
composite substrate replicates and representative images of nuclear
morphology on 9 kPa PA gels are shown in (D) with the pictures labeled i

iii corresponding to the points circled in red on the corresponding graphs.
Similarly to celular morphology, nuclear morphology trends were dictated
by substrate loss tangent while substsditéness influenced the magnitude

Of the ObSErved reSPONSES........uuiiiiie e eeee e 89

Cell Nucleus Morphology Responses to Changing LoSsangent and
Stiffness. In order to letter visualize the trends in nuclear morphology
across both stiffness and loss tangent, the area (A), circularity (B), and (C)
aspect ratio responses of HDFn cells were plotted in 3D. These graphs show
that nucleus mg@hology responses follow similar tiés) as dictated by the

loss tangent, and that the magnitude of the observed responses changes with
stiffness. These graphs also highlight the variability in observed responses
seen on substrates with loss tangent vabad®sw 1................ooooooiiiiiiieeennn. 90

HDFn cell area and circularity when cultured on microgel monolayers.
HDFn cells were cultured on collagenated monolayer microgel films for

24 hours. At least 30 cell ae@nd circularities were @asured on each
monolayer using ImageJ. A om&y ANOVA and Tukey posthoc test at a
95% confidence interval were used to determine statistical significance.
When compared to glass the areas (A) and circularities (B) of the HDFn
cdls cultured on the monojars were found to not be statistically significant
FrOM QlaSS.. e i e —— 132

Microgel hydrodynamic diameter. Microgel hydrodynamic diameters were
measured using a Nanosight (Malvern) and nanoparticle tracking analysis.

XVi



Results showed that all microgel particles had a diameter between 550 and

Figure A.1.3. Microgel particle size over a range of temperaturesThe hydrodynamic
diameter of 1%, 2%, 4%, and 7% BIS microgel particles massured
using DLS over a range of temperatures fror#t85C. Results showed tha
the small differences in NIPam composition across particle types do not alter
the volume phase transition temperature, which was approximatelg 35
for all particle typesBelow 35 C all particle types had a hydrodynamic
diameter between 56800 nm andabove 35 C all particle types had a
hydrodynamic diameter between 3000 NM..........ccoeeeeeiiiiiiiiiiennn e, 134

Figure A.1.4. Microgel film force maps.Y o u n g 6 s m-<dagleurhianogel fins wag
measured using an AFM. Results showed
modulus to be between 935 kPa with no statistical differences found
between each filM...........coiiii e 135

Figure A.1.5. Surface Roughness of Mimgel Films: 3 90x90 um microgel film areas
on 4 separate microgel films were dry imaged using AFM and the surface
roughness of each area was calculated using the AFM software-\agne
ANOVA and Tukey posthoc st at a 95% confidence interval were used t
determine statistical significance. The meanS are reported and show
that the average roughness (Ra) of each film was less than 50 nm with no
statistical differences found between films.............ccccvvviiiiieeniiiiiiiiieee. 136

Figure A.1.6. Microgel film thickness and swelling capacity.Microgel films were
scratched with a clean razor blade and the subsequent scratch was imaged
to determine film thickness and swelling capacity. A) The thickness and
height trace of dried 1%, 2%, 4%, and 7% BIS microgeldil8) The
thickness and heightace of swollen, hydrated 1%, 2%, 4%, and 7% BIS
microgel films. C) The average height of the dried microgel films is ~500
nm while the average height of the hydrated microgel films is ~1500 nm. A
oneway ANOVA and Tukey padboc test at a 95% confidencegrval were
used to determine statistical significance. No statistical differences were
seen between the film thicknesses for the dry films and no statistical
differences were seen between the film thicknesses of the hyditats. .... 137

Figure A.1.7. Surface coverage after deposition of each microgel film layeMicrogel
films fabricated from 2% BIS microgel particles were dry imaged using
AFM after the deposition cfach microgel layer. After éhsecond layer, the
surface is completely covered by microgel particles and a microgel film is
formed after the deposition of the fourth layer............ccccccoeiiiiieeen i, 138

Figure A.1.8. Microgel stiffness measured after the formation of each layerFilms
created with 2% BIS microgel particles were force mapped using an AFM
after the deposition of each microgel layer in order to determine how the
mechanics chagyed throughout film construction. 3 10 um x 10 um force
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maps were taken on 3 separate micrdggers. After the first layer, the
mechanics of the film are similar to glass due to the incomplete surface
coverage of the first microgel layer and thicknesghaf film not being
sufficient enough to prevent the underlying glass substrate from cdimgbu

to the AFM indentation measurement. As more layers are built, the thickness
of the film increases, and the contribution due to the underlying glass lessens
until a completed microgel layer is formed after the fourth layer. Avoag
ANOVA and Tukey psthoc test at a 95% confidence interval were used to
determine statistical significance. Statistically significant values were found
between the first layer and ather layers as well as the fourth layer and the
second and third layers. *p<0.05.........cccoiiiiiiiiiiii e 139

Figure A.1.9. Microgel film self-healing.Dry AFM imaging was used to visliee 4-layer
microgel thin films before damage, after damage, and after exposure to
steam in order to analyze their se#aling responses. Results showmeat t
as the microgel filmés crosslinking der
to selfheal deteased..........coooeee i 140

Figure A.1.10. Microgel film loss tangent.Loss tangent imaging was performed using an
AFM in order to measure thascoelastic nature of-yer micragel films.
Results showed that as the internal crosslinking of each film increased, the
loss tangent of the film decreased..............c.uvviiiiieemiiiiiiee e 141

Figure A.1.11. Correlation analysis of loss tangent and % BISA linear regression was
performed to determine if (A) loss tangent correlated with %BIS
concentration, (B) Youngds modulus <cor
or (C) |l oss tangent w®aftheenliceogekfitns.wi t h Y o 1
The linear regressio for loss tangent and %BIS had a statistically
significant norzero slope and a R2 value of 0.978 indicating that there is a
strong linear correlation between the two parameters. The linear regression
forYougds modul us and %BIl SandddihhothavecR2 v al ue
a statistically significant slope indicating a weak linear correlation between
the two parameters. The |l inear regres:s
modulus had a R2 value of 0.8141 and didhave a statistically significant
slope, indcating that there is a weak linear correlation between the two
(0= = 1 g1 (=T U 142

Figure A.1.12. Paxillin and focal adheson kinase (FAK) staining of HDFns.HDFn cells
were seeded on collageoated microgel films or glass coviges for 24
hours. The cells were then fixed and stained for paxillin (green) and focal
adhesion kinase (FAK; red). The images show a trend oflipaaaid FAK
localizing around the edges of the cell on the higher loss tangent films while
paxillin and FAKIlocalized around the nucleus on the lower loss tangent
FIIM1S. e e e e e e e e e e e e am— e aaaeaas 143

Figure A.1.13. Cell force mapping.Cell force mapping was performed using an AFM to
determine singleell stiffness of HDFn cells seeded on either the microgel
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films or glass for 12 hours. Force maps were taken over the cytoplasm in 2
differentareas to ensure an accurate reading for the overall stiffness of the
cell. The force maps were then analyzed in the AFM software using the
HErZ MOAEL... ... e e 144

Figure A.1.14. Cell traction force microscopy.HDFn cells were seeded onto collagen
coated microgel films built on 8.8 kPa polyacrylamide gels containing
fluorescent beads. The cells were incubated for 24 hours; images of the
fluorescent beds were then taken ek and after cell lysis. The images
were then processed using a MatlLab prc
traction forces. Results showed that the cells had the greatest traction forces
on the polyacrylamide gels without films.............coovviiiiiccc i 145

Figure A.1.15. Cell migration with the addition of a Rac inhibitor on 2% and 4% BIS
films. HDFn cells were seeded on microgel films for 2 hours before the
addition of a Rac inhibitor. The cells were then imaged for 24 houbhs wit
pictures being taken every 5 min. The images were then processed and
compiled in ImageJ and analyzed in the softwairgéa. Images of single
cells migrating for 60 minutes on each film are shown. The circles represent
the cell body while the dots represeghe centroid of the cell body. The
yellow arrow represents the direction and relative path of migration.....146

Figure A.1.16. Cell migration with the addition of a ROCK inhibitor on 2% and 4%
BIS films. HDFn cells were seeden microgel films for 2 hours before the
addition of aBROCK inhibitor. The cells were then imaged for 24 hours with
pictures being taken every 5 min. The images were then processed and
compiled in ImageJ and analyzed in the software Aivia. Images désing
cells migrating for 60 minutes on each film are shoWe circles represent
the cell body while the dots represent the centroid of the cell body. The
yellow arrow represents the direction and relative path of migration.....147

Figure A.1.17. Migration and morphology changes with the addition of contractility
inhibitors. Percent change of path length (A), velocity (B), cell area (C),
and percent stress fiber positive cells (D) of HDFn cells seeded on cellagen
coated 1% md 7%BIS microgel films and subjected to the cell contractility
inhibitors Rac, ROCK, or CDC42. The percent change compared to the no
inhibitor samples are shown above. A tway ANOVA with subgroup
comparisons done using the Tukey posthoc test at a 8bftlence interval
was performed in order to determine statistical significance. Results showed
that the differences in cell spreading and migration on the 1% and 7% BIS
films upon the addition of the contractility inhibitors supported the
hypothesis thaROCK aand CDC42 are important pathways for mediating
amoeboid migration on 1% BIS films and that Rac is an important pathway
for regulating mesenchymal migration on 7% BIS films........................ 148

Figure A.1.18. Cell migration with the addition of a CDC42 inhibitor on 2% and 4%
BIS films. HDFn cells were seeded on microgel films for 2 hours before the
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Figure A.1.19.

Figure A.1.20.

Video A.2.1.

Video A.2.2.

Video A.2.3.

Video A.2.4.

addition of a CDC42 inhibitor. The cells were then imaged for 24 hours with
pictures being taken every 5 min. The images were then processed and
comgled in ImageJ and analyzed in the software Aivia. Images of single
cells migrating for 60 minutes on each film are shown. The circles represent
the cell body while the dots represent tientroid of the cell body. The
yellow arrow represents the directiand relative path of migration.......... 149

Cell Area on microgel films built on top d 8.8 kPa gelsPA gels were
polymerized and microgel films we built on top of the PA gels. The microgel
films were coated with calgen and seeded with HDFn cells. After 24 hours,
the cells were fixed, and at least 20 cell areas were measured using.ImageJ
A oneway ANOVA with subgroup comparisons done using the Tukey
posthoc test at a 95% confidence interval was used to deterntisécstia
significance. Statistical differences in cell areas were found between cells
seeded on plain PA gels polymerizedgbass with no microgel film and PA

gels polymerized on glass with microgel films built on top. *p<0Q.05.....150

Cytotoxicity assay.HDFn cells were seeded on glass coverslips that were
coated in collagen and were either adhered to or not adhered to the bottom
of a 12 well plate with epoxy. A Live/ Dead stain (Thermo Fisher) was used
and the ceH were imaged for their viability. Imagevere taken at 10x
magnification and the percent of viable cells was calculated for at least 8
i mages per ¢ o0 n dastiwaspaerformed i order ta determined s
statistical significance. It was found tliaere were no statistical differences

in the percent of viable cells found on the plain glass and the glass adhered
WITN BPOXY ettt e e e e eeen e 151

Cell migration on 1% BIS microgel film. HDFn cells wereseeded on a
collagencoated 1% microgel thin film for 24 hours and imaged eve8/ 5
minutes. The image stacks were then processed in ImageJ and are presented

Cell migration on 2% BIS microgel film. HDFn cells were seeded on a
collagencoated 2% microgel thin film for 24 hours and imaged eve8y 5
minutes. The image stacks were then processed in ImageJ and are presented

Cell migration on 4% BIS microgel film. HDFn cells were eeded on a
collagencoated 4% microgel thin film for 24 hours and imaged eve8y 5
minutes. The image staskvere then processed in ImageJ and are presented

Cell migration on 7% BIS microgel film. HDFn ells were seeded on a
collagencoated 7% mimgel thin film for 24 hours and imaged everg 5
minutes. The image stacks were then processed in ImageJ and are presented
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Video A.2.5. Cell migration on glassHDFn celk were seeded on collageoated
glass for 24 hours and imaged ever§ minutes. The image stacks were
then processed in ImageJ and are presented.here............cccceevvvmennnnnns 152

Video A.2.6. Cell migration on 1% BIS microgel film with the addition of a Rac
inhibitor. HDFn cells were seeded on a collageated 1% microgel thin
film for 2 hours and then treated with a Rac inhibitor. The vediee then
imaged for 24 hours with pictures taken eve&/minutes. The image stacks
were then processed imageJ and are presented here...................oocee 152

Video A.2.7. Cell migration on 2% BIS microgel film with the addition of a Rac
inhibitor. HDFn cells were seeded on a collageated 2% microgel thin
film for 2 hours and then treated wighRac inhibitor. The cells were then
imaged for 24 hours with pictures taken eve&minutes. The image stacks
were then processed in ImageJ and are presented.here...................... 152

Video A.2.8. Cell migration on 4% BIS microgel film with the addition of a Ra
inhibitor. HDFn cells were seeded on a collagemated 4% microgel thin
film for 2 hours and then treated with a Rac inhibitor. The cells were then
imaged for 24 hours with pictures taken eve&/minutes. The image stacks
were th@ processed in Imagahd are presented here.............ccooevvvvvvnees 152

Video A.2.9. Cell migration on 7% BIS microgel film with the addition of a Rac
inhibitor. HDFn cells were seeded on a collageated 7% microgel thin
film for 2 hours and thetreated with a Rac inhibitor. The cells were then
imaged for 24 hours with pictures takeresy5-8 minutes. The image stacks
were then processed in ImageJ and are presented.here...................... 153

Video A.2.10. Cell migration on glass wit the addition of a Rac inhibtor. HDFn cells
were seeded on collageoated glass for 2 hours and then treated with a
Rac inhibitor. The cells were then imaged for 24 hours with pictures taken
every 58 minutes. The image stacks were then processed gelhand are
PrESENTEA NBIE....iiiiiiiiiiiii e 153

Video A.2.11. Cell migration on 1% BIS microgel film with the addition of a ROCK
inhibitor. HDFn cells were seeded on a collageated 1% microgel thin
film for 2 hours and then treated witliR®CK inhibitor. The cells were then
imaged for 24 hours with pictures taken eve&minutes. The image stacks
were then processed in ImageJ and are presented.here...................... 153

Video A.2.12. Cell migration on 2% BIS microgel film with the addition of a ROCK
inhibitor. HDFn cells were seeded on a collagemated 2% microgel thin
film for 2 hours and then treated with a ROCK inhibitor. THisaeere then
imaged for 24 hours with pictures taken eve/finutes. The image stacks
werethen processed in ImageJ and are presented.here....................cce 153

Video A.2.13. Cell migration on 4% BIS microgel film with the addition of a ROCK
inhibitor. HDFn cells were seeded on a collageated 4% microgel thin
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Video A.2.14.

Video A.2.15.

Video A.2.16.

Video A.2.17.

Video A.2.18.

Video A.2.19.

Figure A.3.1.

Figure A.3.2.

film for 2 hours ad then treated with a ROCK inhibitor. The cells were then
imaged for 24 hours with pictures tal@rery 58 minutes. The image stacks
were then processed in ImageJ and are presented.here...................... 153

Cell migration on 7% BIS microgel film with the addition of a ROCK
inhibitor. HDFn cells were seeded on a collageated 7% microgel thin
film for 2 hours and then treated with a ROCK inhibitor. The cells were then
imaged for 24 hours with pictures taken eve/minutes. Tie image stacks
were then processaa ImageJ and are presented here..............ccooooeee 153

Cell migration on glass with the addition of a ROCK inhibitor. HDFn

cells were seeded on collageoated glass for 2 hours and then tréatéh

a ROCK inhibitor. The cells werden imaged for 24 hours with pictures
taken every 8 minutes. The image stacks were then processed in ImageJ
and are presented NELE............oovviviiiiiie e 154

Cell migration on 1% BIS microgelfilm with the addition of a CDC42
inhibitor. HDFn cells were seeded on a collageated 1% microgel thin
film for 2 hours and then treated with a CDCA42 inhibitor. The cells were
then imaged for 24 hours with pictures taken evedyrBinutes. The image
stacks were then processed in ImageJ and are presented.here........... 154

Cell migration on 2% BIS microgel film with the addition of a CDC42
inhibitor. HDFn cells were seeded on a collageated 2% microgel thin
film for 2 hours and then treated with a CDC42 inhibitor. The cells were
then imaged for 24 hours with pictures taken evegymdinutes. The image
stacks were then processed ira;eJ and are presented here................. 154

Cell migration on 4% BIS microgel film with the addition of a CDC42
inhibitor. HDFn cells were seeded on a collageated 4% microgel thin
film for 2 hours and then treated with a CDC42 inhibitor. The cells were
then imaged for 24 hours with pictures taken evedyrdinutes. The image
stacks were then processed in ImageJ and are presented.here........... 154

Cell migration on 7% BIS microgel film with the addition of a CDC42
inhibitor. HDFn cells were seeded on a collageated 7%microgel thin

film for 2 hours and then treed with a CDC42 inhibitor. The cells were
then imaged for 24 hours with pictures taken evegymdinutes. The image
stacks were then processed in ImageJ and are presented.here........... 154

Microgel Bioink Prints at a Microgel Concentration of 0.02 mg/mL.

Images taken of microgel bioink prints printed on clean glass at a
concentration of 0.02 mg/mL of microgel particles and either 5%, 10%, or
2090 PEG (V/V)attttteeeeeeeeeeee ettt 155

Microgel Bioink Prints at a Microgel Concentration of 0.2 mg/mL.
Images taken of microgel bioink prints printed on clean glass at a
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Figure A.3.3.

Figure A.3.4.

Figure A.3.5.

Figure A.3.6.

Figure A.4.1.

Figure C.1.

concentration of 0.2 mg/mL of microgel particles and either 5%, 10%, or
2090 PEG (VW) ittt e e e e e e e e 156

Microgel Bioink Prints at a Microgel Concentration of 2 mg/mL.Images
taken of microgel bioink prints printed on clean glass at a concentration of
2 mg/mL of microgel paitles and either 5%, 10%, or 20% PEG (Vv/v)....157

Microgel Bioink Contact Angle on Different Surface Coatings.Contact
angle measurements were takemngsa RameHart Advanced Contact
Goniometeii Model 102 and Droplmage Advanced software was used to
image thewater droplets. The contact angle of bioink droplets where the
microgel concentration was either A) 0.02 mg/mL or B) 0.2 mg/mL......158

Microgel Bioinks Printed on Different Surface Coatings A microgel
bioink with a composition of 2 mg/mL of microgel particles and 20% PEG
(v/v) printed on eitherm APTMS or PEI coated surface.......................... 158

Microgel Bioink Printing with Different Capillary Write Head
Diameters A microgel bioink corposed of 2 mg/mL oficrogel particles

and 20% PEG (v/v) was printed on a BSA coated microscope slide with a
capillary write head that had a diameter of A) 20 um or B) 100.um......159

Loss Tangent of Externally Crostinked Microgel Thin Films Built on

PA Gels or Glass.In order to determine whether or not the substrate that
the microgel thin films were built on had an impact on their measure loss
tangent, microgel thin filmgere built on with a glass coverslip or &Ra

PA gel and externally crosslinked with a solution containing 2 mM EDC / 5
mM NHS. The microgel thin films then underwent loss tangent imaging
using an AFM where it was found that the loss tangent values oéshlting
films were not statistically ffierent whether or not they were built on glass
OF @ PA Gl e 159

Overview of the Wound Healing Process.The wound repair process is
broken down into four overlapping stages comprised of hemostasis (A),
inflammatian (B), proliferation (C), and remodeling (D). (A) Hemostasis
occurs immediately following tissue damage and involves the initiation of
the coagulatio cascade, resulting in the accumulation of platelets in a
matrix composed of crodmked fibrin, fibrinogen, fibronectin, heparin
sulfate, and hyaluronic acfe®. (B) The inflammatory phase begins ~24
hours after injury when neutrophils enter the wosid and at ~48 hours
macrophages enter the wound site. Both neutrophils and macrophages are
responsibledr the removal of any foreign material and cell debris through
phagocytosi$:*"°At the end of the inflammatory phaselyiphocytes and
B-lymphocytes move into the wound area and it is believed that T
lymphocytes play a role in the crelasking of collagen in the wound
matrix!’t (C) Two to three days following the initial injury, the
inflammatory phase begins to taper and the proliferation stape afound
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healing cascade begins with the migration of fibroblasts and epithelial cells
into the wound sé and the production of fibrous tissue. (D) The final stage
of the wound healing process is the remodeling phase which is responsible
for the developrant of the new epithelium as well as scar tissue formation.
During this phase, collagen fibers in the E@iMrease in diameter as well

as realign and degra@&he end result of the wound healing process is a
tissue closely resembles the preexisting it lmobdrphology and mechanical
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Table C.1. Summary of Integrin Receptors and Ligands. The table above
summarizes the diverse roles that integrins playng the wound healing
process. Ligands, RGD sensitivity, and an overview of each integrins role
in wound repair are detailed................oeeviiiiiieeciii 184

Figure C.2 Schematic Diagram of Fibrinogen.Fibrinogen is a 340 kDa glycoprotein
and contains two symmetric half molecules each containing one of the three
possi bl e pol ypepti de chains named t he
fibrinogen molecule contains two termirD danains that are connected to
a certral E domain. These E and D domains contain binding sites that allow
polymerization into a fibrin network, fibrin assembly, and crosslinking, as
well as platelet interactions via integrins and the RGD binding matif....192

Figure C.3.  Schematic Diagram of Fibronectin.Fibronectin is a 540 kDa glycoprotein
and contains two nearly identical dimer polypeptide subunits connected via
disulfide bonds. Each subunit is made up of repeating modulaunits
named the type | (FN 1), typé (FN 1), and type Il (FNIII) repeat Wwich
allows it to bind with cells, collagen, heparin, and fibrin. Fibronectin
contains a total of 12 type | repeats, two type |l repeats, aiid e Il
repeats. Fibroneict can bind to other fibronectin moleeslon the locations
shown on the bottomgption of the drawing creating a folded molecule with
limited availability to bind with other proteins. Mechanical forces can cause
fibronectin to unfold and free the bindirgite on the top portion of the
diagram © make them available for interacting wiheir specific proteins.196

Figure C.4. Schematic Diagram of Type | Collagen Triple Helix.Type | collagen is
a triple helix with globular tepeptides on bothnels. The triple helixs
formed by two Ul chains and one U2 ch:
sections known as HHl7. Electron microscopy of collagen type | has shown
that the H2, H4, and H6 regions of the molecule are flexible, artd2lzend
H6 regionsare able to create galent bonds between collagen moleciéfés.

Figure C.5. Schematic Diagram of TGFb TGFb exi sts i n a | atent,
when complexedvith latency associated protein (LAP) and latent TisF
binding protein (LTBP). LARontains a RGD binding motif that is capable
of binding different types of integren LTBP is also capable of binding ECM
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proteins such as fibronectin and vitrone¢ti** TGFb i s acti vated u
itS diSSOCIAtioN frOM LAP-......cooiiiiiii e 202
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CHAPTER 1: Introduction to Biomaterials with Controllable M echanicsfor

Wound Healing Applications

1.1 Overview of Normal Wound Healing and Fibrosis

Wound healing begins with the disruption of the homeostatic structure and/or function of
anorganmmdés cel |l s or ti saccuees, four@vedappingphasesmfithe woundh a s
healing cascade occur in order for equilibrium to be reestablisfibdse four phases atiee
hemostatic phase, the inflammatory phase, the proliferation stagethanremodeling stage
diagramed inFigure 1.1. The overarching goal dhe wound healing cascade isrgestablish
homeostasis byeplacing the damaged tissugth tissuethat is structurally and mechanically

similarto the original state

Newly Healed
Epidermis

Newly Healed ———=»—— =
Dermis B

Figure 1.1 The Wound Healing Process The Four StagesfdNound Healing: The wound
healing process is separated into four temporarily overlapping phases, the hemostatic (A),
inflammatory (B), proliferation (C), and remodeling phase @gprinted with permission from
Chester, D., Marrow, E., Daniele, M., anddvn, A.C. Wound Healing and the Host Response.

Encyclopedia of Biomedical Engineering, Pagel21 Copyright 2017.



The hemostatic phase begins immediately following injury and is responsible for the
creation of a forin clotthatstens blood flow and limis the amount of blood Io%tPlatelets bind
to exposed collagen and begin secretayjokinesin order to recruit additional platelets,
macrophages, and cells to the injury site. Approx@tyat24 hours following injury the
inflammatory phase begins with the accumulation of neutrophils and macrophages at the wound
site. The primary purpose of neutrophils and macrophages is the removal of damagethtissue
foreign materials in the wound site Two to three days after injury, the proliferation phase begins.
The proliferation phase is characterized by the accumulation and proliferation of fibroblasts at the
site of injury and the production of fibus extracellular matrtx The final stage of the wound
healing process is the remoagjiphase where fibroblasbegin to remodel the newly deposited
collagen matrix into healed tissue. This phase can last for months d¥. years

The end result of the wound healing process, when it proceeds normally, is new tissue with
strucural andmechanical properties similar to the native tissue. However, in the cases where
wound healing goes awrpne complication that can occur is fibrosis. In fibrosis, there is an
overproduction and deposition of connective tissue and ECM resultand¢pss ofstructure, and
in some cases functioof the tissué Fibrosis is a serious condition that occurs in many medical
conditions including kel oids, Crohnés di sease
atherosarosis. Fibrosis related diseases affect millions of people each yeahewithited States
government estimating that 45% of deaths in the United States can be attributed to fibrotic related
diseasés Fibrosis results in excessive accumulation of scar tissue in the affected organ and has
been linked clinically to increased proliferation of fibroblasts and increased rates of ECM
production; fibroblasts isolated from keloids produeg @2mes nore ECM ©mpared to normal

fibroblastS. While the exactmedanisms behind the propagation of fibrosis are still largely



unknown, there has been work to show that the
play a role with increased stiffness and decreased viscoelasticity upregulating fibrotic
respnses®!l As such, there is a lot of interest inther understanding how mechanics play a role

in influencing cellular behavior.

1.2 The Host Response to Biomaterials

There is a great deal of interest in the development of biomaterials that can augment the
wound healing proces$herefore it is important to understand how the insertion of a biomaterial
into a wound site influences the wound healing process. There are many factors that determine
how well a biomaterial performs its intended function once implanteiyo. Such factors include
the biomate al 6 s composition, mechani cal and mater.i
placement in the bod$ However, the most important factor that determines the success of the
implanted material is the resulting host responseltégins immediately following implantation.
The hostés response to t heissbeidamagetreceivedduring s a
implantation and the response caused by the materialitsifie response caused by the tissue
damage resolves quickly as part of the normal healing procesthebtdreign body response
caused by the material will last as long as the material is present. The properties of the material
implanted dictate theuscess of the material and whether or not integration or the fibrous
encapsulation of the biomaterial walccur.

Integration & the ideal response for most implanted biomaterials and involves the
incorporation of the biomaterial into the surroundingussn order for integration to occur, a
biomaterial should have the proper surface properties to prahetelhesion of the appropriate

proteins and cells. Generally, a combination of high porosity and surface roughness or a hydrogel



coating is used tacrease cell attachment to a biomatéti&l However, once cell attachment is
accomplished, the material will need to have the proper material properedisit the correct
response from the attached cefsiccessful integration of the biomaterial into the surrounding
tissue is characterized by aglr ingrowth and ECM deposition along with generating little to no
immune response from the hi¥stin practice, complete integration of the biomaterial into the
tissue rarely occurs and it is more Ikébr fibrous encapsulation to occur to some ex{Eigure

1.2). Fibrous encapsulation is the formation of scar tissue on the surface of the hammater
produced by myofibroblasts and fibrocyted he sar tissuethat formsacts as a barrier between
the biomaterial and the wound siteeverely limiting the integratiorand functionof the
biomaterial.Therefore, it is important to fully understand the roles that certain material properties
play in influenéng cellular behavior in order to promote the integration of the material into the

wound site and prevent fibrous encapsulation from occurring.
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Figure 1.2 Host Foreign Body Response to Implanted BiomaterialsThe host response to a
biomaterial begins with protein adsorption onto the surface of that material and the immune
response. Due to the large size of biomaterials, neutrophils are unabégtzytiose the implant,

begin to undergo frustrated phagocytpsisd recruit monocytes which then differentiate into
macrophages at the implant. Due to the proteins adsorbed to the surface, macrophages begin to
adhere to the surface of the implant whilentimuing to perform frustrated phagocytosis. The
adhered macrdyages will then join together to form foreign body giant cells (FBGCs) which help

to recruit fibroblasts to the biomaterial. The recruited fibroblasts will then begymtbesizenew

ECM on te surface of the implant resulting in the fibrous encapsulafithe implantReprinted

with permission from Chester, D., Marrow, E., Daniele, M., and Brown, A.C. Wound Healing and

the Host Response. Encyclopedia of Biomedical Engineering, Pade<hpyright 2017.



1.3. Changes to &Cell6 $ensionalHomeostatsCan Direct Their Fate

Since both abnormal wound healing and the addition of a biomaterial into the wound site
can lead to severe health complications with the formation of fibrotic tigshes become
increasingly important to understhhow cells can sese and respond to the substnatth which
they are interactingCells sense and respond to the mechanical changes in their microenvironment
through transmembrane protekrsown as integrinsintegrinscomprise arextracellular domain
containng an ECM ligandbinding site, and aytoplasmic regionwhich attactesto the actin
cytoskeletorthroughlinker proteins suclas talin, paxillin, and vinculii. As integrins attach to
thematri x of t he c el | ustertogatheriofoomfona adhesions. Thesg foeali | |
adhesions can then transmit the mechanical properties sifits&grate byegulating the amount of
force transmitted across the actin cytoskeléom proces known as mechanotransductiohe
larger the focal adhesion sjzbe greater the amount of force that can be transmitted to the actin
cytoskeletonand it hasbeen seen that substrate mechaniss influence focal adhesion size
(Figure 1.3?°. Substrates with higher mechanical properties are able to transmit greater
mechanical forces and in order to transtié@greater forces to the cell, cells will develop larger
focal adhesions in amttempt to match the substratgh whichtheyare interactingThis need for
a cell to match the force transmitting capabilities of their environment is known as tensional
homeostasis where cell contractility will increase as the mechanical properthes safbstrate

increases.



Integrin- Integrin-
mediated mediated
signaling £F .... signaling

LZ’Z’&/ ;

Force-sensitive proteins (negative regulation)
Force-responsive proteins (negative regulation)

Force-insensitive proteins

Force-sensitive proteins (positive regulation)
Force-responsive proteins (positive regulation)
Myosin II

Actomyosin stress fiber

o

e}

]

15

)
/ Dendritic actin

/1} Integrin receptor
Figure 1.3. Focal Adhesion Maturation and Force TransmissionFocal adhesions are
composed of integrins clusesl together at binding sites on a substrate. The greater the mechanical
force presented by the substrate, the larger the focal adhesion becomes, and the more force it can
transmit to the cell along the actiptoskeleton. Reprinted frodournal of Cellulaand Molecular
Medicine, Voume 17 Issue 6. Kuo, J. Mechanotransduction at focal adhesions: integrating
cytoskeletal mechanics in migrating cells, Pages 711, Copyright 2013, with permission from

Blackwel Publishing Ltd.

Cells located in different gsues throughout the body become accustomed to different

mechanical environmentBiological tissues can range from 100 Pa, in the case of neural tissue,



to 2 GPa, in the case of boriggure 1.4)?2. The tensional homeostasis for cells ledain these

tissues is then based on the normakhanics of the tissue whichthey reside. Changes to the
mechanics of a cell 6s native environment wi |
homeostasis and can lead to serious complicatiéigare 1.5)%3. For example, if thereia drastic

decrease istiffness cells will experience tensional unloading and can lead to apomaosisell

deatl#*. On the other hand, a drastic increasstiffinesswill lead to tensional overloading which

can result in an increase in fibrotic respondess for these reasons that it is important to
understand the relationship between substrate mechaniccedinthr mechanotransduction

responses as itleges to modulating cell fate.
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1.4.Biomaterials with Controllable Mechanics and their Influence on Cellular Responses

In order to begin tofurther understand the role that substrate mechanics play in
mechanotransduction responses, purely linear elastic substrates with controllable stiffness values
have been widely use@®ne dthe most popular materials to use for this purpose is polyaciggami
gels(PA gels)which offer a wide range of physiologically relevant stiffness values ranging from
0.2 kPa40 kP&°. By using this materialt has beeriound thatsubstrate stiffnessould directly
control sten cell differentiatioR®, stem cell migratioff, fibroblast contractility?, ard fibroblast
are&®. Specifically, stem cells were seen to differentiate to the cell types that were native to the
stiffness values of the substrate used with stem défisrentiating to neuronal cells on soft
substrates with stiffness between 0-1 kPa, muscle cells on substrates with stiffnesskEsi&Pa,
and bone cells on substrates with stiffnesse4®kPa Stem cells were also seen to migrate in the
direction d increasing stiffnesd_astly, fibroblast contractilityand cell aeawas seen to increase

as substrate stiffness incresse
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Figure 1.6.The Time-Dependent Material Properties of Biological TissuesBiological tissues

are not purely elastic and hasetimedependent viscoelastic property. This can be seen in the
stress relaxation curves of various biological tissues, which decrease towards O oy&rhiime
compared to a purely elastic hydrogel, which does not decrease oveRéipmmted froniNature
Materials, Volume 15. Chaudhuri, O., Gu, L., Klumpers, D., GdiknM., Bencherif, S. A.,
Weaver, J. C., Heubsch, N., Lee, H., Lippens, E., Duda, G. N., Mooney Hydtbgels with
tunable stress relaxation regulate stem cell fate and acthates 32334, Copyright 2015, with

permission from Springer Nature.

However, biological tissues are not purely elastic materials and instead are viscoelastic
(Figure 1.6). This means that the studies performed on purely elastic PA gels are not entirely
accuratevhen comparetb in vivocellularresponsesince PA gels are neoiscoelastic materials
As such, materials that had nlmear elastic properties that could be controlled independently of

substrate stiffness began to be explor8tudies utilizing theseaterials found that substrate

11



viscoelasticity couldmpact celularresponsesimilarly to substrate stiffnes@n these materials,
fibroblast spread area, focal adhesion length, proliferation, and stem cell differemhizatsobeen

found toincreasewith nonlinear viscoelastic propertiggespective of substrateif§ness® 32,

Results from these studies highlighetimportance of understanding the role that viscoelasticity

hasin mechanotransduction responses and that these responses depend on more than just substrate

stiffness alone.

1.5. Microgel Films as Highly Tunable Substrates to Study Mechanotransduction

Our research group is focused on expanding the area of researchndungou
viscoel asticityods i nfluence on mechanotransd:
utilization of microgel thin filmsMicrogels are colloidally stablebiocompatible parties that
offer a high degree of control over individual particle $izearticle stiffnes¥, and particle
functionality®® 3’ by changing the concentration and types of constituents used during synthesis
These particles can be fabricated into films through aHay4dayer centrifugation method in order
to build multilayer film$®3°. Once particles are fabricated into films, the films have been seen to
have the ability to seffieal upon exposure to water after igdey damag®. It is believed that
this selthealing ability stems from polymer mobility within the microgel films aidcepolymer
mobility is an intrinsic property found within viscoelastic materials, that microgel films have
viscoelastic properties. This hypothesis gains further support by the fact that tiisadielf
ability is diminished when microgel films are extetgairosslinkedf! indicating that crosslinking
prevents polymer mobility and thus redudks viscoelastic nature of the microgel films. This
dissertation evaluates 1) the ability to control microgel thim viscoelasticity through

intraparticle and external film crosslinkimgdthe role that microgel thin film viscoelasticity has

12



on fibrodast morphology, migration, and fibrotic respong)she feasibility of using ultrasonic
microplotting to create patterned microgel filmsd 3) the combinatory effect that microgel thin

film viscoelasticity and PA gel stiffness has on fibroblast cadlahd nuclear morphology.
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CHAPTER 2: Objectives

Cells are able to sense and react to changes in the mechanical properties of their
microenvironment through a process known as mechanotransduction. In order to investigate
mechanotransduction, studies h&een conducted investigating celluillavitro responses using
materials with physiologically rel evdoiusihg Young
purely elastic materials that they do not display physiological relevant viscoelastic properties.
Recently, viscoelasticity has been recognized as an important material property capable of
influencing mechanotransduction i n @hemsfareni | ar
it is imperative that a model material is developed with easilyraltattle elastic and viscoelastic
properties in order to further our understanding of cellular mechanotransduction pathways.

The overall goal of the studies described herein ideeelop a system composed of
microgel thin films as a platform for studyimgechanotransduction events due to their highly
tunable viscoelastic, biochemical, and topographical propelttisshypothesized that by varying
the amount of either internal @slinker of each microgel particle or external crosslinker of each
microgel f i | m, it i s possi bl e t o control t he fi
mechanotransduction responses. The following studies are divided into three specific aims: 1) to
determine how microgel film viscoelasticity influences fibroblast adhesi@neagling, and
migration responses (Chapter 3); 2) to develop ultrasonic microplotting as a technique to create
patterned microgel films (Chapter 4); and 3) to determine the corabyrettect of bulk substrate
stiffness and substrate surface viscoelagtion fibroblastcellular and nucleamorphology
(Chapter 5) Completion of these studies representgn@ortantstep forward in the development

of a material substrate for undersiang mechanotransduction responisean environment with

14



physiologically relevant mechanical properties that could then be used to develop treatment

options for fibrotic related diseases and other chronic wound healing conditions.

15



CHAPTER 3: Viscoelasic Properties of Microgel Thin Films Control

Fibroblast Modes ofMigration and Pro-Fibrotic Responses

The goal of the studies described in this chap#s to demonstrate the ability to create
microgel films with controllable viscoelastic properties, ilvhmaintaining similar elastic
properties, in order to study the effectthiscoelasticity had on fibroblast morphology, migration,
and differentiation. Cells can sense and react to the mechanical properties of their
microenvironmentViscoelasticity has been shown to influence cellular mechanotransduction and
direct cell adlesion, spreadin@nd differentiation responses. Bglidatingthe ability to cotrol
the viscoelastic properties of microgel films whileeping their stiffness constant, we not only
demonstrate the ability of microgel films to be used as a platfornudly shechanotransduction
responses, but alé®gin to elucidate the mechanotrangchn pathways responsiliier directing
cellular behavior on viscoelastic surfaces.

The work described in this chapter has been previously publisiBdnraterials Chester,

D.; Kathard, R.; Nortey, J.; Nellenbach, K.; Brown, A. Ziscoelastic Properties of Microgel
Thin Films Control Fibroblast Modes of Migration acb-fibrotic Response8iomaterials2018

185, 371382. Reproduced by permission of Elsevier.

3.1. Introduction

(@)}

The mechanics of a cell s biophysical mi cr
a number of ways. For example, substrate stiffness has been shown to modulate the attachment,
proliferation, and differentiation of a number of c&yipes®?°2 In order to study these

phenomena, linear elastic materials, such as polyacrylamide gels, areomlynumsed but
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unfortunately do not exhibit the same thidependent and ndimear elastic responses as
biological tissue¥. Therefore, there has been great interest in elucidating the role tihean
material properties in controlling cellular phenotypes. Recent studiesshawa that materials

with differing viscoelastic properties are capable of directing cellular mechanotransduction
responses irreggtive of substrate stiffnéSsStudies by Cameron et al. found that hydrogels with
constant elastic moduli, but varying loss modulicrease nmsenchymal stem cell adhesion,
proliferation, and differentiation rates compared to cells seeded on purely elastic substrates with
the same stiffneds®2 Furthermore, these responses extend to other cell types; myWblasts
chondrocyte®, endothelial celf®, and epithelial celff also show inreased adhesion, spread area,
and proliferation on netinear elastic substrates when compared to purely elastic substrates of the
same elastic modulug.hese results also indicate that stiffness alone is not a robusgjhenou
characterization of nelinear elastic materials since cellular responses can change with small
changes in viscoelasticity irrespective of substrate stiffness. Therefore, there exists the
fundamental need for the development of materials with highlyaltable viscoelastic properties

to further elucidate the role these properties play in mechanotransduction.

Having a material platform that can accurately model nuanced viscoelastic changes in a
cell 6s microenvironment e dyhachics déhmd mote eomplexe f u |
biological processes, such as fibrosis. Fibrosis is characterized by the formation of scar tissue,
which leads to overall tissue stiffening and has been shown to influence cellular responses such as
migration, protein exprason, and cytokine activation/sigling. Increased substrate stiffness leads
to the generation of higher traction forces, increased mesenchymal cell migration rates, and
increasde x pr essi on o f-as mbSMA)kwhiah ershantes celUcaattility and

promotes fibrost§ 0. Additionally, increased cell contractility can lead to activation of
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transforming growth factor beta (T®F; which contributes to myofibroblastic differentiation and
fibrotic response8°1°2 Lastly, fibrosisassociated growth factors, such as connective tissue
growth factor (CT®), are increased on stiff substrafeglowever, it remains unclear how these
processes are alterat the onset of fibrosis and how diminished tissue viscoelasticity may play a
role.

Here we present the use of microgel thin filns aatunable material platform for
investigating the role of viscoelastic properties in modulating cell adhesion, nmgrasjgponses,
and fibrosisassociated gene expression. Pohlgbpropylacrylamidefo-(acrylic acid)
(PNIPAmM-co-AAc) microgels can be faicated into thin films through laydyy-layer (LBL)
assembly with alternating deposition of positively charged linedyegectrolytes, such as
polyethylenimine (PEI). Previous studies have demonstrated that these films displayeaon
properties aswvedenced by the ability of certain compositions of microgel thin films tc resdd
following damag®’. The selfhealing abiliy of the microgel filmsliminishes upon covalent cress
linking of microgels and linear polyelectrolytesuggsting that microgel film selhealing is due
to the mobility of polymer chains within the films. Additionally, the crbsking densiy of
microgel films influences cellular attachm®&®, cellular attachment was greatest on-healing
monolayers ath highly crosslinked films while less crosknked, more viscous films hatthe
lowestcellular attachment. These prevsostudies highlight the potential of using microgel thin
films as a tunable platform for investigating the effect of viscoelastic grepeon cell
mechanotransduction responses.

Microgels are polymerized hydrogel particles that can range from nanonteters
micrometers in size and have highly tunable properties. By changing the individual constituents of

the microgel patrticles, it is gsible to control particle size and mechanical properties. High
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degrees of tunabil ity ctoimgactam chfuencewelldlanbetawos, f i
makes these films an ideal material platform to study how substrate viscoelasticitpcaflue
mechanotransduction responses. We hypothesize that microgel film viscoelasticity can be
controlled by altering the deee of internal crosknking within the microgel particles, without
significantly changing their elastic modulus, and,dhereforepe used to study the mechanisms

by which cells sense and respond to the-livgar properties of their biophysical erament.

Here we investigate this hypothesis by characterizing the effect of microgelinkisg on film
viscoelasticity. We then demnstrate that film selhealing dynamics and corresponding
viscoelastic properties correlate with fibroblast spreadingdas of migration, and fibrosis

associated protein expression dynamics

3.2 Materials and Methods
All reagents were purchased fromg@-Aldrich unless otherwise noted.
3.2.1 Microgel Synthesis and Purification

Microgel particles were synthesized in gegpitationpolymerization reaction. PolyN
isopropylacrylamide) (poMN | P a m) -methylensbds(acrylamide) (BIS), Acrylic Acid (AAc)
and sodium dodecyl! sulfate (SDS) were added to 95mL-afrdeed water and added to a three
necked reaction vessel, aie it equilibrated at ?C for one hour. Ammonium persulfate (APS)
was added to initiate the reaction. The reaction was allowpwbteed for 6 hours at 7G and a
stir speed of 450 RPM and cooled overnight while continuing to stir. Once cooled, thensolu
was filtered over glass wool to remove any microgel aggregates and then transferred to 1000 kDa
dialysis tubing (Spectrum Labatoiies). Water for dialysis was changed everyl®62hours over

the course of 48 hours and microgels were then frdaed.Microgel composition was varied by
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keeping the amount of Aac constant at 5%, varying the amount of BIS to be either 1, 2, 4, or 7%,
andthen calculating the remaining percentage of A/IFAM. SDS was added in order to control
the size of the microgel paoles.
3.2.2 Microgel Size Characterization

Microgel particle hydrodynamic radius was measured using nanoparticle trackingsanalysi
usng a NanoSight (Malvern). Microgel particle hydrodynamic radius as a function of temperature
was measured with dynamlight scattering (Malvern Zetasizer Nano S) over the range -@b525
[1C. Microgel heights were measured using a MiEPatomic force ntroscope (AFM; Asylum)
in AC mode with ARROWNCR cantilevers (Nano and More USA) with a spring constant of 42
N/m.
3.2.3 4 Layer Thin Film Construction

Microgel thin films were fabricated through active centrifugal deposition in a-kayer
layer fashim on glass coverslips by alternating layers of microgel solution with
poly(ethyleneimine) (PE3° The glass coverslips were firsinictionalized in a solution of 1%
(3-Aminopropyhtrimethoxysilane (APTMS) in absolute ethanol for 2 hours and washed once with
DI water. Then, a 0.1 mg/mL solution of the microgel particles was added to the functionalized
coverslip and centrifuged a 3000%gr 10 minutes. The solution was theemoved,and the
coverslips were washed 3 times in DI water for 5 minutes. A solution ohtb@dmolar PEI was
then added and shaken at room temperature for 30 minutes. The PEI solutremaasd,and
the coverslig were then washed 3 times in DI water for 5 minutes. This process was then repeated
3 more tims for a total of 4 microgel layersith the last layer of the film being a layer of the

microgel particles.

20



3.2.4 4 Layer Thin Film Characterization
Thesurfa e coverage, surface roughness, and Yol
films were characterized using a MBP AFM (Asylum).To measure the surface coverage of the
films after each layer, ARROWCR cantilevers (Nano and More USA) with a spring tamtsof
42 N/m were used in AC mode and a 20x20 um area was imaged after each film was built. To
calculate surface roughness, ARRENER cantilevers (Nano and More USA) with a spring
constant of 42 N/m were used in AC mode. Then, 3 90x90 um areas wereedeasdidifferent
locations on 3 different films for a total of 9 images per film. The arithmetic mean deviation (Ra)
of each filmwasthen calculated using the AFM software. To measure the swelling capacity of the
4-layer microgel films, a razor bladeaw used to scratch the films and film thickness was measured
while the films were dry and hydrated using AFM [54,55]. Two 90x90oniaratch areas were
i maged on 3 different films for a total of 6 f
Modulus of film layers and completed films measurements were made witfT RNntilevers
with a pyramidal tip geometry and a cantdewonstant of 0.08 N/m (Nano and More USA) were
used in contact force mode. An pwithatotalbf23660 x 1|
force curves being measured in the selected area. A total of three different spots were measured
on each filmteged and three different films from three different microgel film batches were used.
The resulting indentation curves were then fit with the Hertz model using analysis software from
Asylum. Loss tangent imaging was performed using a Cypher ES AFM (Akydnd BL-
AC40TSC2 cantilevers (Olympus) with a cantilever constant of 0.09 N/m. An area of 5x5 um
was used and three different locations were measured on each film. A total of 3 different films

from 3 different batches were used to give a total of Stlogent values for each film.
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3.2.5 4 Layer Thin Film SelHealing Analysis

Previous studies have shown thatmasslinked microgel thin films constructed from 4%
BIS microgels undergo rapid séiealing, while identical flmgrosslinked to the PEI clins
through EDC/NHSrosslinking do nott. We, therefore, were interested in charaiieg the role
of interparticle BIScrosslinking, within noncrosslinked thin films, on modulating film self
healing ability. Microgel selhealing experiments were therefore performed-taydr thin films
created on polydimethylsiloxane (PDM$)®°” PDMS was made using a mixture of nine parts
elastomer to onpart curing agent and placed in a vacuum desiccator for 20 minutes to remove
any air bubbles. The PDMS was then allowed to cure for 24 hours at room temperature and then
cut into 9x18 mm strig. In order to remove any uncured PDMS and prepare the PDMS for surface
functionalization, the PDMS strips were submerged in hexanes for 2 hours at room temperature
and then drained and heated &tG@or 2 hours to evaporate any remaining hexanes folldowyed
incubation in 1.2M HCI for 16 hours at room temperature. Upon removal, the strips were washed
three times with DI water, twice with absolute ethanol, and then shaken at room temperature in
absolute ethanol for 30 minutes. The PDMS strips were thetidonatzed with APTMS and 4
layer thin films constructed as previously described. To perform thaealihg experiments, the
4-layer thin films on PDMS were imaged dry using a MBHP AFM (Asylum) in AC mode with
ARROW-NCR cantilevers, with a pyramidaptigeometry and a cantilever constant of 42 N/m,
(Nano and More USA) before damage, after damage, and after healing. Damage was induced by
taking a micropipette tip and scratching the surface of the film until there was a visible white line.
Microgel film healing was then controlled through steam exposure and films were exposed to

steam fox1 second, 1 second, or 5 seconds.
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3.2.6 Dynamic Cell Migration and Spreading Experiments

4-layer microgel films were sterilized in a solution of 20% ethanol for 30 testnefore
being washed in sterile phosphate buffered saline (PBS) and incubated in sterile PBS at room
temperature for 24 hours. The films were then coated in type | rat tail collagen (Fisher Scientific)
at a concentration of 10 pg/énm sterile PBS overight at £C. An empty 12well plate was then
coated in 1% bovine serum albumin (BSA; Fisher Scientific) overnightGitta block non
specific cellular attachment to the well plate. The collagmated films were adhered to the BSA
coated well plate using dags epoxy (VWR) in order to prevent the movement of the films
throughout the experiment. The glass epoxy was tested prior to use to ensure that there were no
cytotoxic effects by first seedjncells onglass coverslips coated with collagen with cured gpox
exposed to the cell culture media. A live/ dead assay was performed on glass coverslips with and
without the epoxy present and there were no statistical changes in cell viability mebsyures (
A.1.20). Neonatal human dermal fibroblasts (HDFns; Gibeeje then seeded onto the films at
a density of 1215k cells/ cm and imaged every 500 seconds at a temperature °6f &id
compiled into image stacks using ImageJ and analyzed in the sof#ah&A (DRVision). In the
experiments where an inhibitor was dsthe inhibitor was added 2 hours after seeding the cells
on the films. Concentrations used for each inhibéaras follows: ROCK inhibitor ¥27632
(Fisher Scientific) added at a conceritmatof 10 uMP®>° Rac inhibitor CAS 1177865 (Fisher
Scientific) added at a concentration of 100§4Mind CDGA42 inhibitor ML141 (EMD Millipore)
added at 10 puft. For each experiment, cell behawieas analyzed on thin films constructed from

1, 2, 4, and 7% BIS microgels; a collagavated glass coverslip was used as a control.

23



3.2.7. Analysis of Cell Spreading

4-layer films or monolayers wegterilized,and collagercoated in the santaanner as #
films used in the dynamic experiments. HDFns were then seeded at a densiB0&fdels/cm
and incubated for 24 hours at a temperature 8€ 3hd 5% CQ In the experiments where an
inhibitor was used, the inhibitor was added 2 haditer seedig the cells on the films at the same
concentrations used in the dynamic experiments. At the end of the 24 hours, the cdilseediere
and immunohistochemistry staining was performeFn cells were fixed in a solution of 95%
methanol (Alfa Aser) and 5%lacial acetic acid (EMD Millipore)which was cooled ta20°C,
and placed in a20°C freezer for 10 minutes. The fixed cells were then washed 3 times with ice
cold PBS and then permeabilized in PBS with 0.1% Twae(PBST; FisheBcientific) for 30
minutes. The cells were then blocked for 30 minutes in a solution of 5%ahanilk (Fisher
Scientific) dissolved in PBST while shaking at room temperature. Next, the cells were incubated
wi th the pr i mmooth meadetattib GMA) elene 1A4 (Fiser Scientific) and
conrective tissue growth factor (CTGF) clone ab6992 (Abcam) in a solution of 5%anomlk
di ssolved in PBST at a concentration of 25 ¢€g
then washed 3 times withBS. Alexafluor 488 andAlexafluor 594 secondary antibodies
(ThermoFisher) along with NucBlue live cell stain (ThermoFisher) were then added in a
concentration of two drops per mL to a solution of 5%-fatrdry milk and incubated shaking at
room temperatre for 1 hour. The covslips were then mounted on glass slides using Fluoromount
G mounting media (Electron Microscopy Science) and imaged on an EVOS FL Auto
(ThermoFisher)lmages were then analyzed in Imageldere area, circularity, corrected totallce
fluorescence, and thp e r ¢ e nSMA @dsitivdJcells were measured. To measure CTGF

expression, the calculation of the corrected total cell fluorescence for each cell was found by taking
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the integrated density of the signal from the cell and subtreatiea of the cell muftiied by the
fluorescence of the backgroidThis raw value was then normalized to therage CTGF
expression ofhe control for each experimein.order to find the percent GESMA positive cells
the total cells were counted in an image and the percent of cells{8NMA positivestress fibers
was calculated.
3.2.8 Single Cell Force Maping

4-layer microgel films were created on top of gkasdtom Petri dishes (World Predisn
Instruments) in the same manner as previously stated. The filmssteellezedand collagen
coated in the same manner as previously mentioned. HDFns were atedaensity of 120k
cells/cnt and allowed to attach for 12 hours af@G7and 5% C@ After 12 hours, the media was
removed,and the cells were placed in sterile PBS for AFM force mapping. Cell stiffness was
measured using a MFBD AFM (Asylum) and CRyp-CONT-ps cantilevers (NanoAndMor#)at
have a spherical tip geometry with a twicron dameter and a cantilever constant of 0.1 N/m.
Force maps were performed twice in two different spots over the cytoplasm in order to measure
the stiffness of each calind a total of 8.0 cells were measured per condition. Each force map
wasoveraS5umby®&m area with a total of 36 force cul
resulting force curves were fit with the Hertz model and analyzed in software from Asylum.
3.2.9 Traction Force Microscopy

Traction force microscopy was performed using a modificatif standard protocafs®?
%A solution of 0.1M sodium hydroxide (NaOH) was left to evaporate in a-glassm12 well
cell culture plate (MatTek) before the plate was functionalized with pure APTMS for 6 minutes at
room temperature while shaking. The well plates were then washed 3 times-waithzee water

(dIH20) for 5 minutes, before being allowed to dry coebgly. Once dry, a 0.05% solution of
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glutaraldehyde in PBS was left in each well for 30 minutes followed by three more washes with
dIH20 and being left to dry completely. Polyacrylamide (PA) hydrogels with polydisperse
fluorescent beads were then condtedcon the functionalized glabsttom plates. Solutions of
40% acrylamide and 2% BIS were mixed in dIH20 with red fluorescent beads added. The solution
was initialized with 10mg/ml APS and 97% tetramethylethylenediamine (TEMED) and pipetted
into the fundtonalized glass bottom wells before being covered with dichlorodimdtngdsi
(DCDMS) coated coverslips and allowed to solidify. Coverslips were functionalized thtbagh
addition of 99.5% purified DCDMS under a hood and allowed to air dry for a mininfili2 o
hours. Upon hydrogel solidification, the wells were filled with(2dydroxyethyl}1-
piperazineethanesulfonic acid (HEPES) buffer and left for a minimum of 4 hours. The PA
hydrogels had Youngdés modul i of 8. 8hydkdgels. The
functionalized with sulfosuccinimidyl -64-azido2'-nitrophenylaminohexanoate (sulfo
SANPAH) by activating a solution of 0.01mg/ml suBANPAH and 0.0083% dimethyl sulfoxide
(DMSO) in HEPES buffer with UV light (254 nm) before incubating thell with 0.05
monomolar PEI overnight at room temperature. Following PA gel functionalizatitayed
colloidal thin films were made in the layby-layer process described above. The thin films were
then incubated with 100 pg/ml collagen in PBS forhb2irs before HDFns were seeded and left
to attach for 12 hours. Following cellular attachment as well as following cell lysing/mikh
EDTA in 3% SDS solution, traction force microscopy measurements were taken and analyzed
through MATLAB and Imagé?s.
3.2.10Q Statistical Analysis

All statistical analysis was performed in the Prism software (Graphpad). Data was

statistically analyzed using either a emay or tweway ANOVA with subgroup comparisons
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done using the Tukey posthast at a 95% confidence interval. All results are rejgbas the

mean = the standard deviatigxil experiments performed had a minimum of 3 replicates.

3.3. Results
3.3.1 Characterization of Microgel Thin Films with Controllable Viscoelastic Properties

To modulate colloidal film viscoelastic properties, synthesized negatively charged
microgels with varying degrees of N;Methylenebisacrylamide (BIS) crofisking and then
fabricated the microgels intoldyer thin films. Microgel particles were syasized with either
low (1% BIS), intermediate (2% BIS), or high (7% BIS) internal cro$isking densities. 4 layer
films were chosen because this number of layers has previously been shown to dishksliself
responses, while microgel monolayers it 67 and cellular responseseasured on microgel
monolayers did not statistically differ from glagsgure A.1.1.). Nanoparticle tracking analysis
(NTA) of the microgels showed that the mean hydrodynamic diameter of the pamadd67+34
nm (Figure 3.1.C; Figure A.1.2.). DLS meaarements of microgel hydrodynamic radius over the
temperature range of 286 C show that below 3% all microgel particles had sizes between-500
600 nm and above 36 all microgel particles had sizesttveen 308400 nm Figure A.1.3.). This
indicates that the volume phase transition temperature of each microgel composition is similar
even though the percentage of pNIPAm differs slightly between each formulation. Atomic force
microscopy (AFM) height traas showed increasing particle iglgs asthe crosslinking
percentage increased with the lower cHodsed particles having four times shorter particle
heights than higher cro$ismked particles, despite having similar diameters. The difference in

microgé particle heights is an indigah of their deformability, where lower creBaked particles
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appear to spread more on a glass surface while higherlierosd particles act more as hard

spheres and do nspread extensively36->7
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Figure 3.1. Characterization of microgel thin film properties A) Microgel particles are created

in a precipitatiompolymerization reaction with the constituemgsNIPam, AAc, and BIS and
initiated with APS at 700C. Microgel particles were created by keepaédAc concentration at

5% and by varying the amount of BIS to be either 1, 2, 4, or 7%. B) Dry microgel particle diameters
and heights were measured withMFC) Summary of microgel particle and film characterization.

D) Microgel thin films were createdhia LBL process through centrifugation where layers of

negatively charged microgel particles were alternated with layers of positively charged PEI. E)

Fimloss tangent was measure through AFM. F) The

with AFM anddata was fit with the Hertz model; * p<0.05
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AFM nanoindentation demonstrated that film elastic modulus was approximately 107+18
kPa for allfilms (Figure A.1.4.). A slight increase in modulus was observed with increasing
particle crossinking, but the diferences were not statistically significant. Surface roughness
calculations of the microgel thin films showed that the arithmetic mean deviation (Ra) of the
surface features agless than 50 nm on all films and no statistical differences were observed
betveen film types Figure 3.1.C; Figure A.1.5.). The swelling capacity of the microgel films
was also measured, and all films had dry film thicknesses of ®RB®Cand hydrated film
thicknesses of ~1500 nm with no statistical differences obsémeteceen films Figure A.1.6.).

To determine how properties of the films change during film buidwe analyzed surface
coverage and mechanics following the additioreath layer for 2% BIS filmsHgure A.1.7.;
Figure A.1.8). It was found that as eadayer was added, surface coverage improved until no
glass or individual microgel particles could $eenand stiffness decreased with increasing layer
number.

A summay of the particle hydrodynamic diameter, dry heights, surface roughness, and
compressie moduli of the microgel films are shownhigure 3.1C.. We next characterized the
selfhealing and viscoelastic properties of the films. A-belfling assay showedathas the
intraparticle crosdinking density increased, film selfealing responsesese diminishedKigure
A.1.9)). Lower crosdinked films exhibited greater healing responses than higresslinked
films, indicating a higher degree of polymer moliléand more viscous materials. We next
measured film loss tangent, which is a meast@itberatio between a materials loss modulus to
its storage modulus, and for materials with similar storage modulii, is often used as an indication
of material viscosit{?. There is an inverse relationship between film loss tangent and intra

microgel crosdinking (Figure 3.1.E); higher intramicrogel crosdinking densities correlates
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with lower film loss tangents and lower film viscoelasticity. The loss tanggues of the microgel
films significantly decreased with increased particle cfimdsng (p<0.05) and ranged from
1.8+0.1 for 1% BIS films to 0.8+0.2 on 7% Bifi#ns (Figure A.1.10.). These values were seen to
be consistent for 3 different areas odiflerent films from different batches indicating that the
viscoelastigroperties of the films are homogenous across the film surface and between fabrication
batches. We ran a correlation analysis to further explore the relationship between microgel %BIS
and the resulting | oss tangkgarée ALl1lYX)pa strogngy,s mo d
statistically significant, linear correlation exists between loss tangent and %BIS, while a weak, not
statistically significant, linear correlation exists betweenpdns modul us and %BI S
Youngbés modulus and |l oss tangent.
3.32. Quantification of Fibroblast Spreading and Migration Rates on Microgel Thin Films

To analyze the influence of film loss tangent on cell migration, human dermal neonatal
fibroblasts(HDFns) were seeded on collagemated microgel films and imaged oveR4hr
period (Videos A.2.1.-A.2.5.). Imagestacks were processed in ImageJ and analyzed in the cell
tracking software Aivi¢f to quantify cell velocity, path length, and straigjhe lengh (Figure
3.2.B-D). Path length is defined as the length of the path taken between each consecutive time
interval from the beginning to the end of the tracking period and stiaghlength is defined as
the shortest distance between the first andflaste of the track. As film loss tangent decreased,
cellular velocity, path length, and straigie length increased. The differences in migration on
the low loss tangent and highsk tangent films correlated with two different modes of cell
migration @moeboid or mesenchymal). In amoeboid migration, cells change shape rapidly by
sending out many protrusions and then rapidly migrate large distances, which correlates with the

low pathlengths and high straighine lengths observed. In mesenchymal migraticells have
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distinct leading and trailing edges and migrate in a more stepwise fashion correlating with higher
path lengths and straighbhe lengths.Figure 3.2.A further visualize the different modes of
migration by showing representative migratiaitprns of the cells seeded on microgel films with
varying crosslinking densities, which correspond with the description of ameboid and

mesenchymal cell migration.
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Figure 3.2. Analysis of fibroblast migration responses on microgel thin filmsHDFns were
seeded on collagerpated microgel thin films for 2 hrs and imaged ®#&hrs A) Representative
images of single cells migratimging either ameboid or mesenchymal cell migratiogr60 mins
are shownCircles represent the cell bodyhile the dots represent the centroid of the cell body.
Yellow arrows representhedirection and relative path of migratiofhe ime-lapse videos were
then analyzed in the commercially availablefts@re Aivia to quantify cellular migration
responses includingelocity (B), path length (C), and straigle length (D). * p<0.05; ** p<0.01,

*** p<0.001; **** p<0.0001.

Increased material elastic modulus has preWohsen shown to lead to increasesll
spreading’, increased myofibroblastic differentiatidn and increased expression of fibresis
rel at ed g e8WAsand<liGFh Wevsere therefore interested in characterizing how
these responses correlate with loss tangent on our films with stificetasduli. HDFns were

cultured on microgel thin flmswithvari ng | oss tangents for 24 hrs
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SMA and CTGF Figure 3.3.E-F). Cell area and circularity e@vemeasured in ImageJ, and it was
found that cell area on high loss tang@ms increased significantly compared to low loss tangent
films. Cell circularity was also highest on the intermediately dinksd, low loss tangent films.
Quant i fi eSMA expressioo Ehowed no significant differences in overall expression
betveen films, howevethe percentage of stress fiber positivibsgéndicative of myofibroblastic
differentiation, was seen to increase as film loss tangent decreased. It was fotimel tighest
amounts of CTGF expression occurred on the intermediasslorked films with lower loss
tangentvalues andvere signifcantly different than the amount of CTGF expression measured in
the other conditions. Staining for paxillin and FAK ailsdicated that on lower crodisked films,
weak focal adhesions seemlte localized around edges of the cell as seen by the dithiseng
around the edges of the cell, while on the higher dinked films stronger focal adhesions can
be seen to blocalized around the center of the céligure A.1.12). These resultsdicate that
fibroblasts tend to have a more myofibroblastiepotype when seeded on films with lower loss

tangent values as seen by increased cell areas, stress fiber posithandell3 GFexpression.
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Figure 3.3. Loss tangent of microgel films modilates cell contractility, morphology, stress

fiber formation, and CTGF Expression A) HDFns were seeded on collagemated microgel

films and singlecell stiffness was measured i3 after seeding via AFM. B) TFM was performed

on a ceHlby-cell basis withcells seeded on collageoated films built on PA gels contéiig
fluorescent beads. 12 hrs after seeding images were taken of individual cells before and after lysis.
Traction faces were calculated using a MatLab algorithm. HDFns were seeded on coladect
films for 24 hr sSMA (Ejland QT& (F). €dl arearf®, circdladty (D)Uthe
percent of stress fiber positive cells (Bhd CTGF expression (F) wereantified in ImageJ. *

p<0.05
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Since cell spreading and migration are cortiicmediated responses, we next quantified
cell contractility following incubation for 12 hrs on microgel thin films using both AFM single
cell stiffness measurements and trmactforce microscopy (TFM) to measure the amount of
tensioral forces generateby cells Figure 3.3.B). As film loss tangent decreased, mean single
cell stiffnessncreased significantly from 0.3£0.1 kPa on the 1% BIS films to 1.4+0.2 kPa on the
7% BIS films (p<0.05Figure A.1.13)). TFM results demonstrated that cells seeded oiralo
surfaces, i.e. PA gels without film coatings, generated significantly moréotratian cells
cultured on filmcoated surfaces$-{gure A.1.14.). Results, from TFM did not result in significant
differences between films, howeyeells were able toaperate traction forces ranging from 100
250 Pa on the filatoated surfaces, while tgon forces averaging 750 Pa were measured on
control surfaces. It is possible that differences in traction forces could be greater at earlier
timepoints. Due to the wiselastic nature of the films, after 12 hrs it is possible that creep could
have occued causing the bead position to relax and move closer to its original location and result
in lower traction forces. Furthermore, since the fluorescent beads are emiretideBA gel and
not in the microgel film, it is possible that the system is nositea enough to pick up smaller
traction forces generated by cells seeded on the microgel layers.
3.3.3 Cell Contractility Inhibitors Normalize Cell Spreading and Mitjea Responses on
Microgel Thin Films

To determine the influence of GTPase signalinghe observed responses, cell migration,
spreading, and protein expression were analyzed on microgel films in the presence of Rac, ROCK,
and CDC42 inhibitorsKigure 3.4.; Figure 3.5; Videos A.2.6.-A.2.20.). The additionof each
inhibitor was found to nmnalize cellular migration velocity across all conditions. Addition of the

ROCK and CDCA42 inhibitor significantly increased total cell migration, as both the stiaight

35



length and path length of the cellasincreased in the presence of ROCK and CD#bbitors,
howeverthe magnitude of these responses in the presence of the CDC42 inhésitat &s stark
as those observed in the presence of the ROCK inhibitally;ithe addition of the Rac inhibitor
greatly reduced all migration responses ashbstraightline length and path length were
significantly reduced.

Inhibition of Rac was also found to significantly decrease cell spread area while increasing
cell ciraularity after 24 hrs, while inhibition of ROCK and CDC42 appeared to normalize Hbth ce
spreading and circularity across all conditions. Rac inhibition also significantly decreased the
amount of stress fiber positive cells, while both CDC42 and ROCK itidnbnormalized the
amount of stress fiber positive cells on all films. Finally, asrall conditions, CTGF expression
was normalized with the addition of all of the inhibitors. Overall, with the addition of the cell
contractility inhibitors, the respoes due to differences in film loss tangent were no longer
apparentThe aldition of al of the inhibitors normalized migration velocity, whtleeaddition of
the ROCK inhibitor was seen to increase total cell migration, and the addition of a Rac inhibitor

significantly diminished spreading responses.
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Figure 3.4. Analysis of thecontribution of RAC, ROCK, and CDC42 pathways on fibroblast
migration responses on microgel thin filmsHDFns were seeded on collagemated microgel
films and allowed to attécfor 2 hrs before the addition of either a CDC42, Racl, or ROCK
contractility nhibitor. Cells were imaged ove24 hrs A) Representativemages of single cells
migrating using either ameboid or mesenchymal cell migrabwgar 60 min on each film are
shown. Circles represent the cell bodyhile the dots represent the centroid of tedl body.
Yellow arrows representhe direction and relative path of migratiohimelapse videos were
analyzed in the commercially available software Aivia to quantify kallmigration responses

including velocity (B), path length (C), astraightlinelength (D). * p<0.05; **** p<0.0001
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Figure 3.5. Contractility inhibitors normalize cell morphology and CTGF expressionHDFns

were seeded on collageonated microgel filmsnd allowed to attach for 2 hrs before the addition
of a CDC42, Racl, or ROCK contractility inhibitor and then incubated for 24 hrs. Cells were
st ai n eSWMA fApand AJGF (B) and imaged. The percent of stress fiber positive(€3ls
CTGF expressiofD), cell area (E)andcircularity (F) weremeasured using ImageJ. * p<0.05;

*oex 20,0001

3.4. Discussion and Conclusions: Outlook and Implications in Fibrotic Responses
In these studies, we demonstrate that microgel thin filmsaawenable platform wth
controllable loss tangent properties and film loss tangent drives fibroblast modes of migration and

contributes to prdibrotic responses. To ensure that the cellular responses measured were due
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primarily to the differences film loss tangent valuesgbust characterization of both the microgel
particles and films was first performed. Microgel particles were similar in size (~600 nm in
diameter), films had similar compressive modulii (~100 kPA), and the average surface feature of
each film was less #m 50 nm. Previous work has shown that fibroblast adhesion and spreading
responses plateau on substrate stiffnesses greater than’40nkfPaa mean stiffness of 10731

kPa, our films are above this threshold, therefore, any observed differences in cellular responses
should be primarily due to the differences in loss tangent.

We first characterized film viscoelasticity using a film dedfaling assay and results
showedthat as intraparticle crodmking density increases, the ability for the films to heal
decreases. These results corroborate previous work demonstrating thaticnbgrel cross
l inking decr eases -haaling abditg*dy restridiinig the &bility ohposymes e | f
chains to move and rearrange. Intraparticle clioging appears to result in a similar effect, which
is likely due to the decreased mobility of polymer chains within individual micr@ggties with
increasing intrapdicle crosslinking. Loss tangent imaging demonstrated that increasing
intraparticle crosdinking density led to lower loss tangent values. A correlation analysis between
loss tangent and microgel %BIS showed a strongelaiion between the two paranmsté-igure
A.1.11). These results showed that microgel particles are highly tunable, as both the size and
stiffness can be controlled during synthesis and used to create films with different viscoelastic
properties.

Loss angent imaging showed that ounfs had loss tangent values over the range of 1.8
to 0.8. Other studies performing AFM based imaging to find the loss tangent values of biological
cells or tissues can help put these values into a relevant biologicaltchotextangent values for

sheepaorta were found to be 1.0 in young sheep and decreased to 0.86 in agétl kbesp
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tangent values for the benign cell types NIH 3T3, MDIGKNMuMG, and MCF10A all fell
within therange of 1.61.5, while loss tagent values for malignant cell types SV8, A549, MCF

7, MDA-MB-231, and Cakil, all fell within the range of 1-8.073. Also, loss tangent values of
human lung epithelial cells have been measured at*-0.5

Other methods, including dynamic material analysis and contact resonance, have been used
to measure the loss tangentues of biological tissues, hower, these methods have been shown
to provide values that are much lower than those measured by*’AFhk has been attributed to
the differences in the frequency to which the material responds, which for AFM carlie® 10
kHz, compared to the frequency 6fL00 Hz used commonly by other methods. As sudh nbt
accurate to directly copare values obtained by other methods to the measured values of our films,
howeverthe trends observed through other methods remain relevant. For example, studies by Yin
et al. found the loss tangent value of a mouse filywing injury and before filwsis was ~0.1
and then decreased to ~0.03 at the onset of fibrosis, which was lower than the measured healthy
tissue loss tangent of ~0.66ndicating thatecreased loss tangent could contribute to fibrotic
responsen vivo. Indeed, our studies investigating the effect loss tangent on cell migration and
fibrosisrelated responsesigport this hypothesis.

Analysisof cell migration on microgel films showed that velocity, path length, and straight
line length increased as loss tangent decreased. This quantification, in conjunction with detailed
observation of the timapse videogndicates that two different maslef migration are occurring.

These two modes of individual cell migration have been well characterized and are described as
amoeboid and mesenchymal cell migration. Amoeboid migration is characterized by rounded or
ellipsoid cells that do not have matui@cal adhesions or stress fibers and, during locomotion,

change shape by rapidly protruding and retracting filogéétaAmoeboid migration is also
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associatedvith cancer cell infiltration athmetastasi$. This is particularly interesting as the loss
tangents omalignant cell lines are similar in value ttee lower crosginked microgel films in

which amoeboid migration was also observed, indicating a potential link between substrate loss
tangent and cancer cell infiltration and metastasis. On the other harahamgmal migration is
characterized by elonggd, polarized cells that contain a leading edge with protrusions leading to
the new site of migration and a trailing edge that retracts upon initiation of mi§Pation
Interestingly, mesenchymal migration is promoted on stiffer substrates and has been associated
with fibrotic responsés.

In our studies, wobserved that on 1% BIS films, corresponding to the highest loss tangent
value, filopodal amoeboid cell migration occurs, while on 7% films, corresponding to the lowest
loss tangent value, mesenchymal mignatoccurs. On 2% and 4% BIS films, correspogdo
the intermediate loss tangent values, a transition between ameboid and mesenchymal migration
occurs. On 1% films, an inverse relationship between path length and slirsglgngth is
observed, which qports the conclusion that amoeboid migrai®occurring. Since path length
is the measurement of the total distance traveled and sthamghength is the measure of the
shortest distance between the start and end of the track, having a celléhatévimg but instead
sending out many protsions will lead to a lower average path length per cell, and will
concurrently lead to a larger straigimte length due to the large distances traveled during one of
the quick migratory movements characterisiamoeboid migratid. More elongated, ellipsoid
cells with decreased cell areas were observed on the loweiliolass films due to the shotived
and loose interactie with the substrate, preventing the cells from generating sufficient internal
tensional forces needed for spreading. These observations were also confirmed by characterizing

focal adhesion formation after 2¥urs Figure A.1.12), where diffuse stainingf paxillin and
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FAK around the edge of the high loss tangent films indicates weak focal adhesion formation.
Additionally, lower amounts of stress fiber positive cells were observed on lowerliokaess

films, which is also a key characteristic of amoebwiigration. Furthermore, singleell force
mapping showed lower cell stiffness on the lower climd®d films, which is expected in cells

that are loosely attached to the surface. Collectively, our data tesliteat materials with higher

loss tangentive amoeboid migration.

On the 7% BIS crosknked films, corresponding to the lowest loss tangents, mesenchymal
cell migration was observed. This conclusion is supported by greater rates of migrationethcreas
spread area, and increased cell stiffrisserved on these films, compared to the 1% BIS €ross
linked films. Due to the low viscosity of these films, cells are able to actively polarize into a trailing
and leading edge, which allows for m@tepwisemigration leading to longer pathlengths. Cells
are also able to generate larger internal tensional forces, which leads to greater spread areas, stress
fiber formation, and cell stiffness values. The ability for cells to generate larger tensional forces
wasalso confirmeddy the staining of paxillin ahFAK on the low loss tangent films indicating
strong focal adhesion formatioRigure A.1.12). On the 2% and% BIS films, corresponding to
the intermediate loss tangent values, a transition from amoeboi@genchymal migration is
observed. This conction is supported by the range of morphology and migratory responses
measured on these films. For example, on the 2% BIS films without inhibitors cell spread area,
circularity, and migration @resimilar to thel% BIS films indi@ting a similar mode of migtion.
However, upon the addition of the contractility inhibitors, the change in the responses on the 2%
BIS films wasnot consistent with the 1% BIS films, indicating that there are different pathways

controling these responses on the two films. Theeseam be said when comparing the 4% and
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7% BIS films where the area, circularity, and migration responses appear to be similar without the
addition of inhibitors, but do not follow the same trends once theiiatsthave been added.

Taken together, thesesults show that substrate loss tangent can modulate cell migration
by determining the mode by which cells migrate where loss tangent values lower tHiah 1.4
promote mesenchymal migration, loss tangent wlgeeater than 1.4.5 promote ameboid
migraion, and loss tangent values of-1.%5 promote the transition between the two modes of
migration. These results are also supported by the aforementioned loss tangent values of epithelial,
benign, and malignardells which were found to be 0.5, 11(®, amnl 1.5-3.0 respectively. For
single epithelial cells, mesenchymal migration is the normal mode of mig¥atiod for cancer
cell metastasis ameboid migrationti'e most commonly found mode of migrafiéff which
further demonstrates that a loss tangent vaifiegl-1.5 lead to a transition between the two modes
of migration. On the material level, loss tangent values greater than 1.5 cause the films to flow
away from the cell as it exerts a force on the film. Dudéanovement of the film in the direction
away from the cell, the cell is unable to generate internal tensional forces sufficient enough to
allow for large spread areas. The inability to spread inhibits the cell from polarizing to form a
leading and trding edge resulting in ameboid migration. Hewe loss tangent values lower than
1.4 provide enough resistance within the film to prevent the movement of the film away from the
cell. This allows the cell to obtain the internal tensional forces requirddrfyer spread areas.
With sufficient enoughnternal tensional forces, the cell can then polarize to form a leading and
trailing edge and undergo mesenchymal migration. Focal adhesion staining also shows a more
diffuse staining around the periphery of ttedl on the lower crosknked films and maoe robust

staining by the nucleus of the cell on the higher clio&gd films (Figure A.1.12)).
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Since cell contractility plays a major role in both cell migration and spreadatiglar
responses were charagted in the presence of the GTPases inhibigac, ROCK, and CDC42.
In general, the addition of the contractility inhibitors had a normalizing effect and eliminated any
differences observed due to the changes in the loss tangent values between thed fiticsog
However, the effectsf inhibiting Rac indicate that it is a crucial pathway contributing to the
mesenchymal migration observed on lower loss tanfgerg (Figure A.1.15.). Previousreports
by Cameron et alalso identified themportance of Racinediated signaling in responses of
mesenchgnal stem cells on hydrogels with variable rates of creep; in those studies, increased Racl
signaling was observed on high creep hydrogels where spread area, migration, and differentiation
was aso the highest. High Rac signaling is also known to increzssiinly edge extension,
elongated morphology, integrin engagement, and mesenchymal migt&fidAiowever, ROCK
signaling in the absence of Rashaen shown to increase the rounded cell shapes associated with
amoeboid migratidt, which also matches the increase in rounded cell shapes and cell circularity
we observed on microgel films upon the addition of a Rac inhibitor. These results further indicate
that R@ mediated signaling is an important factor for directing masgnal cell migration on
low loss tangent films since amoeboid cell migration is observed in the absence of Rac.

The effectsof inhibiting ROCK indicate that it is a crucial pathway contribgtio both
the mode and rate of migration on microgel thin §ilmith varying loss tangents. Studies by
Totsukawa et ashowed that fibroblast cells cultured on glass coverslips and treated with a ROCK
inhibitor migrated further and in a straighter direntthan untreated fibroblagtsSimilarly, our
results obtained for cell migration on microgel films in the presence of ROCK inhibition showed
greater path lengths and straijjhe lengths when compared to cells on films with thentical

loss tangent values, but different inhibitory corwhfi. Previous reports have also shown that high
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Rac activity in the absence of ROCK further promotes elongation and mesenchymal migration;
likewise, we observed an increase in area and migratitas of cells that underwent ROCK
inhibition on films that therwise supported amoebaitigration Figure A.1.16.)%. It was also

found that ROCK inibition significantly increased migration and spread area on high loss tangent
films where ameboid migration was the dominant mode of migration when compared to low loss
tangent films where mesehymal migration was already the dominant mode of migrafimu(e
A.1.17). These results further indicate that ROCK mediated pathways are critical for directing
amoeboid cell migration on films with low loss tangents since mesenchymal cell migration is
observed in the absence of ROCK.

CDC42, along with Rac, is wolved in controlling the filipodia dynamics at the leading
edge during cell migratiéA If Rac and CDC42 worked in camjction with one another during
mesenchymal migration on the microgel films, then it would be expected that inhibition of CDC42
would yield similar results to the inhibition of Rac. However, toaverse was observed and
inhibition of CDC42 yielded similaresults to inhibiting ROCK on microgel filmg=igure
A.1.18). Inhibition of CDC42 led to cells with increased spread areas, stress fibers, and migration
distances, but the magnitude of thebsasvations was not as great as with ROCK inhibition. It
was &so observed that inhibiting CDC42, similar to when ROCK was inhibited, resulted in a
significant increase in migration and spread area on high loss tangent films where ameboid
migration was dommant when compared to low loss tangent films where mesentmyigiaation
was dominantKigure A.1.17.), although the magnitude of the increase wasaea@reat as when
ROCK was inhibited. These results suggest that CDC42 plays a more important role in controlling
filipodia dynamics at the leading edge during amoeboigration and a smaller role during

mesenchymal migration on microgel films. Howevegppears that ROCK is the more dominant
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pathway controlling ameboid migration. The previously reported results, combined with our own,
further identify both Rac and®CK as the dominant pathways in measuring and responding to
viscoelastic substrates.

Theobservations that small changes in substrate viscoelasticity have such a large effect on
cell migration and morphology have broader implications for more complicededgses such as
the propagation of fibrosis. Previous studies have shown that suksiffatss plays a significant
role in the propagation of fibrosis with higher rates of fibrosis found on stiffer sub3tfa&s
Furthermore, ROCK has been identified as a key drivi#iiatic related esponses. Upregulation
of ROCK has been shown to increase fibroblast contraéifityincrease fibrotic respon$ésand
increase the length and severity of fibrotic respois@ur results suggest that such resesn
might be more nuanced than just a straightforward inereaflROCK expression or substrate
stiffness. For example, slight changes in substrate viscoelasticity could cause cells to transition
from amoeboid to mesenchymal cell migration modes leadiag facrease in actin stress fiber
formation, cell spread areand other myofibroblastic phenotypes, thereby resulting in an increase
in ECM deposition and accelerating fibrotic responses. It is possible that slight changes in tissue
viscoelasticity folloving injury could lead tdhe initiation of fibrotic related esponses, however
more research on this topic is needed.

Additionally, the role that substrate stiffness has on the propagation of fibrotic related
responses has been well characterized, howdwese studies have predominately utilized linear
elastic méerials. Our studies highlight that it is not sufficient to only consider elastic modulus and
that loss tangent is also an important descriptor for such responses. Further studies are needed to
fully understand the combinatory effects that substrate etsfiand loss tangent have on cellular

responses and the initiation of fibrosis. To begin to probe these complex interastobailt
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mi crogel thin fil ms

on

A.1.19) do show difference in the cell area of fibroblasts seeded on such substrates when

compared to fibroblasts cultured on microgel films built on glass further exemplifying the need to

investigate the complex relatiship between substrate stiffness and film loss tangentliotece

responses in greater detail.
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Figure 3.6. Overview of the effect of film loss tangent on cell migratianFilm loss tangent

influences the fibroblastmode of migration. Adilm loss tangent increased, amoeboid migration

was seen to be the domirianode of cell migration. Amoeboid migration is characterized by round

or ellipsoid cells that have poor stress fiber formation and are loosely attachedudfdice. On

low loss tangent films, mesenchymal cell migration was the derhimade of cell migratn.

Mesenchymal migration is characterized by highly spread and elongated cells that have high

degrees of stress fiber formation and strong adhesionsetsutiace. Upon adding the cell

contractility inhibitors for Rac, ROCK, and CDC42, it was observatlibth ROCK and CDC42

signaling plays an important role in amoeboid migratighile Rac signaling is important for

mesenchymal migration.
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Overall, we have shown that microgel thin films can be constructed to have differential
viscoelastic properties archn be used as a platform to study how these properties influence
cellular behavior. Specifically, as film loss tangent decreased, cell @realarity, stress fiber
formation, and CTGF expression increased, while migration transitioned from amoeboid to
mesenchymalHigure 3.6.). In the presence of cell contractility inhibitors, it was found that
inhibiting Rac had the greatest effect on ligh loss tangent films while inhibiting ROCK and
CDC42 had the greatest effect on the low loss tangent filmefumdicating that Rac is an
important pathway in mesenchymal migration and ROCK and CDC42 are important pathways in
amoeboid migration. Whe these results begin to provide some insight into the effects that material
viscosity has in modulating cellulaehavior, much remains to be fully elucidated. Overall, we
demonstrate that microgel thin films provide a highly tunable, easily synthesatedal platform
for further elucidating such responses and have the potential to be used as a platform to build

substrates with specific properties to elicit desired cellular responses.
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CHAPTER 4: Ultrasonic Microploting of Microgel Bioinks

The studkes presented in Chapter 3 investigated the effect that microgel film viscoelasticity
has on fibroblast morphologgnd migration oruniform microgel films. Based on the responses
observed, it was hypothesized that it would be possible to create suhsiifatestterned areas of
microgel films that could direct cell migration using only the viscoelastic nature oflie f
However, the current layday-layer method of creating microgel films does not providehigh
degree of control over microgel pargaeposition that would be required to create such substrates.
Therefore it became necessary to develop a new otethy which it was possible to selectively
place microgel filmsin order to make a substrate with patterned viscoelastithe studies
detailed in this chapter describe the development and optimizatemuitftasonic microplotting
printing technique fouse as a method by which patterned microgel films can be formed. The
development of this technique will not only allow fine creation of scaffolds that can further
investigate the role that microgel film viscoelastidiys on fibroblast migration balso opens
the door for the creation @omplexmicrogel films withhighly localized film mechanics on a
similarlengthsdae t o a cel |l 6s native microenvironment .

been submitted for publication.

4.1 Introduction

The aim of the regenerative medicine field is to restore the original form and function of
damaged tissue; there have beamerous investigations into processes that allow for the creation
of a material scaffold that can fulfill that role. The purposthese material scaffolds is not only

to provide a structure in which the regenerative process can take place but atsicipafe in the
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regenerative process by providing {ypegienerative cues to cells migrating into the damaged tissue.
Suchcuescamic|l ude the scaffoldbés mechanics, the s
bioactive agents into the scaffétdRecently, scaffolds composed of microgel particles have been
investigated for use in regenerative medicapelications due to their high degree of tuneability
which allows for their fine control over scaffold properties and gioee, utility in a multitude of
application€®. These applications can range from creating a matrix for bone regen¥ration
encapsulating cells for spheroid growthand creating patiersipecific affolds for auricular
cartilage regeneratiéh

Microgels are micro or nanometsized colloidal hydrogels that can be made responsive
to external stimuli. These colloidal particles can be used as building blocks in assemblies wherein
the material properties of inddual microgels affect bulk properties of microgpelsed materials,
suspensions, and mixtufés*>"¢7 Extremely sophisticated, mulésponsive systemsue be built
by combiningdi f er ent mi crogel building blocks, all ow
levels of control over design parameténgportantly, microgebased materials have the potential
to modulate cellular behavior through exquisitieined spatial, energettemporal, and molecular
propertie$!>4 and microgebasel materials provide an ungadleled level of control over material
properties, such as mechanics and degradation rates, compared to bulk gelssaittethelymer
composition.Therefore, microgels are an attractive building block for creating scaffoitissue
engineering purgEes.

Microgels have widely been syntied from synthetic polymeté®, perhaps the most
well studied of which is poly Nsopropylacrylamide (pNI&m). pNIPam microgel assemblies
created throughayer-by-layer (LBL) fabrication processes have been well charactéfizdsing

this technique, mrogel films have successly been developed to control cell
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attachment/detachment from scdfis'®®, facilitate drug deliverd?!, act as antimicrobia
coatingd®, and direct cell migration dynamics through mechanical'€ti&8hile LBL techniques

for creding microgel films have vdely been successful at creating uniform films, one major
limitation of the technique is that it offers no spatial control over the deposition of the microgel
particles. Current LBL techniques also do not allow for the creatioroce complicated scaffodd
containing multiple particle types in defined locations.

In orderto overcome the limitations presented by LBL techniques, microgels have been
adapted for 3D printing applications to create more defined and complex scaffel@siCiA,
extrusionbased 3[printing techniquehave become a popular method by which microgehks
are printed®¥1%, In order to printhrough extrusiotbased printing methods, microgel bioinks are
loaded into syringes, subjected to large pressures or high temperatures, and extruded out of a
nozzle onto a surface. However, this technique also has limitatioimghei high levels of shear
stress and high temperatures associated with the extrusion pdareaging cells and other
biological components incorporated into the bidtAk Furthermore, extrusiebased printing
techniques commonly use magel particles with diametersfrom-2000 e m t o avoi d sm
gauges that would further increase the shear stress that occurs during printing and printing with
particles composed of pNIPam has yet to be exptér&d:1° Therefore, otlr printing techniques
that are less damaging to cells, as well as added biological components, and can also be used to
print significantly smaller particles need to be explored.

There ardgechniques used in other industries that have the potential wapeed for the
purpose of creating microgbhsed scaffolds and solve the limitations presented by LBL
approaches and other printing techniques. One such technique, termed ultrasomlottimngy0

has been successfully used in the circuit industry tdefiexible circuitd*¥ 112 artificial cell$?,

51



biosensors® 1% microlense¥’, and carbon nanotube transistor cirddft$'® This technique uses
a piezoelectric elemeanttached to a glass capillary write head to print inks onto a surface in a non
contact manner. When the piezoelectric element is operational, an ultrasonic wave changes the
surface tension and wetting behavior between the resident ink and dispensiagsiimg e bead
of ink (meniscus) to form at the dispensing tip, which is brought into contact with the substrate
and preferentially wets and dAprints ontoo the
that does not require the high heat, temjpees, or pressures that are commonly found in other
scaffold fabrication techniques, such as electrospinning, certain lithography methods, and
extrusionbased printing, which have the potential to damage the material being used and often
restricts the inkusion of biological molecules. Moreover, ultrasonic microplotting can achieve
picolitres printing for materials with viscositiesp to500 cP, and for ideal material substrates,
higher viscogy inks (> 1200 cP) can also lpginted

This technique is pegttly suited for use in conjunction with microgel particles as the ink
can be composed of a suspension of thepphgmerized colloidal particles which is more
amenable to printing using this ultrasonic technique than a polymerized bulk hydrogel. While
ultrasonic microplotting holds promise as a technique used in printing hydraggd materials
for regenerative medicine applications, it has yet to be transitioned from printing circuits and
biosensors to printing hydrogel materials. Therefore, in thisrpageexplore the potential use
of the ultrasonic microplotting technique as a method to print patterned microgel films in order
to solve some of the limitations in the LBL film fabrication technique, as well as other printing

methods.
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4.2 Materials and M ethods
4.2.1 Microgel bioink synthesis

Microgel particles were created using a precipitapolymerization reactionPoly(N-
i sopropyl acr yl a mmethglenebis(acylanide)niBlSandAcrylid &cid (AAc)
were added to 9L of deionized wagr to create a final solution with a concentration of 140
mM. The reaction solution was comprised of 91% gélizam, 4% BIS, and 5% AAc. 0.5 mM of
sodium dodecyl sulfate (SDS) was added to control for particle size. The solution was then filtered
and addedo a threenecked reaction vessel that had a nitrogen source, a condenser, and a
thermometer attached to it. The solution was heated toC7@nd allowed to reach thermal
equilibrium for 1 hour while under the flow of nitrogen gas and mixing at 450 Ribk thermal
equilibrium was achieved, a 1 mM solution of ammonium persulfate (APS) was added to initiate
the reaction. The reaction was allowed to proceed for 6 hours and cooled overnight while
continuously stirring at 450 RPM. To remove any large aggesghie cooled solution was filtered
using glass wool. Dialysis against deionized water (diH20) was then performed using 1000 kDa
tubing(Spectrum Laboratories)Vater for dialysis was changed everylihours over the course
of 48 hours The microgel saition was then lyophilized and reconstituted in diH20 at a stock
concentration of 5 mg/mL. Bioinks were then created by diluting the stock concentration to either
2, 0.2, or 0.02 mg/mL and adding either 5%, 10%, or 20% low molecular weight polyethylene
glycol 400 (PEG, M=380-420 g/mol) by volume.
4.2.2 Bioink microplotting surface functionalization

Glass slides were first cleaned in a sonicator for 15 minutes in each of the following
solutions: Alconox® diluted 3:100 in dy®, dH20, acetone, absolute etfol, and isopropyl

alcohol. The glass slides were then washed twice with deionized water, dried with nitrogen, and
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functionalized with one of the following:(3-Aminopropyl)triethoxysilane (APTMS),
PolyethylenimingPEI), or bovine srum albumin (BSA). FOAPTMS functionalization, a 97%
(v/v) solution of APTMS was diluted 1:100 into absolute ethanol. The clean glass slides were then
covered with the diluted APTMS solution and shaken at room temperature for 2 hours. For
functionalizaton with either PEI or BA, PEI or BSA were diluted into dp@ to 0.05 monomolar
or 1% by weight (w/v), respectively. The clean glass slides were then covered with either the PEI
or BSA solution and incubated overnight 8C4Following incubation, the sl were washed
twice with diH.O and allowed to dry.
4.2.3 Bioink microplotting surface contact angle analysis

Contact angle measurements were taken using aJRiamédvanced Contact Goniometer
T Model 102. Droplmage Advanced software was used to infegevater droplets onlabf the
functionalized glass slides mentioned above. In order to measure the contact angle, a line tangent
to the corner of the liquid droplet is drawn and the angle that the tangent makes with the horizontal
surface is measured.@ddntact angle is measd on each side of the droplet and averaged together
to obtain the overall contact angle for the droplet. The solutions used to create a droplet on each
of the functionalized surfaces are éiHand microgel solutions at either 2,,020.02 mg/ml with
either 0%, 5%, 10%, or 20% PEG (v/v).
4.2.4 Bioink microplotting

The patterns used for printing of the microgel bioinks were designed using the SonoDraw
GIX 1l software and can be seenfigures 2A and 6AAll patterns were printedsing a 20, 50,
or 100 um micropipette tipfabricated using & glass capillary tubes, a Narishige -BPC
micropipette puller, and cut using a Narishige-BFO Microforge The micropipette tips were

then superglued onto a piezoelectric element and fit tiéo holder on the Sontmt GIX
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Microplotter 1l. The printing pattern created in the SonoDraw software was then uploaded to the
Sonoplot printing software. Microgel bioinks containing either 0.02, 0.2, or 2 mg/mL of microgel
particles and either 5%, 10%,20% PEG (v/v) were threcreated and used for printing the created
pattern.
4.2.5 Microplotted microgel film characterization

The printed microgel films were imaged using an EVOS FL Auto (ThermoFisher) and print
parameters such as printed dot radiugted dot circularityline width, line length, and the
percent of the template pattern to print successfully was measured in ImageJ in order theassess
print quality and presented as the mean value + the standard deviagopercent of the template
pattern to print succseiilly was measured by calculating the total print distance of the template
pattern used and then dividing the total print distance for each condition by that value. A total of
3 different prints were imaged with at least 50 dots Addines measured oraeh print. The
thicknesses of the microgel filmseve determined using a MFBD atomic force microscope
(AFM; Asylum)in AC mode with ARROWNCR cantilevers, with a pyramidal tip geometmd
a cantilever constant of 42 N/m, (Nanaldaviore USA) 3 differert line thicknesses were measured
on 3 different prints for a total of 9 line widthseasuredand heights are presented as the mean *
the standard deviation.
4.2.6 Microplotting patterned microgel films

Microgel particles were lalbed as either red or gen by coupling Alexa Fluor 594
Cadaverine or Alexa Fluor 488 Cadaverine (Thermo Fisher Scientific) to the AAc in the particles
through N-ethylN NB-(dimethylamino)propyl)carbodiimide (EDC)/ N-hydroxysuccinimide
(NHS) coupling chemistry. Patterns with the 2 different microgel formulations were made in

SonoDraw and can be seerrigure 7 The red labeled microgel bioinks were printed fisiowed
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to dry for 1 hour protected from light, and then the green méroiginks were printed. During
the printing procesdhe surface that the films were printed on was not moved in order to ensure
the precise alignment of the 2 separate printepast After printing the patterned films were
imaged using an EVOS FL Auta both the red, green, and phase contrast channels. A minimum
of three separate prints per pattermsanalyzed. The separate channels were then composited in
ImageJ to qualitativg assess the overlap between the red and green microgel bioinks.
4.2.7 Stdistical Analysis

All statistical analysis was performed in the Prism software (Graphpad). Data was
statistically analyzed using either a emay or twoway ANOVA with subgroup cmparisons
done using the Tukey posthoc test at a 95% confidence intervaksiillts are reported as the

mean * the standard deviatidm<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005

4.3 Results
4.3.1 Characterization of bioink compaosition contrtmn to print quality

To characterize the ability of the ultrasonic micaiphg technique to print microgel films,
various printing parameters were altered treprint quality was then analyzed; specificallye
influence of bioink microgel particleoncentration, bioink PEG concentration, print surface
contact area, and @a capillary write head diameter on print quality were investigdteaie
4.1). First, bioink microgel and PEG concentrations were varied while surface contact angle and
capillary diameter were kept constant by using clean glass slides and prirm capile s 50 & m
diameter. Bioinks with microgel concentrations of 0.02 mg/mL, 0.2 mg/ mL, or 2 mg/mL and PEG
concentrations of 5%, 10% or 20% (v/v) were used for printing. A pattertaining dots, lines,

filled in shapes, and lettering was developed ideorto test the quality and resolution of the
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resulting prints using each bioink formulatioRiqure 4.2.A-B, Figure A.3.1., Figure A.3.2.,

Figure A.3.3.). Each print was imaged @parameters including printed dot radii and circularity,
printed Inewidth and length, and the percentage of the template pattern to successfully print were
measured Kigure 4.2.C-G) to evaluate the overall print quality. As the microgel and PEG
concentation increased, the dot radii, line width, and line length all ineceasth the 2 mg/mL

and 20% PEG (v/v) bioink having mean values of 76.2+7.8 um, 127.9+5.0 um, and 1,172.1+18.9
pum, respectively. Also, the only ink formulations where 100% of the tamplattern printed

successfully were those with the highest microgdlRBG concentrations.

57



A Microgel Particle

{ # #
; [oneweso] ]

Low Molecular Weight Patterned Microgel Films
Polyethylene Glycol (PEG) =

H{\O«/]:‘OH

Ultrasonic Microplotting
Microgel Bio-Ink

e

Glass Slide 100 um
D Ultrasonic Microplot Print Parameters
Microgel PEG Glass Print Head
Concentration Concentration Surface Diameter
(mg/mL) (v/v %) Coating (um)
No
0.02 5 Eoating 20
0.2 10 APTMS 50
2 20 PEI 100
BSA

Figure 4.1. Microgel Bio-ink Formulation and Printing Parameters. A) Microgel particles
were synthesized in a precipitatipplymerization reaction and mixedtwilow molecular weight
polyethylene glycol in order to make microgekled bioinks used for ultrasonic microplotting. B)
Ultrasonic microplotting was performed using a Sonoplot GIX Microplotter Il. C) Printing was
performed by using a glass capillary wrthtead on a glass surface. D) Ultrasonic microplotting
print parametersvere changed by controlling microgel concentration, PEG concentration, the
surface coating of the glass to be printed on, and the diameter of the glass capillary.
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Figure 4.2. Print Quality Resulting from Bioinks with Changing Microgel and PEG
Concentrations on Plain Glass A) A template pattern was designed with several different
features including dots, lines, filled in shapes, and curves in order to capture as many differences
in print quality. B) A representative print image from the bioink contai2imgg/mL of microgel
particles and 20% PEG (v/v).-G) Print quality was assessed by measuring features in ImageJ
such as dot radii, circularity, the percent of the template pattgumni printed line length, and
printed linewidth, respectively. Sigricant differences were measured between microgel bioinks
with different microgel concentration, but the same percentage of PEG. *** p<0.0005, ****

p<0.00005

Film thickness is anothandicator of the print quality such that a thicker film indicates a

higher quality print. To measure film thickness, dry AFM imaging was performed on printed lines
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created using the various bioink formulations characterized gloyere 4.3.A). AFM heighs

show that at the highest microgel concentration of 2 mg/mL, the thickest print of 1.9+0.3 um
occurred when the PEG concentration was also at its highest value of 20% by volume, as those
prints were significantly thicker (p<0.08Pthan the prints creataising a bioink of 2 mg/mL and
either 10% or 5% PEG that had thickneiguees of
4.3.B). Subsequently, even at the highest PEG concentration of 20% by volume, the thickest print
of 1.9£03 um occurred when the goentration of microgels in the bioink was at its highest value

of 2 mg/mL. Prints produced with bioinks comprised of 20% PEG and 2 mg/mL microgels were
significantly thicker (p<0.0005) than the prints created using a bioink ofZE®and 0.2 or 0.02

mg/mL of microgel particles which had thicknes:s:s
(Figure 4.3.C). Taken together, the results from the print quality analysis and print thickness
measurements show that both the concentratfothed microgels and PEG ithe bioink are
important factors in determining the overall print quality, with the prints with the highest quality,

that wasalso the thickest, occurring with a bioink composition of 2 mg/mL and 20% PEG.
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Figure 4.3. Microgel Bioink Print Heights Measured by Atomic Force Microscopy. Atomic

force microscopy (AFM) was used in order to determine the thickness of printed lines made on
plain glass with bioinks containing different microgel and PEG concentration. A) A eefaitige

image of a printed line asmaged by AFM. B) The heights of printed lines measured by AFM
where microgel concentration remained constant at 2 mg/mLttem®EG percentage was
changed. C) The heights of printed lines measured by AFM where PEGitageagemained

constant at 20% amdicrogel concentration was changed. *** p<0.0005

4.3.2 Contact angle analysis

Subsequent studies focused on determining how altering the print surface influenced print
quality. Print surfaces included glass slides medifvith PEI, APTMS, or BSA. Priootprinting
on these surfaces, contact angle analysis of the microgel bioink on the coated surfaces was
performed. It was found that changing either the PEG concentration while the microgel

concentration was held constaot changing the microgel concentost while the PEG
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concentration was held constant had little effect on the resulting contact Rigglee (4.4.F-G,

Figure A.3.4.). Average contact angles of 50.8°+6.3°, 54.4°+3.1°, 65.2°+£0.2°, and 77.5°+3.6°
were measured for clean glass, PEI coated glagSTMS coated glass, and BSA coated glass,
respectively. The only statistical differences (p<0.05) found were between bioinks comprised of
5% PEG (v/v) and 20% PEG (v/v) with 2 mg/mL microgels on the clean glHass and between
bioinks comprised of 02 mg/mL and the 0.2 mg/mL or 2 mg/mL with 20% PEG (v/v) on the PEI
coated surface. All other conditions within each surface were not statistically different. However,
the contact angle of the surface did changmiBcantly (p<0.05) with each differenudace
coating. Using a microgel bioink composition of 2 mg/mL and 20% PEG (v/v), the clean glass
surface had the lowest contact angle of 49.0+6.0, the PEI coated surface had a contact angle of
56.5°+1.6°, the APTIN coated surface had a contact angle o8%84.5°, and the BSA coated
surface had the highest contact angle of 75.0°tFigufe 4.4.H). Overall, contact angle analysis
showed that bioink formulation did not have a huge impact on the resulting comjia;tarthe

contact angle could be conltel by changing the type of surface coating on the glass slide.
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Figure 4.4. Microgel Bioink Contact Angle Changes Based on Surface Coating) Contact

angle measurements were taken using a RaareAdvanced Contact Goniometdr Model 102

and Dropimage Advanced software was used to image the water dropi&sRBpresentative

droplet images for clean glass surfaces, PEI coated surfaces, APTMS coated surfaces, and BSA
coated surfaces, respectively. F)The ®ntact angle of bioink droplets where miged
concentration was kept constant at 2 mg/mL and PEG concentration was varied. G) Contact angle
of bioink droplets where PEG percentage was kept constant at 20% and microgel concentration

was varied. H) Contachgle of bioinks with 2 mg/mL of microgend 20% PEG. * p<0.05

4.3.3 Analysis otheinfluence of contact angle on print quality

In these studies, bioink composition was kept constant whelprint surface was varied.
Printing with a bioink of 2ng/mL microgel particles and 20% PEG (v/v) oe ttoated surfaces
resulted in a biphasic response between contact angle and print gbggitye(4.5., Figure
A.3.5.). With increasing contact angle, the quality of the printed dots behaved as expected with
dot radii decr easi n gddbtaircudarityiacteasiag tw096+8.04.08B6A . 6

coated surfacesFigure 4.5.B-C). However, line width and line length followed a biphasic
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response and decreased to th&8i.wBNléw8sttmyaless
onthe APTMSsurfacb, ut i ncreased to a VaB®NaOo®B EMm, 3NB8sO
on the BSA surfaceg-{gure 45.E-F). Also, the APTMS coated surface was the only surface to

not print 100% of the template pattewhile the BSA coated surface, at a higher cangagle,

did (Figure 4.5.D). The printed line thickness also varied with contact angle as the thickness was
greatest on the clean glass and APTMS coated surfaces with values of 1.9+0.3 um and 1.6£0.2
um, resgctively, while the PEI and BSA coated surfabesl significantly thinner (p<0.005)

printed lines, having thickness values of 1.0£0.2 um and 1.0£0.1 um, respectively. These results
show thatthe contact angle does play an important role in print qualipwéler, due to the

biphasic response observedsipossible that other surface properties also influence print quality.
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Figure 45. Changing Surface Coating Effects Microgel Bioink Print Quality A)
Representative image of a bioink containinggmi of microgels and 20% PEG on a BSA coated
suface. BF) Print quality on each coated surface using a bioink containing 2 mg/mL of microgels
and 20% PEG was measured in ImageJ by analyzing printed dot radii, printed dot circularity, the
percent of thegmplate pattern to print, printed line widthdgsrinted line length respectively. G)

The heights of printed lines measured by AFM. ** p<0.005, *** p<0.0005

4.3.4 Influence of print head diameter on print quality

Next, the influence of the diameter of the glass capillary print head on print quadity wa
analyzed. Glass capillary print head diameters @fr@050em, or 10Ce m were investigated while
the contact angle of the surface was held constant by printin§Arc8ated slidedgure 4.6.A-
B, Figure A.3.6.). Bioink formulation was also kept constant at 2 mg/mL microgels and 20% PEG
(v/v). While printng parameters appeared to change linearly with increasing capillary diameter,

print quality appeared to be theghest with the intermediate diameter capillary. Dot radii, line
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width, and line length all significantly (p<0.0005, p<0.005, and p<0.0005atagy) increased

with increasing capillary diameter, witdh the
1705.6N27.7 em respectively occurri miguewi t h
46.C,F,G). However printing with the 5@m diameter capary, led to significantly higher
(p<0.05) dot circularity values compared to the @0 diameter capillary aha significantly

greater (p<0.05) percentage of the template pattern to print successfully compared terthe 20
diameter capillary, having wads of 0.96+0.04 and 100+£5% respectivélgqre 4.6.D,E). While

changing the tip diameter does increase th# feature size, there is a tradeoff in quality, as seen

by the decrease in printed dot circularity and the increase in printed line lengtiddndesulting

in the 50 em diameter tip having the best ove
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Figure 4.6. Printing Features Increases Linearly with Changing Print Head Diameter A) A
template pattern was designed in order to measure how printed feature qualtydcthéth the
glass capillary print head diameter. B) A representative image of a print usingna &@meter
with a bioink containin®2 mg/mL of microgels and 20% PEG on a BSA coated surfacg)
Print quality was measured in ImageJ by analyzing pridtgdadii, printed dot circularity, the

percent of the template pattern to print, printed lindtkyiand printed line length respectively. *

p<0.05, ** p<0.005, *** p<0.0005
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4.3.5 Printing patterned microgel films

Having established an initial ung¢asinding of how changing each parameter affects print
quality, studies were initiated to evaludtee feasibility of patterning microgels with varied
compositios. To that end, patterned microgel films were printed using either red labeled or green
labeledmicrogel particles at a concentration of 2 mg/mL with 20% PEG on BSA coated surfaces.
To test tle resolution capabilities while printing multiple microgel bioinks on the same surface,

patterns with features of either 200x208, 100x10G&m, 50x100em, or 50x5Cm were created

(Figure 4.7.) . For the patterns with f eateum,e tshiez esp «

where the green microgels are to be printed next to the red microgels are highly defined indicating
that this tehnique can easily print patterns with a feature size resolution e2d@@m. As the

pattern features decrease in size tandlsizes of 50x100 um, there are defined spaces in the red
channel where the green microgels are going to be printed howeyearéheot as defined as the
patterns with the larger feature size. Lastly, as feature size decreases to the pattern wthere islan
sizes are 50x50 em in size, the spaces where
and it appears that thed labeled microgels fill in that space to a greater deg@sed on these
results, it appears that resolution capabilities lanited to around 5000 em in size as it is
somewhere between an island size of 50x®0and 50x5&m where it is not possiblto print

areas of differing microgels next to one another without overlap.
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Figure 4.7. Patterning Microgel Films Using anUltrasonic Microplotter : Patterned microgel

films were created using particles labeled with Alexa Fluor 594 Cadaverine (ret®xar Buor

488 Cadaverine (green). Bioinks with the labeled particles were created at a concentration of 2
mg/mL and printed oBSA coated surfaces. Patterns with green feature sizes of 200x200 pum (A),

100x100 pum (B), 50x100 um (C), and 50x50 pm (D) wetatpd.

4.4, Discussions and Conclusions
In this work, we investigate the utility of ultrasonic plotting in creating pattgph#8Am
scaffolds. In order to understand how usentrolled parameteraffect printing quality, bioink

formulation,the contactangle of the surface, and print head dééens were varied independently
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of one another. The first set of parameters thettewaried during the printing process was the
microgel bioink composition. The bioink is composed of microgel particles and loecuoiat

weight polyethylene glycol 400 (PBGPEG is a common additive in bioink material blends due

to its ability to increastéhe mechanical property of the resulting maté#fdf: PEG is also used

as a lubricant in many 3D printing applications in order to aid the loading and digpensin
proces&?1%5 Thisincreases the ability of the bioink to print successfully while also preventing
cloggng of the write head; for these reasons, PEG was included in the bioinks here. Results
showed that increasing bioink PEG concentration and bioink microgels concentxdiien
holding other parameters constant, resulted in increasing print quality. 8icamkprised of 2
mg/mL with 20% PEG (v/v) were found to have the overall highest print quality, as evidenced by
results demonstrating prints with this bioink have thegstrgnd thickest print features while also
successfully printing 100% of the templatattern. Indeed, our results show that the addition of
PEG does aid printing by increasing the wetting of the bioink on the glass surface due to the
lubrication propertisof the PEG aiding the dispensing process. It is important to note that similar
resuts could have been achieved using higher molecular weights of PEG in lower amounts,
however higher molecular weights would be harder to remove from the dried printegehicr
films which is why a low molecular weight was used.

Next, the influence of suate contact angle on print quality was analyzed, while keeping
other printing parameters constant, by coating glass slides with PEI, APTMS, or BSA. The surface
coatings wee chosen basedhdypical microgel film LBL fabrication, which uses APTMS to
functionalize the glass and PEI which is used to electrostatically hold microgel layers together,
and the potential for cell culture, where BSA would preventspatific cell atlesion and thereby

promote adhesion to the printed microgels. Contact angle ansiiysi®d that clean glass had the
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lowest contact angle, PEl and APTMS had an intermediate contact angle, and BSA had the highest
contact angle. Initially, it was hypothesizéhat contact angle would influentiee print quality,

with quality increasing as atact angle increased, due to an increase in the hydrophobicity of the
surface which would prevent the print from spreading and increase resolution. Indeed, this
hypothess holds when printing dots as both the dot radii and dot circularity increased with
increasing contact angle as expected. However, this hypothesis did not hold with regards to printed
line length, width, and the percent of the template to print succesdfulact, it appears that there

is a biphasic response resulting in APTMS havirgltiwest print quality even though it is at an
intermediate contact angle value. These results indicate that there could be other surface
parameters that impact microgdlboimk print quality. Surface charge and magnitude may be
contributing to these resslas both PElI and APTMS are positively charged, with APTMS having

a higher charge magnitude than PEI, and BSA having a negative charge, but further tests would
need to beerformed in order to substantiate this hypothesis. Overall, the results from ghangin
the contact angle showed that either the BSA or PEI coated surfaces represent the best print
substrates, as evidenced by results demonstrating that prints on thesesshafee print features
closest to the diameter of the write head with 100% of thplete pattern successfully printed.

Finally, the influence of glass capillary print head diameter on print quality was analyzed
while holding all other printing paramesaronstant. The diameter of the print head influences the
size of the printed featusgwe hypothesized that smaller diameters would correlate with greater
print resolution. Results demonstrated that print feature size increased linearly with increasing
cepillary diameter; dot radii, line width, and line length all increased with an iser@atip
diameter. However, this change in resolution comes at the expense of the overall print quality. As

the tip diameter decreased, the percent of the templatenpatiteted also decreased. This could
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be caused by partial clogging of the smalledigameters with the microgel particles in the bioink
or it could be that the volume wicking onto the surface from the capillary was not large enough to
maintain a continugs flow over the size of the pattern. In order to increase the resolution further,
the microgel bioink formulation might need to be altered or perhaps the design of the pattern needs
to be proportionately scaled to the tip diameter.

The goal of this projeds to spatially contrathedeposition of microgels to create scaffolds
with exquistely controlled mechanical, adhesive, and bioactive properties. Previous studies with
pNIPAmM particle have shown that particle stiffness can be controlled betwk2m a3, film
viscoelasticity can be controlled between a loss tangent of 0.8 aft 4l bioactivity canasily
be achieved through the inclusion of antibodies or targeted peptideJhis ultrasonic printing
technique, therefore, could be used to pattern particles with different properties consistent with the
desired application. By optiing printing parameters, it was possible to create patterned films
with a feature gie resolution of ~5@m by using a microgel bioink comprised of 2 mg/mL of
microgel particles and 20% PEG (v/v) while printing on a BSA coated surface using a print head
diameter of 5&m. Therefore, this printing technigque successfully addressed the ismjerof
thelack of spatial control of LBL methods for microgel scaffold fabrication. This work also opens
the door for the development of new and complex microgelgptasf that can pattern specific
substrate parameters tlocalized area thais on as i mi | ar l ength scal e
microenvironment.

While this technique offers huge advantages in 2D film creation, the technology needs
further optimization to feilitate printing larger threelimensional scaffolds. Howeveheresults
shown hereoffer promise for extending ultrasonic printing to 3D. Compared to extrirsiead

printing, ultrasonic printing offers higher spatial resolution and a greater degceatuadl over
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material properties. The resolution the feature size of most extrastbased printing methods

is between 20@000 pnt®104106.126 |n grder to achieve higher resolutions through extrubased
printing, stiffer, or more viscous materials need to be used. A resolution lower than 200 um has
been seen with extrusidmsed printing, howevghis required the use of a teaal with stiffness
between 10600 kPa which is greater than the physiologicaleslof most tissuéZ. Using this
method,itvas possi ble to print features down to 50
higher resolution with further optimization. Because the bioinks used in this atidgade of
microgel suspensions, the mechanical and rheological behavior of thk Wilibe governed by

the solvent in which the particles are dissol¥€dneaning that resolutiosize is independent of

the microgel particle mechanical properties. Therefore, it is possiblid thteve a high degree

of resolution even with particles that have mechanicapgnes over a wide range of
physiologically relevant values. Overahig technique offers advantages in 2D film creation as
compared to traditional LBL techniques andeod potential advantages in 3D with further

development of the technology.
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CHAPTER 5: Elucidating the Combinatorial Effect of Substrate Stiffness and

Surface Viscoelasticity on Fibroblast Phenotype

The works described in Chapters 3 and 4 focusedidhefring the understamgy of the
role that viscoelasticity has on cellular respmdHowever, viscoelasticity is not thely material
property that has been shown to influence cellular behavior. In fact, substrate stiffness has long
been an extremelyopular material property tase for the study of mechanotransduction responses
while viscoelasticity has only begun to be studied more recently. Most studies that aim to further
elucidate the role that either substrate stiffness or viscoelasticity hasegulating
mechanotransductin responses investigate each material property irreégpeaif the
othef?43:46.127129 However, in order to fully understand the role that bmitk materialstiffness
and surface viscoelasticity play in mechanotransduction responses, they beusstudied
concurrently and not independently. This would mean that a material would need to be developed
that has both a viscoelasticity and stiffness that can be controlled independen#dyaobther and
has values over a wide range of physiologiceglgvant values which can be extremely difficult
to achieveThe studies presented in the chapter propaseositanaterial that overcomes these
challenges by combining the high degree awintrol over substrate stiffness offered by
polyacrylamide gels ith the high degree of control over surface viscoelasticity of microgel thin
films as shown in Chapter 3he studies outlined in this chapter then go on to use this composite
material in or@r to begin to understand the role that the combinatory effédistlo substrate
stiffness and surface viscoelasticity has on cellular mechanotransduction responses by measuring

cellular and nuclear morphology changes over a wide range of stiffnessaoelastic values.
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5.1. Introduction

The lromeostasis of tissuésensured by the ability of the cells within those tissues to sense
and respond to the changes in their mechanical and biological microenvironment. In order to better
understand the mechamis driving cellular mechanotransduction responses, many syrdietic
naturally derived material platforms have been developed with varying degrees of control over
material mechanics. Most studies that aim to understand the mechanosensing abilityusécells
purely elastic substrate8 133 Indeed, while these studies have shown that substrate stiffness is an
important factor in modulating cell morphology and differentiation, the results of these studies do
not always mate the cellular behavior found vivo. This is due to the fact ah tissues found in
the body, such as the brain, muscle, fat, bone, etc., are not purely linearly elastic, but rather display
viscoelastic propertié$'34 To rectify this issue, there have also been studies that use materials
that vary the viscosity of the material in order to understand its effect on cellular b&hZvidr
Again, these studies have also shown that viscoelasticity can have a huge influence on cellular
behavior even while keeping the stiffnesshe material constant. For example, studies performed
by Camebpn et al.showed that as substrate loss modulus increased so did mesenchymal stem cell
area, focal adhesion length, proliferation, and differentidtion

So far, the material systems used to study mechanosensing pharf@weronly varied
substrate stiffness or viscoelasticity independently of each other and not at the same time. This is
largely becausehe material properties that would make something highly viscous are not
conducive to also making that material stiff. iwer, in order to fully understand the role that
mechanosensing plays in maintaining homeostasis, a material system would neesi/eddped
that can decouple and independently control both the stiffness and viscoelasticity of the material

over a wide ange of physiologically relevant values. Unfortunately for hydrogel systems
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composed of a single hydrogel material, fully decouplirggdlastic and viscous components of
hydrogels cannot completely happen due to the interactions between the liquiddpbiasss®.

Many hydrogel systems have had success at altering viscoelasticity by altering the solid phase by
eithervarying the polymer and/ or crosslinker molecular weight or crosslinking d&Sity®
However, with these material systems the degree of control over stiifhdissited as the
crosslinking density not only impacts the viscoelastic behavior but as crosslinking of the polymer
network increasethe material changes its behavior to act more like an elastié’oAerecent

study byCacopardo etl. investigated how altering the liquid phase of a hydrogel through the
addition of dextran molecules affected the &pito decouple the substrates elastic and viscous
component s and overcome ‘the | imitatioers assc
network®®, While their results showed that by adding dextran to the liquid phase viscoelastic
propeties could be controlled, the alteration of the liquid phase did significantly change the
instantaneous elastic modulus that only settled at a constant value after tuepandent
deformation had concluded. Overall, these studies demonstrate theltgiffissociated with the
development of a material that has decoupled elastic and viscoelastic properties.

To that end, in this stugdyve propose the use of a composite hydrogel system composed
of microgel thin films built on top of polyacrylamide (PA) gdidicrogel particles offer a high
degree of control over individual particle siZarticle stiffnes¥, and particle functionalify .

These particles can then be fabricated into films through elgykayer centrifugation method in

order to build multilayer film&3° PA gels are also used to mimic soft tissues due to the high
degree of control they offer over the stiffness of the resulting®galprevious study by our group

has shown that once microgel particles are built into films, these materials have highly controllable

loss tangent values that are capable of influgncellular migration, morphology, and fibrotic
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response$®. However, this previous study was performed on microgel thin films built on glass.

In order to develop a system where substrate stiffness alsolthe modulated, microgel thin films,

in this study, are built on top of PA gels. Studies have shown that fibroblast cells have a mechanical
depthsensing range greater than 10'ginSince the microgethin films used in this study have

a t hicknes' fimoblasts $eeded on these films are able to sense the underlying
substrate stifiess of the PA gel while also sensing the loss tangent value of the microgel thin film.
Therefore, by combining microgel thin films with PA gels, a new material with decoupled stiffness
and viscoelasticity values that can be controlled iaddpntly of oe another is developed for the
purpose of studying the combinatory effect that both properties have on cellular responses. We
then go on to show the effect that changing both stiffness and viscoelasticity can have on fibroblast
cells by measing cellularand nuclear morphological changes in response to a wide range of these

values.

5.2. Materials and Methods
All reagents used were purchagezm SigmaAldrich unless otherwise specified.
5.2.1. Microgel Particle Synthesis

Microgel particleswere synthesid in a precipitatioqpolymerization reaction and are
composed of the reagents olpN-isopropylacrylamide) (poWNI Pam) , - N, N6
methylenebis(acrylamide) (BISand Acrylic Acid (AAc). The amount of each reagent was
calculated based on the paertage of eachreagent of the total 140 mM final solution
concentration. Sodium dodecyl sulfate (SDS) was also added in order to control particle size. Each
reagent was then added to 95 mL of BiHuntil dissolved and filtered using a 0.2 pm filter before

being added ta threenecked reaction vessel. The solution was then heated®®@oar@ allowed
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to equilibrate for 1 hour. Ammonium persulfate (APS) was then dissolve@imR of DiHO
and filtered using a 0.2 um filter before being added to the reactssel in ordeto initiate the
reaction. The reaction was allowed to proceed for 6 hours®°@t &d a stir speed of 450 RPM
and then cooled overnight. The solution was filtered over glass wool in order to remove any large
aggregates that may have forntedaing the reetion and then purified using dialysis in 1000ekD
tubing. Water for dialysis was changed everyl62hours over the course of 48 hours. Upon
completion of dialysis, the purified solution was then fregied for long term storage at room
temperature. Wdding solutions of 5 mg/ml were then made with the fredized particles.
5.2.2 Polyacrylamide Gel Creation

Polyacrylamide (PA) gels with stiffnesses of ~2 kPa, ~9 kPa, and ~20 kPa were made
following the protocol outlined iffse et &°. Amino-silanated coweslips were prepadeby adding
300 pL of 0.1 M NaOH to 2%6nm coverslips and allowing them to dry overnight. Once dry and a
uniform layer of NaOH formed on the glass, the coverslips were swabbed (8¢ith
Aminopropytriethoxysiland APTMS) and allowed to reafor 5 min. The overslips were then
rinsed with DiRO in order to remove any unreacted APTMS. The coverslips were then submerged
in a solution of 0.5% glutaraldehyde in PBS and allowed to stand for 30 min. After 30 min, the
coverslips were removed frothe glutaraldehydand allowed to dry. Chlorsilanted coverslips
were made by spreading 100 uL of dichlorodimethylsilane (DCDMS) onto each coverslip and
allowed to react for 5 minutes before being washed withyDiHAcrylamide and bigcrylamide
were mixel to the requiredancentrations in DikD. A 1/100 total volume solution of 10% w/v
of APS and a 1/1000 total volume of tetramethylethylenediamine (TEMED) was added to the
mixture and was vortexed to ensure uniform mixing. 25 pL of the unpolymerizedgtgbsavas

then pigetted onto the aminsilanted coverslips and a chlesdanated coverslip was placed on
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top. The gel solution was then allowed to polymerize at room temperature for 30 min. After
polymerization, the gels were submerged in PBS and tleosilanated coveslips removed
5.2.3 Composite Microgel Film and Polyacrylamide Gel Substrate Formation

In order to build microgel thin films on top of PA gels, the PA gels were first functionalized
with sulfosuccinimidy6-( 4a@ido2 -ditrophenylamind-hexanoate (Sulf®ANPAH). A 0.2
mg/ml solution of sulfésSANPAH was made and 500 pL was added to each PA gel. The gel was
then placed in a 36Bm UV light source and exposed for 10 min. The gels were then removed
from the UV source and rinsed with PBS fomin while shakig before repeating the exposure to
UV light a second time. Following the second exposure to UV light, the PA gels were washed
again and a 0.05 monomolar solution of polyethyleneimine (PEI) was added. The films were then
incubated at %« overnight. Followig incubation, the first layer of microgels was built on the PA
gel by adding a 0.1 mg/mL solution of microgels to the PA gels and centrifuging at 3700 RPM for
10 min. In order to increase the stability of the multilayer film built onRAggel, the firstayer
of microgels is crosslinked to the PEI via a solution of 2 miéthyt3-(3-dimethylaminopropyl)
carbodiimide (EDC) and 5 mM 4Rydroxysuccinimide (NHS) in a 0.1M solution of 2
ethanesulfonic acid (MES) with a pH ~4.7. After crodshig, the film wassubmerged in the PEI
solution for 30 min and a second layer was built. This process was then repeated until there was a
total of 4 layers of microgel particles built. With all 4 layers built, the microgel film was either not
crosslinkedor crosslinked at aoncentration of 0.2 mM/0.5 mM, 2 mM/5 mM, or 20 mM/50 mM
of EDC / NHS. The completed films were then coated in rat tail collagen | at a concentration of 40

pg/mL and incubated overnight &iCL
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5.2.4 Loss Tangent Characterization

In order to charactze how the loss tangent of the microgel films changed with
crosslinking, loss tangent imaging using a Cypher ES AFM (Asylum) and®L0TSC2
cantilevers (Olympus) with a cantilever constant of 0.09 .N¥m area of 20x20 uM area was
measured in 3 differd locations on 2 different batches of microgel films built on glass.
5.2.5 Cell Membrane Staining and Seeding

Prior to seeding the cells, they were stained with a CellBrite fix membrane dye. Ihcorder
stain the cells, 20 pL of a 100x solution of imembrane dye was added to ~1,000,000 human
dermal neonatal fibroblasts (HDFn) resuspended in PBS. The cells were allowed to incubate in the
membrane dye at 3Z for 15 min before being mixed by gently eifing and then incubating
again for another 15 mat 37C. HDFns were then seeded at a concentration of 15k cells per well
on the PA gel and microgel film constructs following collagen | coating and incubatetCafto87
24 hrs. After 24 hrs theells were fixed in a solution of 95% absolute methanob&adcetic acid
for 5 min at-20°C. After fixing, cells were incubated for 30 minutes with NucBlue (ThermoFisher
Scientific) in PBS in order to visualize the nucleus. The cells were then imagedamsEVOS
FL Auto (ThermoFisher) and cell area and ciratyaas well as nuclear morphology was measured
using ImageJ.
5.2.6 Statistical Analysis

All statistical analysis was performed in the Prism software (Graphpad). Data was
statistically analyzed irsg either a onavay or tweway ANOVA with subgroup compass
done using the Tukey posthoc test at a 95% confidence interval. All results are reported as the

mean * the standard deviatidm<0.05, ** p<0.005, *** p<0.0005, **** p<0.00005
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5.3. Results
5.3.1 Microgel Thin Film Viscoelasticity aiarying Externd CrosslinkingDensities

A previous study conducted by our lab has shown the ability of intraparticle BIS
crosslinking to change the viscoelastic nature of microgel thin filvBIS crosslinking occurs
during microgel particle synthesis, and so the crosslinking occurs internally within the particle.
However, external crosslinking can be performed by utilizing EDC and NHS coupling chemistry
in order to crosslink the carboxyl groups found in the AAc witlfie particle to the amine groups
found in the PEI that diffuses in and out of the microgel particles and betweeritay&sternal
crosslinking would further change the viscoelastic nature of microgel thin films and was
investigated by creating 4 layer thin films on glasthwmicrogel particles that had either 1%, 2%,
4%, or 7% BIS crosslinking and were then either externally crosslinked satli#on containing
0 mM/ 0 mM, 0.2 mM/ 0.5 mM, 2 mM/ 5 mM, or 20 mM/ 50 mM EDC/ NHSgure 5.1.B).
Loss tangent imaging of the rang films showed that in the absence of external crosslinking,
loss tangent decreased as internal BIS crosslinking sededdowever, as external EDC/ NHS
crosslinking increased the viscoelastic nature of the films normalized to a loss tangent value of
~0.6 Figure 5.1.C). In order to ensure that changing the underlying substrate did not change the
resulting losgangent value of microgel thin film, 4 layer films were built upon PA gels with a
stiffness of 8.8 kPa and crosslinked externally in a salubio2 mM EDC/ 5 mM NHS. Loss
tangent imaging of the films built on PA gels did not show any statistical sigreécevhen

compared to the values measured of the same types of films built onFy¢ass A.4.1).

81



A Polyacrylamide (PA) Gel

5 Sulfo-SANPAH Functionalization
Formation

Chloro Silanated Coverslip 365 nm UV Light

\_) Unpolymcrﬂcd PA gel 2. 3.\ \ \ \
Sulfo-SANPAH

”
Amino-Silanated Coverslip

i 5 Microgel Film Formation EDC / NHS

rosslmkmg,

i 6.
Polyethyleneimine (PEI) Micregel Pastitle

A, *M-»

Collagen I

i -
chcat Culture
7.&8.
B. PA Gel Particle Internal Film External Crosslinking C. 2.0
Stiffness Crosslinking Density 28 O MM EDCHO MM S
: el = 02mMEDC/0.5 mM NHS
DenSIty §, —+ 2mM EDC /5 mM NHS
2 kPa 1% BIS 0 mM EDC /0 mM NHS & 1.0 ¥ 20mM EDC/ 50 mM NHS
8.8 kPa 2% BIS 0.2 mM EDC /0.5 mM NHS LA
20 kPa 4% BIS 2 mM EDC /5 mM NHS o . . . .
7% BIS 20 mM EDC / 50 mM NHS A P

Figure 5.1. PA Gel and Microgel Compodge Substrate Synthesis and CharacterizationA)
Composite microgel and PA gel substrates were created by fiysh@oting a PA gel on a glass
coverslip. The polymerized PA gel was functionalized with SBWINPAH and incubated with
PEI for microgel filmbuildup. Microgel film buildup occurred in a layby-layer fashion with
EDC/ NHS crosslinking occurring after thest layer and again after the fourth layer. B) A chart
of the PA gel stiffnesses, microgel particle internal crosslinking densitieslifeent amounts

of externalfilm crosslinkingconcentrationsised to create the composite substrates. C) Loss
tangent AFM imaging was performed on 3 different locations on 2 different microgel films built
on glass to measure how external crosslinking amtes film viscoelasticity Significant
differences were measured between films with different external crosgjinkncentrations, but

the same percentage of BIS. ** p<0.005, *** p<0.0005, **** p<0.00005
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5.3.2 Quantification ofFibroblastMorphology

To analyze the influence that both substrate stiffness and surface viscoelasticity has on cell
morphology, HDFns wereeeded on all of the collageonated microgel films of different loss
tangents built on PA gels of different stiffnesses and imaged aftrs24mages were then
processed in Imaged in order to quantify cell area and cell circularity. Cells seeghéctael
thin films built on 2 kPaKigure 5.2.), 9 kPa Figure 5.3.), and 20 kPaKigure 5.4.) all showed
similar trends in cell area and ciradty for loss tangent values greater than 1. At loss tangent
values greater than 1, cell aecreasedand ell circularity increased as loss tangent increased
with the highest cell areas corresponding to cells seeded on the stiffest PA gels. Hawessr, a
tangent values lower than 1, the cell morphologies measured across all conditions were highly
variable ad seemed to oscillate between high and low area and circularity values-80@D0
um? and 0.20.8 respectively. However, this degree of vatigbtoes appear to decrease as PA
gel stiffness increases. In order to better visualize the trends of cqdhabogy across both
stiffness and viscoelasticity, these results were also plotted irigDr¢ 5.5). On these graphs
it is easier to see ththe trends across loss tangent are maintained on the different PA gel stiffness
and only the magnitude ofehcell area increases as stiffness increases. The variability at a loss
tangent lower than 1 is can also be observed by the frequent rise lasfdtHal surface at those

values while the surface remains relatively smooth on loss tangent values greater tha
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Figure 5.2. Cellular morphology on 2 kPa PA gelsimages were taken 24 hours after seeding
HDFn cells on collagewsoated composite sulbates with a PA gel stiffness of 2 kPa and the cell
membrane stained green and the cell nucleus sthioed Cell area (A) and cell circularity (B)
weremeasured in ImageJ with a total of at least 30 cells measured across 3 different composite
substratesC) Representative images of HDFn cells with the labeled imagesorresponding to

the points labelediv on graphs A and B.
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Figure 5.3. Cellular morphology on 9 kPa PA gelsimages were taken 24 hours after seeding
HDFn cells on collagewsoatedcomposite substrates with a PA gel stiffness of 9 kPa and the cell
membrane stained green and the cetlleus stained blue. Cell area (A) and cell circularity (B)
weremeasured in ImageJ with a total of at least 30 cells measured across 3 differeniteompos
substratesC) Representative images of HDFn cells with the labeled imagesorresponding to

thepoints labeled-iv on graphs A and B.
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Figure 5.4. Cellular morphology on 20 kPa PA gelsimages were taken 24 hours after seeding
HDFn cells on ollagencoated composite substrates with a PA gel stiffness of 20 kPa and the cell
membrane stained gmeeand the cell nucleus stained blue. Cell area (A) and cell circularity (B)
weremeasured in ImageJ with a total of at least 30 cells measured adiffeseht composite
substratesC) Representative images of HDFn cells with the labeled imagesrresponding to

the points labelediv on graphs A and B.
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Figure 5.5. Cell Morphology Responses to Changing Loss Tangent and Stiffneks order to

better visualize the trends in cellular morphology across both stiffness and loss tangent, the area
(A) and circularity (B) responses of HDFn cells were plotted in 3D. These graphs show that cell
morphology responses follow similar trends msaded by he loss tangent and that the magnitude

of the observed responses changes with stiffness. These graphs also highlight the variability in

observed responses seen on substrates with loss tangent values below 1.

5.3.3 Quantification ofFibroblastNucleusMorphology

The nucleus plays an important role in cellular mechanotransduction prot@ssesder
to elucidate the role that both substrate stiffness and viscodiabtize on rucleus morphology,
the area, circularity, and aspect ratio of HDFn nuclei was analyzed in ImageJ 24 hours after seeding
on a subset of collagespated microgel/ PA gel substrateSigure 5.6.). Similar to cell
morphology, nuclear morphology ass microgefilm viscoelasticity follow similar trends across
different PA gel stiffnesses. Nucleus area and aspect ratio increased until a microgel film loss
tangent around 1. At loss tangent values lower than 1, nucleus area and aspect ratio have a high
degree ofvariability and oscillate between high and low values of-200 unf and %3,
respectively. Nucleus circularity decreased to a value betwee@.8®.&s film loss tangent

decreased to a value of 1 and began to oscillate between circularég e&l60.9 on films with
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loss tangent values lower than 1 irrespective of PA gel stiffness. In order to better visualize the
nuclear morphology trends across both stiffness and loss tangent, these values were also plotted in
3D (Figure 5.7.). On these @phs, simirly to the graphs depicting cellular morphology, nuclear
morphology appears to follow a consistent trend along loss tangent and the magnitude of the
observed responses increasing with substrate stiffness. Additionally, nuclear morpholdgy has t

same tred of increased variability at loss tangent values less than 1 that cellular morphology has.
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substrate stiffness and

viscoelasticity HDFn cells were seeded on collagayatedcomposite substratea@dimaged after

24 hours. Nuclear morphology was characterized by measuring nucleus area (A), circularity (B),

and aspect ratio (C) in ImageJ. At least 30 cells were measured across 3 different composite

substrateeplicatesand repreentative images of slear morphology on 9 kPa PA gels are shown

in (D) with the pictures labelediii corresponding to the points circled in red on the corresponding

graphs. Similarly to cellular morphology, nuclear morphology trends were dictated$tyasel

loss tangent Wile substrate stiffness influenced the magnitude of the observed responses.
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Figure 5.7. Cell Nucleus Morphology Responses to Changing Loss Tangent and Stiffnéss.

order to better visualize the trendsnaclearmorphology acrosboth stiffness and ks tangent,

the area (A)circularity (B), and (C) aspect ratiesponses of HDFn cells were plotted in 3D.
These graphs show thaticleus morphologyesponses follow similar trendas dictated by the

loss tangentand that the magnide of the observeé@sponses changes with stiffness. These graphs
also highlight the variability in observed responses seen on substrates with loss tangent values

below 1.

5.4. Discussions and Conclusions

In this study, we demonstrate the ability toilyasreate a compositsubstrate in which
both the surface viscoelasticity and bulk stiffness can be easily controlled in order to study the
combinatory effect these mechanical properties have on cellular and nuclear morphology. Surface
viscoelasticity wasontrolled by using merogel thin films with different internal and external
crosslinking densities while substrate stiffness was controlled by changing the amounts of
acrylamide and biacrylamide used during PA gel polymerization. Microgel thin filmgehaeen
shown to havea thickness of 1.5 ym and fibroblasts have been shown to have the ability to sense

the mechanics of an underlying substrate to a depth-8030m°>14! This ensures that both the
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viscoelastity of the microgel films and the stiffness of the PA gats within the sensing
capabilities of the BFn cells used in this study.

Loss tangent imaging of microgel films built on glass with different degrees of internal
and external crosslinking densities showed that loss tangent decreased as internal and external
crosslinking increasedr{gure 5.1.). In the absence of external crassing, changing the internal
crosslinking density by altering the amount of BIS used during particle polymerization was enough
to change film loss tangent in a linear fashion where increasing the amount of internalkingsslin
resulting in lower loss tayent values. This is due to the decrease in polymer mobility caused by
the increase in the internal crosslinking density. This trend is seen to continue with external
crosslinking where increasing the density of externagsinoking results in lower losgngent
values. However, externally crosslinking the microgel films has a significantly greater effect on
microgel film loss tangent than does the internal crosslinking density. Even at a low external
crosslinking density 00.2 mM EDC / 0.5 mM NHS, theoss tangent values significantly
decreased on films that had high loss tangent values in the absence of external crosslinking. At
higher external crosslinking densities, the loss tangent values of all films normalizedite a va
~0.6 regardless of the imt&l crosslinking density suggesting that the polymer chains were fully
immobilized.

Analysis of cell morphology on substrates with varying stiffness and viscoelasticity
showed that microgel film loss tangent was cruciatifacting the trends of thesponse observed
while PA gel stiffness directed the magnitude of the response observed. As substrate stiffness
increased, the magnitude of the cell area generally increased as well. The indresagmnitude
of cell areaas substrate stiffness increase consistent with studies performed on purely elastic

materials where an increase in cell area is observed as substrate stiffness ifficr&dses.
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However, regardless of the stiffness of the PA gel the cells were seeded on, cells had a different
trend of responses depending on the viscoelasticity of the microgel film they were seeded on. Two
trends emerged based on iéthicrogel films viscoelasticity was at a loss tangent value greater
than or less than 1. On films with a loss tangent greater than 1, cell area showed a biphasic response
where cell area increased until a loss tangent value ~1.1 and then decreasedr,Howdues
with a loss tangent less than 1, cell area was highly variable and oscillated between cells with large
spread areas and cells with low spread areas. This trend is also consistent with cell circularity
where on films with a loss tangent gredtgan 1, cell circularity decreased until a loss tangent
value of ~1.1 and then began to increase again. Likewise, on films with loss tangentlestues
than 1 the circularity was highly variable.

The variability in cell morphology on substrates withsltagents lower than 1 could arise
from the vast degree of heterogeneity found in fibroblasts undergoing fibrosis and myofibroblast
differentiation'*>'43Previous studies have shown that as fibrosis progresses in healthy tissue, the
viscoelasticity of the tissue decrease€:*Therefore, iis possible that the composite substrates
with loss tangent values less than 1 are more indicative of fibrotic tissue resulting in the high
degree of variability in cellular morphology observed here. Subsequently, it is also possible that
composite substtas with loss tangent values greater than 1 are more indicative of healthy tissue
with a | oss tangent value of ~1.1 closely res
the highest areas and lowest circularities.

The high degree of deviation onethomposite substrates with loss tangents less than 1
could also be caused through cellular mechanotransduction signals occurring via nuclear
deformation. Nuclear deformation has been shown to influence cell signaling by activating gene

expression by decasing the distance between chromosoftesltering the rate of transport
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molecules through nuclear poté% and/ or by the supercoiling and bending of DNA and altering
the rates of DNA and RNA synthe¥i§ Ore way in which nuclear deformation can occur is
through traction forces generated by the cells as they react and adjust to the mechanics of their
environment*® As the traction forces generated by the cell increase, the nucleus will flatten and
its area in a 2D focal plane will incredd@.As the loss tangentfdhe composite substrate
decreases, cells are able to generate larger traction forces which will deform the nucleus as evident
by the highly variable nucleus morphology observed on substrates with low loss tangent values.
The variability in nucleus morphagy then leads to different levels of mechanotransduction
resulting in the higher degrees of variability in cellular morphology observed on the composite
substrates with low loss tangent values.

Overall, we have shown that it is possible to create a catepubstrate composing of
both microgel thin films and PA gels. Through the creation of this substrate, we were able to create
a material where both surface viscoelasticity and stiffness can be controlled independently of one
another in order to createrobinations of stiffness and viscoelasticity over a large range of
physiologically relevant values. HDFns seeded on these substrates showed an indtease in
magnitude of cell area as substrate stiffness increased, but cellular morphology trends were
dictated by the surface viscoelasticity. This substrate also opens the possibility for further studying
cellular processes while seeded on a substrate that more accurately mimics the mechanics of their

native microenvironment to yield more accurate resulis intro experimentation.
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CHAPTER 6: Conclusions

6.1. Summary of Findings

The overall goal of the studies presented in this dissertation was to develop microgel thin
films with controllable viscoelastigitin order to investigate the role that viscogtaty has on
cellular mechanotransduction responsiesas my hypothesis that by changing either the internal
particle crosslinkingr the external film crosslinkingensityit would be possible to contrtthe
overall microgel film viscoelasticitwhichwould then direct cellular responsésorder to further
study this hypothesis, the reseantfjective was divided into three specific aims, presented in
Chapters &, that each investigateoh application bmicrogel thin films for the study of cellular
mechanotransduction responses. Aifodused on characterizing how the viscoelastic nature of
microgel thin films could be finely controlled by varying the amount afjatrticle crosslinikg
used during sythesis and how cellular morphology, fibroticpeases, and migraticare affected
by changes in viscoelasticithim 2 centered on the optimization of the ultrasonic microplotting
printing technique for the development of creating patterned microgel. flims 3 strove to
investigate the combinatoryfe€t that both substrate stiffness and surface viscoelasticity has on
cellular and nuclear morphology by utilizing a novel composite substrate composed of both
polyacrylamide gels and microgel thin filmBy controlling either the intraparticle crosslingin
density or external film crosslinking density would bepossible to modulate the viscoelastic
nature of microgel films which would then, in turn, modulate cellular mechanotransduction
responsedndeed,t was show that by varying the intraparticleasslinking density of microgel
thin films built on glassit was possible to modulate viscoelasticity which then directed fibroblast

cell migrationand increased cell ar@ad fibrotic responsesn microgelthin films composed of
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particles with higher imaparticle crosslinking densities and lower loss tangent valbhescreation
of patterned microgel films with highly defined areas of viscoelagticiis also possible through
the utilization ofultrasonic nicroplotting down to a feature resolution siZe&60x100em. It was
also shown to be possible to modulate the viscoelasticity of microgel thin films built on
polyacrylamide gels through external film crosslinking which, along with the combinatory effect
of substrate stiffnessyas seen to induce fibrotresponses on substrates with loss tangent values
lower than 1

The studies presented in Chapter 3 focused on characterizing the ability to control microgel
thin film loss tangenby varying the amount ohternal crosslinker, BIS, used during particle
synthesis and measuring the effect that viscoelasticity had on fibroblast migration, morphology,
and fibrotic responseblicrogel thin films wee fabricated using microgel particles that contained
either 1%,2%, 4%, or 7% of the intraparticle crosslinkdSBn a layetby-layer fashion until a
total of 4 layers were created. The microgel thin filiese then characterized through the use of
AFM i maging in order to meas uMaulus)andiscoetasic r el &
properties (loss tammt). Resultsshowed that by increasing the amount of BIS added during
particle synthesis, films had decreasing | oss
not significanly different Cells seeded on these films displayed ameboid migrationgbnlbss
tangent films, mesenchymal migration on low loss tangent films, and a transition between ameboid
and mesenchymal migration on intermediate loss tangent films. Also, cell area wadsrseease
as loss tangent decreased as did the fibrotic madfE¥SMA positive cells and CTGF expression.
When the contractility inhibitors Rac, ROCK, and CDC42 were added, viscoelasticity was seen to
no longereffect which mode of migration dominatdwywever, inhibitor specific differences were

observed Fibroblastsunder Rac inhibition migrated using ameboid migration while fibroblasts
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under ROCK and CDC42 inhibition migrated using mesenchymal migration. Also, cell area and
U-SMA expression wreseen ¢ decrease on all films while fibroblasts were under Rac inhibitio
Cell area and}SMA expressiorwereseen to increase on all films while fibroblasts were under
ROCK and CDC42 inhibition. CTGF expression, however, was seen to decrease on all films while
fibroblast cells were under any inhibitory condition. Overa#, ibsults of the studies described in
this chapter highlighil) the ability of microgel film viscoelasticity to be tunable based on the
amount of intraparticle crosslinking density used mlyriparticle synthesis an@) that
viscoelasticity is an importambechanical property that influences cellular behawpecifically,
fibroblasts seeded on high loss tangent films migrated through ameboid migration using
predominantly ROCK and CDC42 metlid pathwayshad lower cell area, and lower fibrotic
marker exprssionwhile fibroblasts seeded on low loss tangent films migrated through ameboid
migration using predominantly Rac mediated pathwdysd larger cell areas, and greater
expression of fibrat markers

Following the observations on how viscoelasticityedis fibroblasts modes of migration
and fibrotic responses observed in Chapter 3, the studies discussed in Chapter 4 investigated the
ability to utilize a novelultrasonic microplotting printing methoaif the purpose of creating
patterned microgel substes that could potentially be used to further study how viscoelasticity
affects cellular migrationln order to print patterned microgel films using this method, several
usercontrolled parameters hadftest be optimized. The parameters that were opeahvzerethe
composition of the microgel bioink, the surface coating of the glass slide that was printed on, and
the diameter of the glass capillary print head. When the composition of the bioink vnaiz exbi
it was found that by increasing the concemrabf the microgel particles and the percentage of

PEG in the bioink, print quality increased. Prints made with the highest concentrations of 2 mg/mL
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and 20% PEG (v/v) had the largest printed dot radinted line thickness, length, and width, and
wereable to print 100% of the template pattern successfully. Out dftbesurface coatings used
(PEI, APTMS, BSA), it was found that bioinks printed on BSA glass slidegphated dots with
the lowest adii and highest circularity, printed lines with ackness greater thanglm and the
lowest degree of variability in width and length, and were able to print 100% of the template pattern
completely making it the ideal surface to print on out of the tested. Lastly, it was found that
print size increasklinearly with print head diameter, howeytre intermediate diameter of 50
em yielded prints with the ideal combination ¢
radii with higher circulaties, lower line widthsand lengths, and still hatD0% of the template
pattern print successfully. With the printing parameters optimized, patterned microgel films were
able to be created down#o f eat ure resol ution offte6txdked O & m.
described in this chapter demonstratdbility to use the ultrasonic microplotting printing method
for the creation of patterned microgel substrates which opens the door for more complex scaffolds
with patterned mechanics for the futuredst on the role of viscoelasticity and fibroblastl cel
migration.

Although the studies performed in Chapt8rand 4 focused mainly on substrates with
viscoelasticiy that can be controlled independent of stiffness, it is important to recognizeehe
that stiffness plays in directing cellular behavior.order to fully understand the role that both
substrate stiffness and surface viscoelasticity play in mechanotransduction responses, a novel
composite substrate composed of both polyacrylamide gelmi@nagel thin films vereused.The
microgel films usd in this study underwent additional external film crosslinking to increase the
loss tangent values available for study and it was found that increasing the amount of external film

crosslinking the restihg loss tangent of the film decreased and that aftgosslinking density of
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2 mM EDC / 5 mM NHS, the loss tangent on all flmerenormalized to ~0.6 regardless of the
amount of internal particle crosslinking used. Fibroblast cells were then seedsnposite
substrates with PA gels having a stiffaaesd either 2, 9, or 20 kPa and microgel thin films with
loss tangent values ranging from-0&. It was observed that the loss tangent of the microgel thin
film dictated the fibroblastell areaesponsgand that substrate stikéssnfluenced the maghide

of theareaobserved. Also, it was seen that on all PA gel stiffnesses, fibroblasts seeded on microgel
thin films with loss tangent values less than 1 had highly var@lereas whiclareattributed

to a potential increase in fibrotic different@t. This trend was also seen when nuclear
morphology was measured. Garfaces witHoss tangent values less thanniicleus area and
aspect ratio were generally larger and highly variable itidigaa potential increase in gene
expression. The summary difiese results shows that both substrate stiffness and surface

viscoelasticity play an important role in directing cellular mechanotransduction responses.

6.2 Limitations and Challenges

The stulies presented herein demonstrate several positive outémnusing microgel thin
films with controllable viscoelasticity as a substrate to study cellular mechanotransduction
responses, but there are limitations to consider in the overall design o$tihdiss.The studies
performed in Chapters 3 and 5 showidttcell contractility is an important driver in migration
and spreading responses. Another key difecell contractility, migration, and spreading is the
cytokine TGFb. TGFRb i s f o welydn FBS whiemvesas added to the DMEM used to
culture theHDFn cells used for all of the vitro studies. FBS is also known for its high degree of
variability in the concentration of the constituents contained withiFhie. inherent variability of

FBSwas partially accounted for by using FBS from the saméhlfatcall of thein vitro studies,
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however the concentratiorof TGFb experiencd by the cells used was not quantified. If T68F

was present in larger concentrations than what is found physallygiit is possible that there

was an oveexaggeration afhe cell contractility responses observed than what waatdallybe
observed in am vivosetting. While the measurement of how Fe&nd substrate mechanics play

a role in directing mechanainsduction responses was out of the scope of these studies, as the
mechanics of the substrate were the sole focus of thesesstuidiierstanding how T&bfurther
influences the responses observed could put some physiologically relevant context to the
magqitude of the observations made.

One of the important features of the composite microgel thin film and PA gel substrate
used inChapter 5s the ability to control both the substrate stiffness and surface viscoelasticity by
combiningthetwo materials tgether into ongdowever, by combining two materials together the
complexity of the overall material increasespecially when sing microscopy techniques. For
example, while the studies in Chapter 3 used IHC to measure the expression of the fibretis mark
USMA and CTGF, when IHC for the same markers was performed on the composite substrates
the background caused by the complexity of the substrate overshadoyexpression seen in
the HDFn cells seeded on the substatmdering this technique unsuitalite measuring gene
expression. In order to attempt to capture gene expression on these substrates, more complex
techniques, such as RJPCR, are currently being investigated.

The studies on using ultrasonic microplotting as a technique to create mhttecnegel
films presented in Chapter 4 also has several general limitations as well. Firstly, the technique
itself has a general limitation of not being able to print in three dimensions. Right now, the
ultrasonic microplotter developed by SonoPéotd wsed for all of the studies in Chapteriasa

high degree oprecision in the x and y direction, but no control in thirection.Also, since this
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technique uses a hard glass capillary tip that has to make contact with the surface in order to print,
it is not possible to print in 3D by printing in layers as is common in other 3D printing techniques.
This is because the tip would make contact with the surface and displace the material that was
deposited previously as it deposits what was supposed te bextayer. Also, since the tip does
have to make contact with the surface in order to printpthet surfacehas to be smootwith
little surface roughnesas a rough substrate would potentially catch the tip of the glass capillary
and break it migprint. Next, the composition of thprint surface used with this method is also
limited. Since the main printing mechanism used with this method is capillary action, if the surface
being printed on can absorb liquids, the bioink that is loaded in the capiilabe immediately
and completely dispensed on contaaeistly, this method has yet to be transitioned from the printed
microgel films existing in air to the printed microgel films existing in liquid to be used in cell
culture. Currently, the microgéilms are not attached strongly enough to the glass microscope
surface and so after the particles dry, when they are rehydrated, they wash off the surface. This
method has the potential to be used in cell culture, but a more complicated microgel sydtém wou
need to be developed where the crosslinking of the particles to the surface occurspneaient
the particle from washing off the surface.

Lastly, an overall limitation to all of the studies presented here is that they occurlin 2D.
is well esthlished that cells respond differently in 2D than they do it?3&nd so in order to fully
understand how cella vivorespond to changes in substrate mechanics, these studies would need
to be performed with substratesitable for 3D cell culture. However, materials composed of
microgel particles have only started recently to advance into creating 3D subfSteaigso until
the technology and techniques advance far enough that it is possible to create 3D substrates with

the same degree of control over material properties as what is presented here, thesgilstudies
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still present an excellentmethod for underséndng vi scoel asticityos
mechanotransduction responsé&arthermore,there are still applications for understanding
cellular interactions with materials in 2Buch as surface coatings to implants and external wound

dressingsand this reseahocan certainly still be applieid those applications

6.3. Clinical and Engineering Significance

The work described in this dissertation demonstrates significant developments in the
understanding of how viscoelasticéffects cellular behavior and moldtes mechanotransduction
responses. While several works published over the past five to eight years have described the
development of materials with controllable viscoelasticind their influence on cellular
responses, the work described in this disgen establishesiicrogel thin films as a technology
for studying viscoelasticity and mechanotransduction with a platform that is quick and easy to
fabricate and offers a wide degree of tunability over viscoelasticity as well as other particle
propertiesThe microgel thin films developed and utilized in this statigwed for a direct link to
be established between substrate viscoelasticity and migration responses, a concept that had
previously only been demonstrated with substrate stiffness. Furtherengrew method for
creating microgel films was developed that allows for the specific patterning of the material
propertiego defined locationsvhich is something not previously possible using the current LBL
fabrication method. Lastly, by combining PAlg@nd microgel thin films, it became possible to
control the substrate stiffness and surface viscoelasticity independently of one another which
allows for thecreation of materials with mechanical properties that more accurately mimic
biological tissueshtan many of the currently used materials that sthdyrelationship between

material mechanics and mechanotransduction
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6.4. Future Directions

While the workmaking up this dissertation signifies advances in the fielchaterial
mechanics anthechanotrasduction, there are numerous avenues still left to be explored in order
to expandhis technology further. The promising results on patterning microgelitima in air
could be further advanced by transitioning this technology to cell culture whicilszabe used
to further study the role that viscoelasticity has on cell migration by developing patterns that aim
to direct cell migration by using the viscasticity of microgel films. Patterns such as gradients,
channels, and the island pattern use@limapter 4 can all be developed with the goal of having
cells migrate from areas of certain viscoelastitotother areas with more suitable viscoelasticit
Also, further characterization of surface properties and their effect on printing microgebiillds c
also be performedrThere is evidence presented in Chapter 4 that contact angle alone is not the
only surface property that influeresaicrogel film printng and properties such as surface charge
might also play a role. Sahe characterization of sucproperties should be done in order to
advance the technology down to resolutions below the 50xd0€apabilities seen here.

Additional work can also be permed based on the work presented in Chapter 5. As
mentioned in the limitations section, measgrgene expression using IHC is not possible due to
the complexity of the composite substrate. So, techniques such-gPEH or Western blots
should be inveggiated to further understand and establish a link between the combination of
substrate stiffnessd viscoelasticity with fibrotic responses. Also, it would be interesting to repeat
the experiments performed in Chapter 3 with the substrate developed tetCGhaporder to look
at how both stiffness and viscoelasticigffects cellular migration ando determinewhat
mechanotransduction pathways are responsible for such responses. Lastly, the overarching goal of

this work was to understand mechanotransdaatsponses of fibroblasts with relation to fibrosis
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and improving wound healing outcomes. HoeeViibroblast cells are not the only cells that
participate in the wound healing process. As such, it would also be intetestpuly the methods
utilized in this dissertation to other cells such as keratinocytes, epithelial cells, and endothelial
cells.

Overall, the work presented in this dissertation only scratches the surface of what is
possible with using microgel thin films as viscoelastic substrates study cell
mechanotransduction responses. There is much left to be explored when it coniesnip pr
patterned microgel films as well as studying the role of viscoelasticity in mechanotransduction
responses as it relates to wound healing and fibrosiporeses. Namely, patterned microgel
printing can be further advaratey transitioning the technofy to an aqueous environment and
by further characterizing the influence of surface parameters on print qualitya@lsmcements
in the role of mechanotraduction in wound healing and fibrotic responses can be made by
measuring gene expression or rakgpn on the PA gel/ microgel substrates or by repeating

experiments with different cell types.
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APPENDIX A: Supplemental Supporting Figures

A.l. Chapter 3 Supplemental Figures
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Figure A.1.1. HDFn cell area and circularity when cultured on microgel monolayersHDFn

cells were cultured on collagewated monolayer microgel films for 24 hours. At least 30 cell
areas and circularities were measure@ach monolayer using ImageJ. A emay ANOVA and

Tukey posthoc test at a 95% confidence intervalemsed to determine statistical significance.
When compared to glass the areas (A) and circularities (B) of the HDFn cells cultured on the

monolayers wereofund to not be statistically significant from gga
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Figure A.1.2. Microgel hydrodynamic diameter. Microgel hydrodynamic diameters were
measured using a Nanosight (Malvern) and nanoparticle tracking analysis. Results showed that all

microgel particlefhad a diameter between 550 and 600 nm.
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Figure A.1.3. Microgel particle size over a range of temperature§ he hydrodynamic diameter

of 1%, 2%, 4%, and 7% BIS microgel particles was measured using DLS over a range of
temperatures from 285 C. Results showed that the small differences in NIPam cotigosi
across particle types do not alter the volume phaaasition temperature, which was
approximately 35 C for all particle types. Below 35C all particle types had a hydrodynamic
diameter between 566800 nm and above 3% all particle types had a Hygodynamic diameter

between 308100 nm.
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Figure A.1.4. Microgel film force maps Young 6 s m4&ldyerimicregel dilins was
measured using an AFM. Results showed values

95-115 kPa with no statistical differees found between each film.
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Figure A.1.5. Surface Roughness of Microgel Films3 90x90 um microgel film areas on 4
separate microgel films were dry imaged using AFM and the surface roughness of each area was
calculated using the AFM software. A emay ANOVA and Tukey posthotest at a 95%
confidence interval wreused to determine statistical significance. The meaB8DB/are reported

and show that the average roughness (Ra) of each film was less than 50 nm with no statistical

differences found between films
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Figure A.1.6. Microgel film thickness and swelling capacity Microgel films were scratched

with a clean razor blade and the subsequent scratch was imaged to determine film thickness and
swelling capacity. A) The thickness and height trace of dried 1%, 2%, #9a,% BISmicrogel

films. B) The thickness and height trace of swollen, hydrated 1%, 2%, 4%, and 7% BIS microgel
films. C) The average height of the dried microgel films is ~500 nm while the average height of
the hydrated microgel films is ~1500 nm. A emay ANOVA and Tukey posthoc test at a 95%
confidence interval ereused to determine statistical significance. No statistical differences were

seen between the film thicknesses for the dry films and no statistical differences were seen between

the film thicknessesf the hydrated films.
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Figure A.1.7. Surface coverage after deposition of each microgel film layeMicrogel films
fabricated from 2% BIS microgel particles were dry imaged using AFM after the deposition of
each microgel layer. After the secongdg thesurface is completely covered by microgel particles

and a microgel film is formed after the deposition of the fourth layer.
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Figure A.1.8. Microgel stiffness measured after the formation of each layeFilms created

with 2% BIS microgel parties were force mapped using an AFM after the deposition of each
microgel layer in order to determine how the mechanics changed throughout film construction. 3
10 um x 10 pum force maps were taken on 3 separate galctayers. After the first layer, the
mechanics of the film are similar to glass due to the incomplete surface coverage of the first
microgel layer and thickness of the film not being sufficient enough to prevent the underlying glass
substrate from contsuting to the AFM indentation measuremefss more layers are built, the
thickness of the film increaseand the contribution due to the underlying glass lessens until a
completed microgel layer is formed after the fourth layer. Awag ANOVA and Tukeyposthoc

test at a 95% confidence intervakre used to determine statistical significance. Statistically
significant values were found between the first layer and all other layers as well as the fourth layer

and the second and third lagetp<0.05
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Figure A.1.9. Microgel film self-healing. Dry AFM imaging was used to visualizélayer

microgel thin films before damage, after damage, and after exposure to steam in order to analyze

nking

cross.|

their selfhealing responses. Results showed that as the microged fl

the abilitfor the film to selfheal decreased.

increased
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Figure A.1.10. Microgel film loss tangent Loss tangent imaging was performed using an AFM
in order to measure the viscoelastic naturd-tafyer microgel films. Results showed that as the

internal crosslinking ogéach film increased, the loss tangent of the film decreased.
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Figure A.1.11. Correlation analysis of loss tangent and % BISA linear regression was
performed to determine |if ( A) |l oss tangent c
moduluscorreat ed with %BI S concentration, or (C) 1lo
of the microgel films. The linear regression for loss tangent and %BIS had a statistically significant
nonzero slope and a R2 value of 0.978 indicating that there israydin@ar correlation between

the two parameters. Th edulusand¥BIiShadaB2vaue efD.0661 f or
and did not have a statistically significant slope indicating a weak linear correlation between the

two parameters. The linearreg¢g s si on for | oss tangent and You
0.8141 and did not have statistically significant slope, indicating that there is a weak linear

correlation between the two parameters.
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