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CHEMICALLY LABILE
PEPTIDE-PRESENTING SURFACES FOR
CELLULAR SELF-ASSEMBLY

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part application of
U.S. patent application Ser. No. 13/835,102, filed Mar. 15,
2013, which is hereby incorporated by reference in its
entirety.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
EB005374, HL093282, and TR000506 awarded by the
National Institutes of Health. The government has certain
rights in the invention.

INCORPORATION OF SEQUENCE LISTING

A paper copy of the Sequence Listing and a computer
readable form of the Sequence Listing containing the file
named “P150062US0128 (243-189)_ST25.txt”, which is
2,152 bytes in size (as measured in MICROSOFT WIN-
DOWS® EXPLORER), are provided herein and are herein
incorporated by reference. This Sequence Listing consists of
SEQ ID NOs: 1-9.

BACKGROUND OF THE DISCLOSURE

The present disclosure relates generally to the culture of
stem cells. More particularly, the present disclosure relates
to cell culture methods for generating colonies of stem cells
having controlled size.

The substrate on which cells are cultured is important for
successful cellular growth and tissue generation. For
example, it has been demonstrated that attachment to the
substrate by human embryonic stem cells may contribute to
the variability in whether the cells remain undifferentiated or
undergo differentiation.

Many protocols for differentiation of pluripotent stem
cells begin with the formation of 3-dimensional aggregates
of cells called embryoid bodies (EBs). Methods for forming
embryoid bodies involve techniques such as scraping adher-
ent ES cell and induced pluripotent stem cell cultures and
mild treatment with proteases such as trypsin and/or dispase
to release large clumps of cells, followed by placing the
resulting aggregates in non-adherent suspension culture. The
aggregates formed using these methods are heterogeneous in
size and shape, which can lead to inefficient and uncon-
trolled differentiation. Aggregate size can also directly affect
subsequent differentiation pathways. To address these
issues, cell culture substrates such as multi-well plates with
wells having defined widths have been developed. Another
method creates dots of a substrate material such as Matri-
gel® onto the surface of a plate.

Self-assembled monolayers (“SAMSs™) in array formats
(i.e., SAM arrays) have been constructed that present ligands
to cells plated onto the array. A SAM array is an organized
layer of amphiphilic molecules in which one end of the
molecule exhibits a specific, reversible affinity for a sub-
strate and the other end of the molecule has a functional
group. Because the molecule used to form the SAM array is
polarized, the hydrophilic “head groups™ assemble together
on the substrate, while the hydrophobic tail groups assemble
far from the substrate. Areas of close-packed molecules
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nucleate and grow until the surface of the substrate is
covered in a single monolayer. The use of alkanethiols to
construct SAM arrays allow for the formation of reproduc-
ible SAM arrays and surfaces. SAM arrays may be used to
identify specific ligands or epitopes that promote cellular
attachment, spreading, proliferation, migration and differ-
entiation, as well as for modulating these cellular activities
differentially on each spot on the same SAM array.
Aggregate size and shape can also directly affect subse-
quent differentiation pathways and lead to inefficient and
uncontrolled differentiation. Accordingly, there exists a need
for alternative substrates and methods to control the size
and/or shape of colonies as well as avoid treatments such as
scraping and enzymes used to harvest the cell aggregates.

SUMMARY OF THE DISCLOSURE

The present disclosure relates generally to the culture of
cells. More particularly, the present disclosure relates to cell
culture methods for generating colonies of cells having
controlled size. It has been found that cell colony size may
be controlled in cell culture via SAM arrays with controlled
spot size.

In one aspect, the present disclosure is directed to a
method of controlling the formation of a cell culture aggre-
gate. The method comprises: forming at least one
alkanethiolate self-assembled monolayer (“SAM”) spot of a
self-assembled monolayer array, wherein the alkanethiolate
self-assembled monolayer spot comprises a cellular adhe-
sive peptide immobilized using a labile covalent bond;
culturing a cell on the alkanethiolate self-assembled mono-
layer spot for a sufficient time to form a confluent monolayer
of cells; and detaching the confluent monolayer of cells. The
method can further comprise culturing the confluent mono-
layer for a sufficient time to allow the monolayer to invagi-
nate.

In another aspect, the present disclosure is directed to a
method of preparing a cell aggregate of a uniform size. The
method comprises: forming at least one alkanethiolate self-
assembled monolayer (“SAM?”) spot of a specified diameter
of a self-assembled monolayer array, wherein the
alkanethiolate self-assembled monolayer spot comprises a
cellular adhesive peptide immobilized using a labile cova-
lent bond; culturing a cell on the alkanethiolate self-as-
sembled monolayer array spot for a sufficient time to form
a confluent monolayer of cells; detaching the confluent
monolayer of cells; and collecting the confluent monolayer
of cells.

In another aspect, the present disclosure is directed to a
method of preparing a cell aggregate of a specified shape.
The method comprises: forming at least one alkanethiolate
self-assembled monolayer (“SAM”) spot of a specified
shape of a self-assembled monolayer array, wherein the
alkanethiolate self-assembled monolayer spot comprises a
cellular adhesive peptide immobilized using a labile cova-
lent bond; culturing a cell on the self-assembled monolayer
array spot for a sufficient time to form a confluent monolayer
of cells; detaching the confluent monolayer of cells; and
collecting the confluent monolayer of cells.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.
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The disclosure will be better understood, and features,
aspects and advantages other than those set forth above will
become apparent when consideration is given to the follow-
ing detailed description thereof. Such detailed description
makes reference to the following drawings, wherein:

FIG. 1 is a schematic illustrating the steps for preparing
a self-assembled monolayer array used in one embodiment
of the methods of the present disclosure.

FIG. 2A depicts hESC (H1) monolayer formation as a
function of density of adhesion ligands (cyclic RGD) as
described in Example 1.

FIG. 2B depicts hESC (H1) monolayer formation as a
function of adhesion ligands as described in Example 1.

FIG. 2C depicts hESC (H1) monolayer formation as a
function of adhesion ligands as described in Example 1.

FIG. 3A depicts hESC (H1) monolayer formation as a
function of spot size as described in Example 1.

FIG. 3B depicts hESC (H1) monolayer formation as a
function of spot size as described in Example 1. More
particularly, FIG. 3B depicts invagination of circle-shaped
hESC monolayers.

FIG. 3C depicts hESC (H1) monolayer formation as a
function of spot shape as described in Example 1.

FIG. 3D depicts hESC (H1) embryoid body formation as
a function of spot shape as described in Example 1. More
particularly, FIG. 3D depicts invagination of oval and cross-
shaped hESC monolayers.

FIG. 3E depicts rapid embryoid body formation from
4-14 hours after hESC (H1) seeding on a spot with 5%
ligand density, functionalized with a 1:1 mixed layer of
cyclic RGD and CGKKQRFRHRNRKG as described in
Example 1.

FIG. 4 depicts hESC (H1) monolayer formation as a
function of cell lineages as described in Example 1.

FIGS. 5A-D depict pluripotency staining of hESC (H1)
grown on SAM array for Oct3/4 and Nanog as described in
Example 1.

FIGS. 6 A-D depict staining of hESC (H1) grown on SAM
array for Oct3/4 and Nanog at Day 0 as described in
Example 1.

FIGS. 7A-D depict staining of hESC (H1) grown on SAM
array for Oct3/4 and Nanog at Day 1 as described in
Example 1.

FIGS. 8A-D depict staining of hESC (H1) grown on SAM
array for Oct3/4 and Nanog at Day 2 as described in
Example 1.

FIGS. 9A-D depict staining of hESC (H1) grown on SAM
array for Oct3/4 and Nanog at Day 3 as described in
Example 1.

FIGS. 10A and 10B depict examples of peptide ligands
that may covalently couple to carboxylic acid-terminated
alkanethiol SAMs to form (FIG. 10A) labile; or (FIG. 10B)
non-labile (e.g., amide) bonds between the peptide and the
SAM.

FIG. 11 is a schematic illustrating the steps for preparing
a self-assembled monolayer array used in one embodiment
of the methods of the present disclosure.

FIG. 12 is a schematic illustrating steps in EDC-based
carbodiimide crosslinker chemistry typically used to cross-
link between carboxylic acids and amine groups. The “pri-
mary amine” is enclosed in parentheses to indicate that
non-amine nucleophiles could, in theory, also participate in
this reaction to generate linkages other than amide bonds.
The case where a thiolate acts as the nucleophile, for
instance, would result in formation of a thioester bond (here,
considered “labile” linkages).
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FIG. 13 depicts the nature and time scale of hESC
aggregate self-assembly from 2D monolayers, as shown on
5% cyclo(RGDF,C) (SEQ ID NO:4) SAMs and analyzed in
Example 2. hESC monolayers were cultured on 1.2 mm
diameter patterned SAM spots. Scale bars represent 250 pm.

FIG. 14A depicts an image analysis method for assessing
kinetics of aggregate self-assembly as used in Example 2.
Timelapse images in phase contrast were acquired beginning
at t=4 hours after initial cell seeding. Each frame of the
timelapse acquisition was subjected to automated edge
detection and automated ROI area detection using Nikon
NIS Elements software. A, is defined as the area of the
patterned cell population measured at t=4 hours. Percent of
original spot area at a given time, n, in hours=A, /A, where
n=z4. Percent of original spot area was then plotted against n
in hours, to give representative traces indicative of kinetics
of cell aggregate self-assembly. Scale bars represent 250 pm.

FIG. 14B depicts a sample trace generated by edge
detection image analysis of timelapse images of self-assem-
bling human embryonic stem cell populations, following
approaches described in FIG. 14A. t;, indicates the time
point at which a given population (i.e., cell monolayer
cultured on an individual patterned spot) reaches 50% of its
original 2D projected area, and is used to assess the kinetics
with which a cellular self-assembly process occurs. Scale
bars represent 250 um.

FIG. 15 depicts non-labile SAMs as analyzed in Example
2. In particular, in contrast to labile SAMs presenting
cyclo(RGDF,C) (SEQ ID NO:4), hESCs do not undergo
self-assembly on non-labile SAMs, as shown over >5 days
on 5% cyclo(RGDF,K) (SEQ ID NO:7) SAMs. Scale bars
represent 250 pm.

FIG. 16A is a schematic illustrating the proposed mecha-
nism of cellular self-assembly mediated by loss of peptide
over time due to hydrolysis on labile SAMs, but not on
non-labile SAMs, as analyzed in Example 2.

FIG. 16B depicts x-ray photoelectron spectroscopy sur-
face analysis as used in Example 2, which demonstrates that
peptide content over 7 days decreases significantly on
“labile” SAMs presenting cyclo(RGDF ,C) (SEQ ID NO:4),
but remains unchanged on “non-labile” SAMs cyclo(RGD-
F,K) (SEQ ID NO:7) in protein-containing cell culture
media. Error bars represent 1 standard deviation. Asterisks
denotes statistical significance between conditions (Stu-
dent’s t-test, p<0.05). Non-labile cyclo(RGDF,K) (SEQ ID
NO:7) SAMs did not show significantly different surface
peptide content compared to day O conditions.

FIG. 16C depicts peptide loss from labile SAMs during
incubation in protein-free aqueous conditions as analyzed in
Example 2. X-ray photoelectron spectroscopy surface analy-
sis demonstrates that peptide content over 7 days decreases
significantly on “labile” SAMs presenting cyclo(RGDF,C)
(SEQ ID NO:4), but remains unchanged on “non-labile”
cyclo(RGDF,K) (SEQ ID NO:7) SAMs incubated in phos-
phate-buffered saline.

FIG. 16D depicts that peptide loss from labile SAMs
during incubation in aqueous conditions is generalizable to
labile chemistry, and is not specific to cyclic peptides. X-ray
photoelectron spectroscopy surface analysis demonstrates
that peptide content over 7 days decreases significantly on
“labile” SAMs presenting acetylated-CRGDS (SEQ ID
NO:9), but remains unchanged on “non-labile” CRGDS
(SEQ ID NO:9) SAMs incubated in phosphate-buffered
saline. Error bars represent x1 standard deviation. Asterisks
denote statistical significance between conditions (Student’s
t-test, p<0.05). Non-labile (i.e., cyclo(RGDF,K) (SEQ ID
NO:7) or CRGDS (SEQ ID NO:9)) SAMs did not show
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significantly different surface peptide content compared to
day O conditions of the corresponding peptide.

FIGS. 17A and 17B depict traces demonstrating change in
population area over time for hESCs cultured on SAMs
presenting either labile (cyclo(RGDF ,C) (SEQ ID NO:4))
or non-labile (cyclo(RGDF,K) (SEQ ID NO:7)) chemistry
at 0.5% (“low”) or 5% (“high”) total peptide density. Inde-
pendent of total peptide density across the ranges shown,
“labile” SAMs presenting cyclo(RGDF,C) (SEQ ID NO:4)
promoted hESC self-assembly as demonstrated by evident
decreases in population area over time, while “non-labile”
cyclo(RGDF,K) (SEQ ID NO:7) SAMs prohibited hESC
self-assembly. Error bars represent standard error, repre-
sented at 95% confidence interval.

FIG. 17C depicts hESC initial adhesion, as measured by
initial percentage of spot coverage, to labile and non-labile
cyclic RGD SAMs as analyzed in Example 2. Particularly,
there is no significant difference between the two peptides or
within the ranges of peptide density shown, suggesting that
lability of the chemical bond between SAM and peptide
dictates whether cellular self-assembly occurs. “NS”
denotes no statistical significance between indicated groups.
Error bars represent +1 standard deviation. Asterisks denote
statistical significance between indicated conditions.

FIGS. 18A and 18B indicate that the changing total
surface peptide density on labile SAMs influences the kinet-
ics of cellular aggregate self-assembly. FIG. 18A depicts
traces demonstrating change in population area over time for
hESCs cultured on SAMs presenting cyclo(RGDF ,C) (SEQ
IDNO:4) at 0.01%, 0.5%, and 5% total peptide density. Rate
of hESC aggregate self-assembly increased as total peptide
density decreased on labile (cyclo(RGDF,C)) (SEQ ID
NO:4) SAMs. FIG. 18B depicts hESCs cultured on 0.01%,
0.5%, and 5% cyclo(RGDF,C) (SEQ ID NO:4) SAMs
self-assembled with different kinetics. Effect of peptide
density on kinetics of self-assembly was concentration-
dependent, with conditions of lower peptide density result-
ing in accelerated self-assembly as quantified by t5, of
self-assembly. Error bars represent standard error, repre-
sented at 95% confidence interval. Asterisks denote statis-
tical significance between indicated conditions (Student’s
t-test, p<0.001).

FIG. 19 depicts that hESC adhesion to cyclic RGD-
presenting SAMs is mediated by a., -type integrins. Addition
of o, integrin-blocking antibody drastically decreases ability
of hESCs to adhere to cyclo(RGDF,C) (SEQ ID NO:4)
SAMs, while blocking antibodies to other integrin subtypes
had no effect on hESC adhesion to cyclo(RGDF,C) (SEQ
1D NO:4) SAMs. Error bars represent +1 standard deviation.
Asterisk denotes statistical significance in comparison to all
other conditions (Student’s t-test, p<0.05). Control condi-
tion denotes no antibody added.

FIGS. 20A and 20B show that changing the degree of
cell-material adhesion on labile SAMs via addition of a,
integrin-blocking antibody influences the kinetics of cellular
aggregate self-assembly as analyzed in Example 2. FIG.
20A depicts traces demonstrating change in population area
over time for hESCs cultured on 5% cyclo(RGDF,C) (SEQ
ID NO:4) SAMs in the presence or absence of adhesion-
blocking antibody. Rate of hESC aggregate self-assembly
increases in conditions with the addition of a,, integrin-
blocking antibody, in comparison to control conditions with-
out antibody on 5% (cyclo(RGDF,C)) (SEQ ID NO:4)
SAMs. FIG. 20B depicts that adhesion dependence of self-
assembly behavior is further validated by quantification of
t5o of self-assembly, where conditions in which a., integrin-
mediated adhesion is blocked lead to drastic decreases in ts,,
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(i.e., increases in rate of self-assembly) compared to controls
in which no antibody was added. Error bars represent
standard error, represented at 95% confidence interval.
Asterisks denote statistical significance between indicated
conditions (Student’s t-test, p<0.05).

FIG. 21 depicts that changing the degree of cell-material
adhesion on labile SAMs via addition of soluble RGD
influences the kinetics of cellular aggregate self-assembly.
At the bottom, traces demonstrate change in population area
over time for hESCs cultured on 5% cyclo(RGDF ,C) (SEQ
ID NO:4) SAMs in the presence of varying concentrations
of soluble RGD peptide. Soluble cyclo(RGDF ,C) (SEQ ID
NO:4) (green) competes with surface-tethered cyclo(RGD-
F,C) (SEQ ID NO:4) in a concentration-dependent manner
to increase the rate of hESC aggregate self-assembly on 5%
cyclo(RGDF ,C) (SEQ ID NO:4) SAMs compared to con-
trol conditions in which no soluble peptide was added
(black). Addition of an equivalent concentration of the
mutant peptide cyclo(RADFK) (SEQ ID NO:7) (orange)
has minimal effect on hESC self-assembly during the
assessed time period. Error bars represent standard error,
represented at 95% confidence interval.

FIGS. 22A-22C depict that labile SAM arrays enable
large-scale generation of embryoid bodies (EB). FIG. 22A
depicts an image of 1.2 mm-diameter patterned circular
SAM arrays presenting cyclo(RGDF,C) (SEQ ID NO:4)
peptide at 4 hours after initial seeding. FIG. 22B depicts the
resulting EBs formed hESC after self-assembly (72 hours).
FIG. 22C shows that the resulting EBs are easily collected
(black arrow).

FIG. 23A depicts the projected areca of EBs generated
from circular patterns of varying size. Average projected
area of generated EBs was approximately 2x10° pm?,
~4x10° um?, and ~5x10° um?® for circular patterns of 1.2
mm, 1.8 mm, and 2.4 mm diameter, respectively.

FIG. 23B depicts that EBs self-assembled from circular
patterns 1.2 mm, 1.8 mm, and 2.4 mm in diameter exhibit
distinct size distribution profiles. Narrow size distribution
profiles are desired in applications where EB homogeneity is
desired.

FIGS. 24A-24C depict that patterned SAM arrays of
varying size and shape generate EBs with distinct size and
shape profiles. Exemplary patterns demonstrated here
include (24A) ovals, (24B) 2.4 mm circles, and (24C)
quatrefoils. Average 2D projected area of EBs generated
from a given pattern are indicated above each size distribu-
tion graph.

FIGS. 25A and 25B depict that self-assembled EBs
formed in Example 2 from pluripotent hESC monolayers.
FIG. 25A depicts immunofluorescent staining of hESCs on
5% cyclo(RGDF,C) (SEQ ID NO:4) SAMs and demon-
strates that hESCs largely retain Oct4 and Nanog expression
at 4 hours and 24 hours after seeding, prior to the beginning
of aggregate self-assembly. FIG. 25B depicts quantification
of immunofluorescence stains and indicates that high levels
of Oct4 and Nanog expression (~90% Nanog* and >90%
Oct4™) at 4 hours are not significantly diminished by 24
hours on cyclo(RGDF ,C) (SEQ ID NO:4) SAMs. Error bars
represent +1 standard deviation.

FIG. 26A depicts that self-assembled EBs maintain high
levels of Oct4 and Nanog expression throughout EB self-
assembly and at least 24 hours post-formation as analyzed in
Example 2. Expression levels were assessed by flow cytom-
etry of hESCs dissociated from EBs collected 24 hours after
self-assembly on 5% cyclo(RGDF,C) (SEQ ID NO:4)
SAMs.
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FIG. 26B depicts typical levels of Oct4 and Nanog, as
expressed by hESCs maintained in routine culture on Matri-
gel.

FIG. 27 depicts the nature and time scale of hMSC
aggregate self-assembly from 2D monolayers, as shown on
5% cyclo(RGDF,C) (SEQ ID NO:4) SAMs. hMSC mono-
layers were cultured on 1.2 mm diameter patterned SAM
spots. In contrast to hESCs, hMSCs consistently completed
self-assembly within 36 hours of initial seeding. Further-
more, hMSC self-assembly is characterized by large, rapid
changes in population area (here, for example, between 28
hr and 29 hr). Qualitative observations suggest that hMSC
self-assembly occurs in part due to cells rapidly contracting
or pulling off the SAM substrate, thus implicating cellular
contractility in this process. Scale bars represent 250 pm.
hDF monolayers on 5% cyclo(RGDF,C) (SEQ ID NO:4)
self-assembled into aggregates with morphological similar-
ity to hMSC self-assembly. Time scale of hDF self-assembly
was variable.

FIGS. 28A and 28B depict that cellular aggregate self-
assembly is dependent on cell type. FIG. 28A depicts traces
demonstrating change in population area over time for
hESCs or hMSCs cultured on 5% cyclo(RGDF ,C) (SEQ ID
NO:4) SAMs. FIG. 28B depicts that cell type-dependent
kinetics of the self-assembly process are further demon-
strated, with hMSCs exhibiting a much quicker ts, than
hESCs. Furthermore, the small error associated with t5, of
hMSCs suggests that the hMSC self-assembly process
occurs consistently within a very narrow time frame. Error
bars represent standard error at 95% confidence interval.
Asterisks denote statistical significance between indicated
conditions (Student’s t-test, p<0.05).

FIGS. 29A and 29B depict that cellular contractility
influences the kinetics of cellular aggregate self-assembly.
FIG. 29A depicts that inhibition of cellular actin-myosin
contractility via treatment with Y-27632 (a ROCK inhibitor)
is sufficient to delay both the onset and completion of h(MSC
self-assembly. FIG. 29B depicts that inhibition of cellular
actin-myosin contractility via treatment with Y-27632 influ-
ences the kinetics of hMSC self-assembly in a concentra-
tion-dependent manner, as demonstrated by the increase in
t5o (i.e., decrease in rate of self-assembly) with increasing
concentrations of Y-27632. Error bars represent standard
error at 95% confidence interval. Asterisks denote statistical
significance between indicated conditions (Student’s t-test,
p<0.05).

While the disclosure is susceptible to various modifica-
tions and alternative forms, specific embodiments thereof
have been shown by way of example in the drawings and are
herein described below in detail. It should be understood,
however, that the description of specific embodiments is not
intended to limit the disclosure to cover all modifications,
equivalents and alternatives falling within the spirit and
scope of the disclosure as defined by the appended claims.

DETAILED DESCRIPTION

Unless defined otherwise, all technical and scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure belongs. Although any methods and materials
similar to or equivalent to those described herein may be
used in the practice or testing of the present disclosure, the
preferred materials and methods are described below.

In accordance with the present disclosure, methods for
preparing colonies of stem cells with controlled size and/or
shape have been discovered. More particularly, the present
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disclosure relates to methods for preparing stem cell colo-
nies with controlled size and/or shape using SAM arrays. It
has been found that stem cell colony size and/or shape may
be controlled in cell culture via SAM arrays with controlled
spot size and/or shape.

In one aspect, the present disclosure is directed to a
method of controlling the formation of a cell culture aggre-
gate. The method comprises culturing a cell on a spot (also
referred to herein as “an array spot”) of a self-assembled
monolayer (“SAM”) array for a sufficient time to form a
confluent monolayer of cells and detaching the confluent
monolayer of cells. As known by those skilled in the art, the
initial density of the cells can influence the time to conflu-
ence. A particularly suitable seeding density can be, for
example, 10° cells/cm?, in which cells can reach confluence
in a range of between about 12 hours to about 36 hours. A
particularly suitable time period after which cells can be
detached can be, for example, about 6 hours to about 144
hours, including about 36 hours to about 84 hours. More
particularly, for 10° cells/cm?, cells can be detached at a time
period of from about 36 hours to about 60 hours after initial
seeding. For larger colonies such as, for example, an area
greater than about 7 mm?, detachment can require up to
about 84 hours.

The method may further comprise culturing the confluent
monolayer for a sufficient time to allow the monolayer to
invaginate. As used herein, “invaginate” or “invagination”
or “invaginating” refer to the monolayer lifting from the
surface of the SAM array and folding into a cell aggregate
(also referred to herein, as self-assembly of cell aggregates).

Without being bound by theory, it is believed that, in one
embodiment, the self-assembly of cell aggregates relies on
the formation of a labile covalent bond between a terminal
group of an alkanethiolate self-assembled monolayer spot of
the SAM array and a cell adhesion peptide side chain to be
immobilized on the spot as described more fully below. In
one embodiment, as used herein, “labile” chemistry refers to
a combination of alkanethiol(s) and peptide(s) that likely
result in formation of a hydrolysis-labile linkage between
the peptide(s) and the SAM spot. Since carboxylic acid
groups provide the reactive functionality on the SAM spots
in question, a hydrolysis-labile linkage between the peptide
and the SAM spot may be formed if, for example, the
peptide in question contains a free thiol as its only potential
nucleophile, whereby successful coupling of the peptide to
the SAM spot results in a relatively labile thioester bond (see
FIG. 10A, wherein the peptide in question is cyclo(RGD-
F,C; “Fp” denotes D-phenylalanine) (SEQ ID NO: 4).

A non-labile linkage between peptide and SAM spot may
be formed if, for example, the peptide in question contains
a free amine as its only nucleophile, whereby successful
coupling of the peptide to the SAM spot results in a
relatively stable amide bond (see FIG. 10B, wherein the
peptide in question is cyclo(RGDF ,K) (SEQ ID NO: 7).

In one embodiment, cleavage of the labile bond, particu-
larly, by nucleophilic attack, allows for release of the peptide
from the SAM surface, allowing for cellular aggregate
self-assembly. Unlike conventional SAM array technologies
that are limited by dependence on highly specific enzymes
and cleavable groups or mechanical manipulation, the cell
aggregate self-assembly of this embodiment allows the array
to be broadly applicable to any peptide containing an amino
acid side chain capable of forming a labile bond (e.g.,
thioester bond) with the SAM array surface. Accordingly,
this SAM array format has potential use to sort/enrich cell
types differentiated from stem cells, based on selective
release of labile peptides with particular affinity for cell
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surface markers of the cell type(s) of interest. Finally, the
array format enables utilization as a platform for screening
key parameters that influence cell aggregate self-assembly,
stem cell differentiation, and microtissue/organoid forma-
tion processes.

Since the labile chemistry referred to herein relates to its
use to promote a cellular self-assembly process, the concepts
presented here may be extended to any chemical bond that
has the potential to be labile within an environment that
supports cell culture (i.e., physiologically relevant tempera-
tures and ionic strengths, under aqueous conditions), over
time frames associated with cell culture (typically hours to
years). In particular, this may include chemical bonds that
are labile to hydrolysis or nucleophilic attack in aqueous
conditions. Such bonds may be formed here by any combi-
nation of alkanethiol(s) and cell-interactive molecule(s)
(e.g., cell adhesion peptides) that result in formation of a
hydrolysis-labile or nucleophile-labile linkage between the
peptide(s) and the SAM. Under typical physiological con-
ditions as described above, such bonds commonly include
ester, thioester, acetal, and anhydride groups, as well as other
carbonyl derivatives. Thus, the strategies presented here
may apply to alkanethiol molecules with any terminal func-
tional group that reacts with an appropriate nucleophile to
form such a bond.

Aside from water, exemplary nucleophiles that could be
used to break labile bonds include molecules with functional
groups that are commonly appropriate nucleophiles under
conditions of physiologically relevant temperature and pH,
such as deprotonated primary and secondary amines, thio-
lates, and alkoxides. The likelihood of cleavage of a given
labile bond by a given nucleophile depends on nucleophile
identity/structure (e.g., pKa of the nucleophilic group), local
chemical environment surrounding both labile group and
nucleophile, and reaction conditions (e.g., temperature, pH,
abundance of nucleophilic species and competing nucleop-
hiles).

In principle, such nucleophiles in biological contexts
could originate from side chains or termini of chemically
modified or unmodified peptides or proteins. Such nucleo-
philes could originate from species inherently present in the
aqueous culture media, species produced by cells and
released into the aqueous culture media, and/or species from
exogenous sources added to the aqueous culture media. In
theory, these nucleophiles may be non-bioactive and thus
serve the purpose of effectively eliminating the bioactive
function (e.g., adhesion) of a previously coupled bioactive
ligand, or may be bioactive and thus theoretically replace the
bioactive function of a previously coupled peptide with a
different function.

In addition, the concepts of labile chemistry for cellular
self-assembly as presented here may also be applied to the
tethering of cell-interactive molecules to self-assembled
monolayers that are not based on a combination of
alkanethiols on gold. In particular, these concepts may apply
to SAMs of alkanethiols on copper, palladium, silver, plati-
num, and mercury, as well as alloys of these metals. These
concepts, in combination with any of the paradigms
described above, may also apply to non-alkanethiol SAMs,
including alkylsilanes on glass, carboxylic acids on native
oxides, and nitriles on platinum.

Further, as SAMs are not restricted to forming on planar
surfaces, the present disclosure could also apply to SAMs
formed on micro/nanoparticles or other geometric configu-
rations composed of the aforementioned materials.

Because these materials are often amenable to cell culture
in both two and three dimensions, the aforementioned types
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of SAM array systems may allow for cellular self-assembly
in two dimensions or in three dimensions, depending on the
capabilities of the chosen system.

In one embodiment, invagination of the monolayer can
occur at a time of from about 48 hours to about 72 hours
when the density of seeded cells is 10° cells/cm?®. In another
embodiment, invagination of the monolayer can occur at a
time of from about 6 hours to about 144 hours, including
from about 6 hours to about 72 hours by varying the ligand
density from about 2% to about 10%. In another embodi-
ment, invagination of the monolayer can occur at a time of
from about 24 hours to about 72 hours by varying the
diameter of the array spot size. Suitable array spot diameter
size can be from about 600 um to about 6 mm. A particularly
suitable array spot diameter size can be from about 1.2 mm
to about 2.4 mm. The method may further comprise collect-
ing the cells after the cells are detached from the SAM array
and/or an array spot.

Self-assembled monolayer (SAM) arrays are known in the
art. Suitable SAM arrays include patterned SAM arrays.
Patterned SAM arrays are those that have been developed to
spatially localize ligands to create spatially and chemically-
defined spots or islands created to promote cell attachment
within the spot. Methods for preparing patterned SAM
arrays can be, for example, those prepared by microcontact
printing methods, microfluidics approaches, stamping, pho-
tochemistry with micro-patterned photomasks, and locally
destroying/removing regions of a fully formed SAM and
reforming new SAMs in the destroyed regions. Particularly
suitable self-assembled monolayer arrays useful for the
methods of the present disclosure are those described in U.S.
patent application Ser. No. 13/465,120, and incorporated by
reference herein in its entirety. Briefly, SAM arrays are
prepared by adhering a polymer stencil to a metal-coated
substrate. The polymer stencil includes at least one well. A
solution of alkanethiolates bearing oligo (ethylene glycol)
groups is added to each well of the stencil. Carbodiimide
chemistry is used to covalently immobilize at least one cell
adhesion peptide to the oligo (ethylene glycol) bearing
alkanethiolates. An alkanethiolate self-assembled mono-
layer spot that presents a cell adhesion peptide is formed on
the substrate in each well of the polymer stencil. The
polymer stencil is then removed from the substrate to reveal
a self-assembled monolayer spot on the substrate. The
substrate is then backfilled with hydroxyl terminates
alkanethiolates to form a second self-assembled monolayer
that surrounds each alkanethiolate self-assembled mono-
layer spot. Use of alkanethiolate-bearing oligo (ethylene
glycol) groups promotes specific protein-surface interac-
tions, while backfilled regions with hydroxyl terminates
surrounding each array spot generates an inert surface that
prevents and/or hampers protein-surface and cell-surface
interactions within the backfilled region.

Once a self-assembled monolayer array is prepared, the
method includes contacting (“seeding”) a cell with the
self-assembled monolayer array. Single cell suspensions can
be directly contacted with an array spot. Because of the array
features described herein, a single cell suspension solution
can also be applied to an entire SAM array. Cells that come
in contact with an array spot that presents a surface that
promotes cell adhesion and growth will adhere to the array
spots, whereas cells that come in contact with the backfilled
region will not adhere. After a time sufficient to allow cells
to adhere to the array spots (e.g., about 12 hours to 36 hours
for 10° cells/cm?), the SAM array can be washed with fresh
culture medium (or another buffer) to remove unattached
cells.
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The cells are cultured on the arrays to form a confluent
monolayer for a time that is sufficient for the cells to fill the
area defined by the array spot. One skilled in the art can
monitor whether cells fill the area using microscopy to
directly observe cells on the arrays. A sufficient amount of
time can be, for example, from about 12 hours to about 36
hours. The density of cells in the cell suspension that is used
to seed the SAM array can increase or decrease the time that
is sufficient for the cells to fill the area (i.e., form a confluent
monolayer) defined by the array spot. If a low density of
cells is used to seed the entire SAM array, for example, it can
take the cells a longer length of time to proliferate to a
colony size that fills the area. In contrast, if a high density
of cells is used to seed the entire SAM array, for example,
it can take the cells a shorter length of time to proliferate to
a colony size that fills the area. Additionally, the type of cell
that is used to seed the array or the array spot can determine
the time needed to fill the area defined by the array spot. If
the cell type that is used has a fast proliferation rate, for
example, it can take the cells a shorter length of time to
proliferate to a colony size that fills the area. In contrast, if
the cell type that is used has a slow proliferation rate, for
example, it can take the cells a longer length of time to
proliferate to a colony size that fills the area. One skilled in
the art can, without undue experimentation, determine the
time that is sufficient for a specific cell type to form a
confluent monolayer that fills the area defined by the array
spot by seeding arrays or array spots and monitoring cell
growth by microscopy, for example. One skilled in the art
can, without undue experimentation, determine the time that
is sufficient for a specific density of cells to be seeded to an
array or array spot to form a confluent monolayer of cells
that fills the area defined by the array spot by seeding arrays
or array spots with different solutions containing different
densities of cells and monitoring cell growth by microscopy,
for example.

The method further includes detaching the confluent
monolayer. The confluent monolayer can be detached from
the SAM by mechanical perturbations. Suitable mechanical
perturbations may be by gentle fluid shearing by pipetting
culture medium over the colonies to dislodge the colonies.
Another suitable method for detaching the confluent mono-
layer can be, for example, by gently tapping or bumping the
substrate. Additionally, the confluent monolayer may be
detached by monitoring the confluent monolayer for a
sufficient time and collecting colonies that spontaneously
detach from the substrate.

Upon detachment, colonies may further be collected.
Colonies may be collected by aspirating the colonies from
the medium. Additionally or alternatively, the media may be
obtained and colonies collected by allowing colonies to
settle by gravity or be collected by centrifugation.

In another aspect, the present disclosure is directed to a
method of preparing cell aggregates of a uniform size. The
method comprises culturing a cell on a self-assembled
monolayer (“SAM”) array spot of a specific diameter for a
sufficient time to form a confluent monolayer of cells;
detaching the confluent monolayer of cells; and collecting
the confluent monolayer of cells. The method can further
comprise placing the collected confluent monolayer of cells
in non-adherent suspension culture.

The SAM array may be prepared as described herein or
using other methods known by those skilled in the art to
prepare a SAM array having array spots in which the method
allows for controlling array spot size. Array spot size can be
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any desired size. Particularly suitable array spot size can be,
for example, at least 400 pm, including from about 600 um
to about 6 mm.

In another aspect, the present disclosure is directed to a
method of preparing cell aggregates of a specified shape.
The method comprises culturing a cell on a self-assembled
monolayer (“SAM”) array spot of a specified shape for a
sufficient time to form a confluent monolayer of cells;
detaching the confluent monolayer of cells; and collecting
the confluent monolayer of cells. The method can further
comprise placing the collected confluent monolayer of cells
in non-adherent suspension culture. The method can further
comprise analyzing the confluent monolayer of cells.

The SAM array may be prepared as described herein or
using other methods known by those skilled in the art to
prepare a SAM array having array spots in which the method
allows for controlling array spot shape. Array spot shape can
be any desired shape as known in the art. Particularly
suitable array spot shapes can be, for example, circular, oval,
oval cross, star, and hand shaped spots. Spot shape can be
used to control time to invagination. For example, a circular
spot shape can increase the time it takes for cell monolayers
to begin invaginating. Spots in the shape of oval or oval
cross-shape, for example, can decrease the time it takes for
cell monolayers to begin invaginating.

Cells can be seeded on SAM arrays or array spots as
described herein. The cells are cultured on the arrays to form
a confluent monolayer for a time that is sufficient for the
cells to fill the area defined by the array spot. The shape of
the confluent monolayer will correspond to the shape of the
array spot. Once the confluent monolayer attains a shape
defined by the array spot shape, the method further includes
detaching the confluent monolayer as described herein. The
confluent monolayer can then be collected as described
herein. The collected confluent monolayer can then be
placed in a non-adherent suspension culture.

Confluent monolayers and/or cells can be further pro-
cessed by further culturing cells in a non-adherent suspen-
sion culture. Cells can also be further be analyzed by
microscopy, for gene expression, protein expression, and
combinations thereof.

Suitable cells for use in the methods of the present
disclosure may be any cell known by those skilled in the art.
Particularly suitable cells may be, for example, pluripotent
stem cells, mesenchymal stem cells (MSCs), umbilical vein
endothelial cells (UVECs), NIH 3T3 fibroblasts, dermal
fibroblasts (DFs), fibrosarcoma cells (HT-1080s), and
embryonic stem cells (ESCs). Particularly suitable cells may
be, for example, human induced pluripotent stem cells,
human mesenchymal stem cells (MSCs), human umbilical
vein endothelial cells (UVECs), human dermal fibroblasts
(DFs), HT-1080s fibrosarcoma cells (HT-1080s), human
embryonic stem cells (ESCs), iPS IMR90-4 cells, and an
iPS-derived endothelial cell.

The methods of the present disclosure provide alternative
techniques for generating stem cell colonies having con-
trolled size and/or shape. Advantageously, the aggregates
formed using these methods are heterogeneous in size and
shape, which can lead to more efficient and controlled
differentiation of the cells. Because aggregates formed using
these methods have a uniform size and shape, better control
over which differentiation pathway the cells proceed can
also be achieved.

The disclosure will be more fully understood upon con-
sideration of the following non-limiting Examples.

Example 1

In this Example, a SAM array having an adhesion ligand
was prepared.
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Carboxylic acid-capped hexa(ethylene glycol) unde-
canethiole (HS—C,,—(0—CH,—CH,)¢—O—CH,—
COOH) (referred to herein as “HS—C, ;-EG¢-COOH”), was
purchased from Prochimia (Sopot, Poland). 11-tr(ethylene
glycol)-undecane-1-thiol (HS—C,,—(O—CH,—CH,);—
OH (referred to herein as “HS—C,,-EG;-OH”) was syn-
thesized as described in (Prime and Whitesides, J. Am.
Chem. Soc. 115(23)):10714-10721 (1993)). Fmoc-protected
amino acids and Rink amid MBHA peptide synthesis resin
were purchased from NovaBiochem (San Diego, Calif).
Hydroxybenzotriazol (HOBt) was purchased from
Advanced Chemtech (Louisville, Ky.). Diisopropylcarbodi-
imide (DIC) was purchased from Anaspec (San Jose, Calif.).
N-hydroxysuccinimide (NHS), n-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC), sodium dodecyl
sulfate (SDS), trifluoroacetic acid (TFA), diethyl ether, and
deionized ultrafiltered water (DIUF H,O) were purchased
from Fisher Scientific (Fairlawn, N.J.). Triisopropylsilane
(TIPS), piperidine, dimethylformamide (DMF), acetone,
hexanes, and acetonitrile were purchased from Sigma-Al-
drich (St. Louis, Mo.). Absolute ethanol (EtOH) was pur-
chased from AAPER Alcohol and Chemical Co. (Shelby-
ville, Ky.). All purchased items were of analytical grade and
used as received. Thin films of 100 A Au <111>, 20 A Ti on
1"%x3"x0.040" glass were purchased from Platypus Tech-
nologies, LLC (Madison, Wis.).

Standard solid phase Fmoc-peptide synthesis (Fmoc
SPPS) was performed to synthesize peptides using a 316¢
automated peptide synthesizer (C S Bio, Menlo Park, Calif.).
Rink amide MBHA resin was used as the solid phase, and
HOBt and DIC were used for amino acid activation and
coupling. After coupling the final amino acid, a 4-hour
incubation in TFA, TIPS, and DIUF (95:2.5:2.5) released the
peptide from resin and removed protecting groups. Released
peptide was extracted from the TFA/TIPS/DIUF cocktail via
precipitation in cold diethyl ether. Lyophilized peptides were
analyzed using matrix-assisted laser desorption/ionization-
time-of-flight (MALDI-TOF) mass spectrometry with a
Bruker Reflex II (Billerica, Mass.). The purity of synthe-
sized peptides was verified to be greater than 90% via HPLC
using a C18 analytical column (Shimadzu, Kyoto, Japan)
with a gradient of 0-70% H,0+0.1% TFA/acetonitrile and a
flow rate of 0.9 ml./minute. GWGGRGDSP (SEQ ID NO:
1), GWGGRGESP (SEQ ID NO: 2) adhesion and mutant
peptides were synthesized with tryptophan-bearing spacers
to aid in determination of peptide concentration via UV/Vis.
Peptide stocks were prepared at 300 uM in PBS as pH 7.4
as determined by absorbance at 280 nm using extinction
coeflicients outlined by Gill and von Hippel (Analytical
Biochemistry 182(2):319-326 (1989)). Fluorescently-la-
beled GGRGDSPK (SEQ ID NO: 3) was synthesized as
previously described (Koepsel and Murphy, Langmuir
25(21):12825-34 (2009)) and peptide concentration was
determined by absorbance of the 5(6)-carboxyfluorescein
group at 492 nm using an extinction coefficient of 81,000
cm™ ML

Polymer stencils containing arrays of wells were created
using soft lithography. Master molds containing arrays of
1.2 mm to 2.4 mm diameter posts were fabricated from SU-8
(Microchem, Newton, Mass.) spin-coated silicon wafers
using conventional photolithography techniques. Polydim-
ethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Mid-
land, Mich.) was prepared by mixing a 10:1 ratio of base:
curing agent (w/w) followed by degassing for ~30 minutes.
The degassed mixture was cast over the mold and cured for
4 hours at 85° C. Following curing, PDMS stencils were
removed from molds and cleaned in hexanes using overnight
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Soxhlet extraction. After cleaning, stencils were placed in
vacuo to remove residual solvent from the Soxhlet extrac-
tion process.

Gold slides were placed into a 150 mm glass Petri dish,
covered with EtOH and sonicated for ~1 minute using an
ultrasonic bath (Bransonic 1510, Branson, Danbury, Conn.).
Sonicated gold chips were then rinsed with EtOH and blown
dry with N,. As illustrated in FIG. 1, SAM arrays were
fabricated as follows: elastomeric (polymer) stencils con-
taining arrays of 1.2 mm to 2.4 mm diameter holes were
placed on a bare gold surface to form an array of wells on
the gold substrate. For spot shape, elastomeric stencils with
arrays in the shape of circles, ovals, and oval cross were
placed on a bare gold surface to form an array of wells
having these shapes on the gold substrate. Wells were then
filled with 1 mM ethanolic alkanethiolate solution and
incubated for 10 minutes in a chamber containing a labora-
tory wipe soaked in ethanol to prevent evaporation during
local SAM formation. Alkanethiolate solutions were then
aspirated and wells were rinsed with DIUF H,O. Carboxy-
late groups were then converted to active ester groups by
adding a solution of 100 mM NHS and 250 mM EDC in
DIUF H,O pH 5.5 to wells and incubated for 10 minutes.
After an additional rinse with DIUF H,O, 300 uM solutions
of GWGGRGDSP (SEQ ID NO: 1), GWGGRGESP (SEQ
ID NO: 2; glycosaminoglycan peptide), cyclo(RGDF,C)
(SEQ ID NO: 4; wherein “F,” denotes D-phenylalanine;
commercially available from Peptides International, Louis-
ville, Ky.), CGKKQRFRHRNRKG (SEQ ID NO: 5; com-
mercially available from GenScript, Piscataway, N.J.) or
KRTGQYKL (SEQ ID NO: 6; commercially available from
GenScript, Piscataway, N.J.) in PBS and pH 7.4 were added
to each well and incubated for 1 hour in a humidity con-
trolled chamber to covalently couple peptides to each array
spot. After a final rinse in DIUF H,O, regions surrounding
array spots were backfilled with HS—C,,-EG;-OH. This
was accomplished by submerging the gold substrate and
attached elastomeric stencil in an aqueous 0.1 mM
HS—C, ,-EG;-OH solution (pH 2.0), removing the stencil,
and incubating for 10 minutes. Following backfilling, the
array was rinsed with 0.1 wt % SDS in DIUF H,O, DIUF
H,0, and EtOH and then dried under a stream of N,. Arrays
were stored in sterile DIUF H,O at 4° C. and used within 24
hours.

Pluripotent stem cells were seeded on arrays at a density
of 10° cells/cm®. Cells were cultured in E8 medium with
ROCK inhibition (using Y-27632) for 12 hours to 36 hours
until reaching confluence. Colonies that spontaneously
detached from SAM spots were also harvested. Colonies
were analyzed for Oct 3/4 and Nanog expression by immu-
nofluorescence using DAPI to stain nuclei.

The concentration of the integrin adhesion peptides
GWGGRGDSP (SEQ ID NO: 1) and cyclic RGD (SEQ ID
NO: 4) on the array spot was varied between 2% and 10%
by the fraction of COOH groups functionalized with pep-
tides present at the spot among background OH functional-
ities. As shown in FIG. 2A, the density of the adhesion
ligand (cyclic RGD; SEQ ID NO: 4) affected hESC mono-
layer adhesion over a time from 4 hours to 48 hours in
culture. At 48 hours in culture, the hESC monolayer formed
in the 2% COOH density array spot was loosely associated
with the array spot, whereas the hESC monolayers formed
in the 5% and 10% density array spots were more strongly
adhered to the array spot. These results demonstrated that a
COOH fraction of 2% led to a significantly lower cell
adhesion as compared to 5% COOH, whereas 10% COOH
did not lead to an improved attachment for surfaces func-
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tionalized with cyclic RGD. In addition, a lower peptide
density leads to an earlier start of the invagination process
(see, FIG. 2A, 2% COOH condition).

The particular adhesion ligands used in the array spot also
influenced cell monolayer adhesion in the array spot. As
shown in FIG. 2B, the best cell adhesion of the hESC
monolayer was observed with cyclic RGD (SEQ ID NO: 4)
and GWGGRGDSP (SEQ ID NO: 1). No significant differ-
ences were observed using the scrambled reference GWG-
GRGESP (SEQ ID NO: 2). As shown in FIG. 2C, no
significant adhesion was observed with the heparin binding
peptide KRTGQYKL (SEQ ID NO: 6). After initial attach-
ment of the cells to the glycosaminoglycan binding peptide
CGKKQRFRHRNRKG (SEQ ID NO: 5) array spots, the
cells detached within 12 h (FIG. 2C). Additionally, signifi-
cantly less cell attachment was observed on the gly-
cosaminoglycan binding peptide CGKKQRFRHRNRKG
(SEQ ID NO: 5) array spots.

The size of the array spots was found to influence mono-
layer morphology over time. As shown in FIG. 3A, the edges
of the hESC monolayers formed on 1.2 mm and 2.4 mm
diameter array spots began to fold over after 48 hours in
culture. As shown in FIG. 3B, the morphology of hESC
monolayers cultured on circle-shaped array spots was fol-
lowed from a time period of 6 hours to 96 hours. At 72 hours,
hESC monolayers cultured on 1.2 mm diameter array spots
were in the form of balls similar to embryoid bodies that
became tight balls of cells by 96 hours. At 72 hours, the
edges of cells from the hESC monolayers cultured on 2.4
mm diameter array spots were still in the process of folding
over, but formed tight balls of cells by 96 hours.

As shown in FIG. 3C, the morphology of hESC mono-
layers cultured on circle-, oval-, and oval cross-shaped array
spots was followed from a time period of 4 hours to 48
hours. At 4 hours and 24 hours in culture, the cell mono-
layers assumed the shape of the array spot. At 48 hours, the
edges of the hESC monolayers formed on the circular
shaped array spot had just begun to fold over, whereas hESC
monolayers formed on the oval-shaped array spot were
folded. hESC monolayers formed on oval cross-shaped
array spots were formed into a ball-like shape by 48 hours
that was reminiscent of an embryoid body. As further shown
in FIG. 3D, hESC monolayers formed on the oval-shaped
array spot appeared to fold over longitudinally to form an
elongated morphology (see 72 hour photomicrograph)
before becoming more ball-like at the 96 hour time point.
hESC monolayers formed on the oval cross-shaped array
spot also appeared to fold along a longitudinal axis at each
arm of the cross before becoming ball-shaped at the 96 hour
time point.

As shown in FIG. 3E, a mixed layer of the cyclic RGD
(SEQ ID NO: 4) and the CGKKQRFRHRNRKG (SEQ ID
NO: 5) could be used to influence the time it took for cell
monolayers to form the ball-shaped (embryoid body-like)
morphology. Specifically, a 1:1 functionalization with cyclic
RGD (SEQ ID NO: 4) and CGKKQRFRHRNRKG (SEQ ID
NO: 5) at a ligand density of 5% lead to invagination within
16 h after seeding.

To show the universality of the cell culture approach, iPS
IMR90-4 cells were grown on array spots. As demonstrated
in FIG. 4, iPS IMR90-4 cells also formed monolayers on
array spots.

Cells cultured on array spots were stained for pluripo-
tency markers Oct 3/4 and Nanog. Cell nuclei were also
stained with DAPI to identify cells. FIGS. 5A-D show
overlay images of Oct 3/4, Nanog, and nuclear staining for
Days 1-3 to demonstrate pluripotency of the cells at each
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day. As shown in FIGS. 6A-D, 5 hours after seeding (Day 0),
cells stained positive for Oct 3/4 and Nanog. At 24 hours
after seeding (Day 1), only cells near the edge of the
monolayer stained positive for Oct 3/4 and Nanog (FIGS.
7A-D). At 48 hours after seeding (Day 2), right after the
edges of the monolayer began to fold (invaginate), only a
part of the cells stained positive for Oct 3/4 and Nanog
(FIGS. 8A-D). At 72 hours after seeding (Day 3), no more
cells stained positive for Oct 3/4 and Nanog (FIGS. 9A-D).
These results demonstrate that as cells develop on the array
spot, the morphological changes observed for the cell mono-
layers correlates with loss of pluripotency markers to form
ball-like cells similar to embryoid bodies.

These results demonstrate that the SAM arrays of the
present disclosure can be used to culture cells with con-
trolled size and shape. Moreover, the methods of the present
disclosure allow for the development of a monolayer of cells
that proceeds through morphological stages to develop into
3-dimensional ball-shaped cells similar to embryoid bodies.
Further, as the cells develop and go through morphological
changes, pluripotency marker staining also indicates that the
cells lose their pluripotency during culture.

Example 2

In this Example, a SAM array having an adhesion ligand
was prepared. Specifically, as shown in FIG. 11, carbodi-
imide chemistry was used to couple peptides to carboxylic
acid-terminated alkanethiols on the surface of the SAM
array. As shown in FIG. 12, an adhesion ligand containing
nucleophilic group(s) was expected to couple to the SAM
array spots through either a labile or non-labile chemical
bond.

Carboxylic acid-terminated hexa(ethylene glycol) unde-
canethiol (HS—C,,—(0—CH,—CH,)s—0—CH,—
COOH) (referred to herein as “HS—C, ;-EG4-COOH”), was
purchased from Prochimia (Sopot, Poland). 11-tri(ethylene
glycol)-undecane-1-thiol(HS—C,,—(O—CH,—CH,);—
OH (referred to herein as “HS—C,,-EG;-OH”) was syn-
thesized as described in (Prime and Whitesides, J. Am.
Chem. Soc. 115(23)):10714-10721 (1993)). Cyclic penta-
peptides cyclo(RGDF,C) (SEQ ID NO: 4; wherein “F,”
denotes D-phenylalanine), cyclo(RGDF,K) (SEQ ID NO:
7), and cyclo(RADF,K) mutant peptide (SEQ ID NO:8)
were purchased from Peptides International (Louisville,
Ky.). N-hydroxysuccinimide (NHS), n-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC), sodium
dodecyl sulfate (SDS), and deionized ultrafiltered water
(DIUF H,O) were purchased from Fisher Scientific (Fair-
lawn, N.J.). Absolute ethanol (EtOH) was purchased from
AAPER Alcohol and Chemical Co. (Shelbyville, Ky.). Thin
films of 100 A Au <111>, 20 A Ti on 1"x3"x0.040" glass
were purchased from Platypus Technologies, LLC (Madi-
son, Wis.).

The purity of purchased peptides was assumed as HPLC
purity provided by the manufacturer.

Polymer stencils containing arrays of wells were created
using soft lithography. Master molds containing arrays of
1.2 mm, 1.8 mm, and 2.4 mm diameter circular posts or
oval-shaped or quatrefoil-shaped posts were fabricated from
SU-8 (Microchem, Newton, Mass.) spin-coated silicon
wafers using conventional photolithography techniques.
Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,
Midland, Mich.) was prepared by mixing a 10:1 ratio of
base:curing agent (w/w) followed by degassing for approxi-
mately 45 minutes. The degassed mixture was cast over the
mold and cured for 6 hours at 80° C. Following curing,
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PDMS stencils were removed from molds and cleaned in
hexane using overnight Soxhlet extraction.

Gold slides were placed into a 150 mm glass Petri dish,
covered with EtOH and sonicated for 2 minutes using an
ultrasonic bath (Bransonic 1510, Branson, Danbury, Conn.).
Sonicated gold chips were then rinsed with EtOH and blown
dry with N,. As illustrated in FIG. 11, SAM arrays were
fabricated as follows: elastomeric stencils with arrays in the
shape of circles, ovals, or quatrefoils were placed on a bare
gold surface to form an array of wells having these shapes
on the gold substrate. Wells were then filled with 1 mM
ethanolic alkanethiolate solution and incubated for approxi-
mately 10 minutes at room temperature in a chamber con-
taining a laboratory wipe soaked in ethanol to prevent
evaporation during local SAM formation. Alkanethiolate
solutions were then aspirated and wells were rinsed with
DIUF H,O. Carboxylate groups were then converted to
active ester groups by adding a solution of 100 mM NHS
and 250 mM EDC (in pH 5.5 DIUF H,0) to wells and
incubating for 15 minutes. After an additional rinse with
DIUF H,O, 300 uM solutions of peptide(s) in pH 7.4 PBS
were added to each well and incubated for 1 hour in a
humidity-controlled chamber at room temperature to cova-
lently couple peptides to each array spot. After a final rinse
in DIUF H,O, regions surrounding array spots were back-
filled with HS—C11-EG3-OH. This was accomplished by
submerging the gold substrate and attached elastomeric
stencil in an aqueous 0.1 mM HS—C11-EG3-OH solution
(pH 2.0), removing the stencil, and incubating for 10 min-
utes. Following backfilling, the array was rinsed with 0.1 wt
% SDS in DIUF H,O, DIUF H,O, and EtOH, and then dried
under a stream of N,. Arrays were stored away from light in
diH,O at room temperature and used within 24 hours.

Pluripotent stem cells (H1 hESC line) were seeded on
arrays at a density of approximately 2x10° cells/cm?® to
achieve confluent monolayers within 4 hours. Cells were
cultured on SAMs in E8 medium with ROCK inhibition
(using Y-27632) for 2 hours after seeding, before SAM
arrays were rinsed in basal medium to remove nonspecifi-
cally adhered cells and replaced in E8 medium with
Y-27632.

Colonies were analyzed for Oct4 and Nanog expression
by immunofluorescence using DAPI to stain nuclei.

Self-assembly behavior of hESC monolayers was
observed in certain conditions. This self-assembly phenom-
enon is described as detachment of cells from the underlying
SAM and folding or contraction of monolayer edges to form
a tight aggregate of cells (see t=78 hour condition in FIG.
13). As shown in FIG. 14A, the change in morphology of
hESC colonies cultured on circular array spots was followed
over time, usually beginning at approximately 4 hours after
seeding. Time lapse images were analyzed using edge detec-
tion software to track projected area of colonies with respect
to initial colony area over time. A t5, of self-assembly was
defined as the length of time required for a given patterned
cell monolayer to reach 50% of its original 2D projected
area, as assessed by automated edge detection. This metric
is used throughout this specification to describe differences
in the kinetics of aggregate self-assembly between different
cell types and in different conditions.

Using the image analysis methods described above, the
particular identity of adhesion ligands used in the array spot
was found to influence cellular self-assembly behavior.
Adhesion peptides coupled to SAM spots via labile chem-
istry exhibited cellular self-assembly behavior while nearly
identical peptides coupled via non-labile chemistry did not.
As shown previously in FIG. 13, on 5% COOH SAMs
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presenting cyclo(RGDF ,C) (SEQ ID NO: 4), hESCs formed
confluent monolayers by 4 hours and remained as two-
dimensional monolayers until at least 24 hours. The edges of
hESC monolayers began to detach thereafter, typically
between 36 and 48 hours, forming three-dimensional cellu-
lar aggregates floating in suspension by 72-96 hours. Cel-
Iular aggregate formation and detachment from cyclo(RGD-
F,C) (SEQ ID NO:4) SAM surfaces into suspension
occurred in the absence of mechanical manipulation or
enzymatic treatment. In contrast, on 5% COOH SAMs
presenting cyclo(RGDF,K) (SEQ ID NO: 7), hESCs
formed similar confluent monolayers but exhibited no cel-
Iular self-assembly behavior. As shown in FIG. 15, SAMs
presenting cyclo(RGDFK) (SEQ ID NO:7) allowed no
observable detachment of hESC monolayers over 96 hours.
Furthermore, minimal cell detachment occurred on cyclo
(RGDF,K) (SEQ ID NO:7) SAMs over 1 week in culture
and in contrast to cyclo(RGDF ,C) (SEQ ID NO:4) SAMs,
these conditions did not result in the formation of floating
cell aggregates (not shown).

To show that cellular aggregate self-assembly on SAMs
was specific to the lability of the chemistry used, surface
analysis was performed to assess the potential for labile
chemistry to result in accelerated loss of peptide from the
surface over time (see FIG. 16A, schematic). Here, X-ray
photoelectron spectroscopy (XPS) analysis of 100% COOH
SAMs presenting either cyclo(RGDF,C) (SEQ ID NO:4)
(“labile SAMs”) or cyclo(RGDF ,K) (SEQ ID NO:7) (“non-
labile SAMs”) was performed over a 7-day incubation in
serum-free cell culture medium (E8) in the absence of cells.
As shown in FIG. 16B, adhesion peptides coupled to SAM
spots via labile chemistry exhibited significant loss of sur-
face peptide during incubation in aqueous cell culture
media, while nearly identical peptides coupled via non-
labile chemistry did not. Specifically, approximately 25% of
surface peptide was lost from labile SAMs over 7 days in
cell culture medium, while no significant loss of peptide was
observed in the case of non-labile (cyclo(RGDFK)) (SEQ
ID NO:7) SAMs incubated over the same time frame.

Whether cellular aggregate self-assembly behavior was
observed on SAMs presenting a particular cyclic RGD
peptide was independent of peptide density in the range
tested. In this Example, total peptide density on the array
spot was varied by changing the fraction of reactive COOH
groups functionalized with peptides among background
non-reactive OH functionalities. As shown in FIGS. 17A &
17B, evident decreases in hESC colony projected area,
indicative of aggregate self-assembly, occurred on both 5%
COOH and 0.5% COOH SAMs presenting cyclo(RGDF ,C)
(SEQ ID NO:4). In contrast, no such decreases in hESC
colony projected area were observed on either 5% COOH or
0.5% COOH SAMs presenting cyclo(RGDF,K) (SEQ ID
NO:7). Furthermore, initial (4-hour) hESC attachment to
SAMs presenting 0.5% or 5% total peptide was similar
irrespective of which cyclic peptide was coupled, suggesting
that differences in bioactivity or initial cell seeding coverage
between the two cyclic RGD peptides were not responsible
for the phenomenon of cellular aggregate self-assembly
(FIG. 17C). The results support the concept that lability of
the bond between SAM surfaces and adhesion peptides is a
driving force for cellular aggregate self-assembly.

The density of the integrin adhesion peptide cyclo(RGD-
F,C) (SEQ ID NO:4) could be controlled in order to
influence the timing of cellular aggregate self-assembly.
Here, the concentration of cyclo(RGDF,C) (SEQ ID NO:4)
peptide on SAMs ranged from 0.01% COOH to 5% COOH.
As previously shown in FIG. 13, hESC monolayers seeded
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onto 5% COOH cyclo(RGDF,C) (SEQ ID NO:4) SAMs
began the self-assembly process at 40-48 hours post-seed-
ing, on average. Here, hESC monolayers on 5% cyclo
(RGDF,C) (SEQ ID NO:4) SAMs reached t,, at approxi-
mately 45 hours. hESC monolayers on 0.5% COOH cyclo
(RGDF,0) (SEQ ID NO:4) SAMs underwent self-assembly
into cellular aggregates with accelerated kinetics compared
to those on 5% cyclo(RGDF,C) (SEQ ID NO:4) SAMs,
reaching t,, at approximately 22 hours. Finally, hESC mono-
layers on 0.01% cyclo(RGDF,C) (SEQ ID NO:4) SAMs
exhibited the fastest rate of self-assembly, reaching t, at
approximately 14 hours. These results demonstrate that
decreasing surface density of cyclo(RGDF,C) (SEQ ID
NO:4) leads to an acceleration of the cell aggregate self-
assembly process (see FIGS. 18A & 18B).

Adhesion of hESCs to cyclo(RGDF,C) (SEQ ID NO:4)
SAMs was mediated by o, -type integrins. As shown in FIG.
19, function-blocking antibodies against ., integrin drasti-
cally knocked down initial hESC adhesion to 5% cyclo
(RGDF,C) (SEQ ID NO:4) SAMs, while antibodies against
[, integrin and o4 integrin had no significant effect on initial
hESC adhesion. This result also suggested that blocking
interactions between cyclo(RGDF,C) (SEQ ID NO:4) pre-
sented by SAMs and «.,, integrins is a strategy that could
potentially be used to modulate hESC adhesion to cyclo
(RGDFDC) (SEQ ID NO:4) SAMs.

The degree of cell-material adhesion, mediated by spe-
cific cell-surface integrin binding to adhesion peptides, also
influenced the timing of cellular aggregate assembly on
cyclo(RGDF,C) (SEQ ID NO:4) SAMs. As shown in FIG.
20A, inhibiting adhesion of confluent hESC monolayers to
5% cyclo(RGDF ,C) (SEQ ID NO:4) SAMs via addition of
function-blocking antibody against ¢, integrin accelerated
cellular aggregate assembly in comparison to control con-
ditions in which monolayers were allowed to self-assemble
in the absence of antibody.

As shown in FIG. 21, soluble cyclic RGD adhesion
peptides could be used to modulate hESC adhesion to
cyclo(RGDF,C) (SEQ ID NO:4) SAMs, thereby influenc-
ing the timing of cellular aggregate assembly. In particular,
addition of soluble cyclo(RGDF,C) (SEQ ID NO:4) to
culture media was shown to accelerate the assembly behav-
ior of cellular aggregates on 5% cyclo(RGDF,C) (SEQ ID
NO:4) SAMs in a concentration-dependent manner. Addi-
tion of 0.025 mM soluble cyclo(RGDF,C) (SEQ ID NO:4)
led to faster aggregate assembly in comparison to control
conditions in which no adhesion ligand was added. Addition
of 0.1 mM soluble cyclo(RGDF,C) (SEQ ID NO:4) led to
the most rapid aggregate assembly in the conditions tested.
Addition of 0.1 mM soluble cyclo(RADF ,K) mutant pep-
tide (SEQ ID NO:8) had no evident effect on the kinetics of
cellular aggregate assembly over the time period evaluated,
implying minimal nonspecific adhesion of hESCs to cyclo
(RGDF,C) (SEQ ID NO:4) SAMs. Altogether, these results,
in combination with those of FIG. 19 and FIG. 20, suggest
that cellular aggregate self-assembly is dependent on hESC
a., integrin-mediated adhesion to cyclo(RGDF ,C) (SEQ ID
NO:4) SAMs. The results further suggest that this adhesion
may be tailored by i) changing cyclo(RGDF,C) (SEQ ID
NO:4) peptide density on SAMs (FIGS. 18A & 18B), ii)
blocking adhesion with o, integrin-specific antibodies
(FIGS. 20A & 20B), and iii) blocking adhesion with soluble
RGD peptides (FIG. 21). All three of the aforementioned
approaches can be used to influence the timing of cellular
aggregate assembly.

SAM arrays presenting cyclo(RGDF,C) (SEQ ID NO:4)
could be used to generate large populations of self-assem-
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bling hESC aggregates, herein termed “embryoid bodies”
(EBs). As shown in FIGS. 22A-22C, hESC monolayers on
5% cyclo(RGDF,C) (SEQ ID NO:4) SAMs patterned in
circular spots of 1.2 mm diameter typically formed self-
assembled EBs within 72 hours. These EBs formed from
individual patterned spots in the absence of mechanical or
enzymatic perturbation, and were easily collected from
suspension after 72 hours.

The size of self-assembled EBs formed from 5% COOH
SAMs presenting cyclo(RGDF ,C) peptide (SEQ ID NO:4)
was dependent on the size of initial circular patterns used to
spatially localize SAMs. As shown in FIG. 23A, 1.2 mm
diameter circular patterns generated EBs with average areas
of ~2x10° um?, while 1.8 mm and 2.4 mm diameter patterns
generated EBs with average areas of approximately 4x10°
pum? and ~5x10° um?, respectively. The size distribution of
EBs formed from circular patterns of the aforementioned
sizes is shown in the histogram in FIG. 23B. Narrow size
distribution profiles are desired in applications where EB
homogeneity is desired. EB homogeneity is particularly
important in the context of directed differentiation of EBs,
where numerous studies have shown that EB size is a
determinant of the propensity for cells of a given germ layer
(i.e., endoderm, mesoderm, or ectoderm) to be generated
during EB differentiation.

As shown in FIG. 24, hESC monolayers can be cultured
on SAM patterns of various geometries and sizes, including
(FIG. 24A) ovals, (FIG. 24B) circles, and (FIG. 24C)
quatrefoils of varying size (scale bar=500 um in all images).
hESC monolayers generated on these various patterns of
cyclo(RGDF,C) (SEQ ID NO:4) SAMs formed self-as-
sembled cellular aggregates of varying size and shape
(shown in brightfield images in FIG. 24A-24C and corre-
sponding graphs of aggregate size distribution). Specifically,
ovals, circles, and quatrefoils of the sizes shown in FIG. 24
generated cellular aggregates with approximate average
areas of 3x10° pm?, 4.25x10° um?, and 5x10° pm?, respec-
tively.

Self-assembled EBs formed from largely pluripotent 2D
hESC populations. hESC monolayers cultured on array
spots were stained for pluripotency markers Oct4 and
Nanog, as well as DAPI to identify cell nuclei. FIG. 25A
shows representative images demonstrating expression of
each marker and merged images of all markers assessed, in
order to demonstrate pluripotency of the cells at time points
prior to self-assembly. hESC monolayers on 5% cyclo
(RGDFC) (SEQ ID NO:4) SAMs are largely pluripotent at
4 hours and 24 hours after initial seeding, prior to the start
of cellular aggregate self-assembly. Quantification of posi-
tive staining for Oct4 and Nanog, relative to number of cells
as quantified by DAPI staining, is shown in FIG. 25B. In this
Example, Oct4 was expressed by greater than 97% of hESCs
in monolayers at 4 hours and was expressed by 93% of
hESCs in monolayers at 24 hours. Nanog was expressed by
89% and 93% of hESCs in monolayers at 4 hours and 24
hours, respectively. These results suggest that large-scale
changes in pluripotency status of cells within hESC mono-
layers are not required in order for the self-assembly process
observed on cyclo(RGDF,C) (SEQ ID NO:4) SAMs to
occur.

Self-assembled EBs remain pluripotent throughout the
self-assembly process. Self-assembled EBs from 5% cyclo
(RGDF,C) (SEQ ID NO:4) SAMs were collected at 24
hours post-assembly (approximately 96 hours after initial
seeding) and dissociated using Accutase before being
assessed for Oct4 and Nanog expression by flow cytometry.
To give reference, 0 hours “post-assembly” refers to the time
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at which an hESC monolayer has detached from the SAM
surface during the process of folding up into a cellular
aggregate. As shown in FIG. 26A, approximately 99% of
cells dissociated from 24 hour post-assembly EBs were
Oct4* (top left and top right quadrants combined), with the
majority (approximately 91%) also Nanog* (top right and
bottom right quadrants combined). The aforementioned lev-
els of pluripotency marker expression in self-assembled EBs
are comparable to expression in hESCs (H1 line) maintained
routinely on Matrigel-coated tissue culture polystyrene,
>99% of which express both Oct4 and Nanog (see FIG.
26B). These results demonstrate that self-assembly of
hESCs on cyclo(RGDF,C) (SEQ ID NO:4) SAMs gener-
ates cell aggregates that remain pluripotent through the
self-assembly process and up to at least 24 hours post-
assembly.

hMSCs or hDFs were seeded on arrays at a density of
~1x10° cells/cm? to achieve confluent monolayers within 4
hours. Cells were cultured on SAMs in aMEM media
containing 10% fetal bovine serum (FBS) for 2 hours after
seeding. At this time, SAM arrays were rinsed in basal
medium to remove nonspecifically adhered cells and
replaced in fresh cMEM+10% FBS.

Aggregates of non-pluripotent cells were also shown to
self-assemble on labile SAMs. Specifically, monolayers of
hMSCs or hDFs cultured on cyclo(RGDF,C) (SEQ ID
NO:4) SAMs detached from the SAM surface and con-
tracted into small aggregates, in a manner distinct from the
self-assembly of hESCs. As shown in FIG. 27, the self-
assembly process of hMSCs began with contraction of the
monolayer toward its center, followed by rapid pulling of the
monolayer off the SAM surface and accumulation into an
aggregate that typically retained adhesion to the edge of a
patterned SAM spot. hDFs self-assembled into tight aggre-
gates in an analogous manner (not shown). Aggregates of
hMSCs and hDFs formed in this manner do not typically
float into suspension, but can be physically released from the
SAM surface by manual pipetting and collected thereafter.

The kinetics of aggregate self-assembly on cyclo(RGD-
F,C) (SEQ ID NO:4) SAMs were found to be cell type-
dependent. As demonstrated by FIG. 13 and FIG. 27,
monolayers of hESCs and hMSCs undergo self-assembly
into aggregates on vastly different time scales. As shown in
the graphs in FIG. 28A, hESC monolayers typically begin
the self-assembly process between 36 and 48 hours after
initial seeding and have completed this self-assembly pro-
cess by 72 hours, while hMSC monolayers typically begin
self-assembly by 24 hours after initial seeding and have
completed this process by 36 hours. In this Example, the
beginning of self-assembly is characterized by the time point
at which an evident decrease in projected area of the cell
monolayer first occurs. The completion of self-assembly is
considered the time point at which no further decreases in
monolayer projected area occur, and is marked by the
appearance of a plateau in graphical traces of monolayer
projected area (see FIG. 28A).
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Cellular contractility was found to influence the kinetics
of aggregate self-assembly on cyclo(RGDF,C) (SEQ ID
NO:4) SAMs. Based on cell type-dependent differences in
the kinetics and morphological nature of aggregate self-
assembly between hESCs and hMSCs, the influence of
cellular contractility on self-assembly was investigated in
hMSCs, a type of adult stem cell in which actin-myosin
contractility has been shown to regulate lineage commitment
toward adipogenesis or osteogenesis. As shown in FIGS.
29A & 29B, inhibition of Rho kinase (ROCK, “Y-27632"),
an effector downstream of the actin-myosin contractile appa-
ratus, was sufficient to delay the onset of hMSC aggregate
self-assembly. In particular, while t5, of self-assembly of
hMSCs in the absence of Y-27632 occurred at approximately
30 hours after initial seeding, a 48-hour treatment of hMSC
monolayers with 5 uM Y-27632 delayed t,, of self-assembly
to approximately 70 hours. The effect of ROCK inhibition
was concentration-dependent in the range tested, as a
48-hour treatment with 25 uM Y-27632 further delayed the
tso of hMSC self-assembly to approximately 112 hours.
These findings support the results of FIGS. 28A & 28B,
wherein hMSC monolayers tend to self-assemble signifi-
cantly more rapidly than hESC monolayers, based on the
higher contractility exhibited by hMSC monolayers.
Together, these results suggest that cellular contractility is a
key parameter that, in addition to cell-material adhesion,
may be modulated to control the kinetics of cellular aggre-
gate self-assembly on cyclo(RGDF,C) (SEQ ID NO:4)
SAMs.

These results demonstrate that the SAM arrays of the
present disclosure can be used to culture cell populations
with controlled size and shape. Moreover, the methods of the
present disclosure allow for the development of a two-
dimensional monolayer of cells that proceeds through mor-
phological stages to develop into a three-dimensional cell
aggregate. Further, it is shown that these morphological
changes are likely to occur as a direct result of labile surface
chemistry that promotes the loss of adhesion peptides cova-
lently coupled to the SAMs over time in aqueous cell culture
media. Using this technology, it has been demonstrated that
cell-material adhesion and cellular contractility are impor-
tant aspects of the aggregate self-assembly process, and can
be tailored to control self-assembly kinetics.

In view of the above, it will be seen that the several
advantages of the disclosure are achieved and other advan-
tageous results attained. As various changes could be made
in the above methods without departing from the scope of
the disclosure, it is intended that all matter contained in the
above description and shown in the accompanying drawings
shall be interpreted as illustrative and not in a limiting sense.

When introducing elements of the present disclosure or
the various versions, embodiment(s) or aspects thereof, the
articles “a”, “an”, “the” and “‘said” are intended to mean that
there are one or more of the elements. The terms “compris-
ing”, “including” and “having” are intended to be inclusive
and mean that there may be additional elements other than
the listed elements.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 9

<210> SEQ ID NO 1

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence
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<220>
<223>

<400>

1

<210>
<211>
<212>
<213>
<220>
<223>

<400>

FEATURE:
OTHER INFORMATION: Synthetic

SEQUENCE: 1

Gly Trp Gly Gly Arg Gly Asp Ser Pro
5

SEQ ID NO 2

LENGTH: 9

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic

SEQUENCE: 2

Gly Trp Gly Gly Arg Gly Glu Ser Pro

1

<210>
<211>
<212>
<213>
<220>
<223>

<400>

5

SEQ ID NO 3

LENGTH: 8

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic

SEQUENCE: 3

Gly Gly Arg Gly Asp Ser Pro Lys

1

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>

<400>

5

SEQ ID NO 4

LENGTH: 5

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic
FEATURE:

NAME/KEY: D-phenylalanine
LOCATION: (4)..(4)

SEQUENCE: 4

Arg Gly Asp Phe Cys

1

<210>
<211>
<212>
<213>
<220>
<223>

<400>

1

<210>
<211>
<212>
<213>
<220>
<223>

<400>

5

SEQ ID NO 5

LENGTH: 14

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic

SEQUENCE: 5

SEQ ID NO 6

LENGTH: 8

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: Synthetic

SEQUENCE: 6

Lys Arg Thr Gly Gln Tyr Lys Leu

1

<210>
<211>

5

SEQ ID NO 7
LENGTH: 5

Cys Gly Lys Lys Gln Arg Phe Arg His Arg Asn Arg Lys Gly
5
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-continued
<212> TYPE: PRT
<213> ORGANISM: Artificial Sequence
<220> FEATURE:
<223> OTHER INFORMATION: Synthetic
<220> FEATURE:
<221> NAME/KEY: MISC_FEATURE
<222> LOCATION: (4)..(4)
<223> OTHER INFORMATION: D-Phenylalanine

<400> SEQUENCE: 7
Arg Gly Asp Phe Lys
1 5

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

SEQ ID NO 8

LENGTH: 5

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:
FEATURE:

NAME/KEY: MISC_FEATURE

LOCATION: (4)..(4)

OTHER INFORMATION: D-Phenylalanine

Synthetic

<400> SEQUENCE: 8
Arg Ala Asp Phe Lys
1 5

<210>
<211>
<212>
<213>
<220>
<223>
<220>
<221>
<222>
<223>

SEQ ID NO 9

LENGTH: 5

TYPE: PRT

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION:
FEATURE:

NAME/KEY: MOD_RES
LOCATION: (1)..(1)
OTHER INFORMATION: ACETYLATION

Synthetic

<400> SEQUENCE: 9

Cys Arg Gly Asp Ser
1 5

What is claimed is:
1. A method of controlling the formation of a cell culture
aggregate, the method comprising:

forming on a substrate, at least one alkanethiolate self-
assembled monolayer spot wherein the spot is conju-
gated to a cellular adhesive peptide consisting of SEQ
ID NO: 4 using a labile covalent bond, wherein the spot
is part of a self-assembled monolayer array, and 50
wherein the self-assembled monolayer array is pre-
pared using a method selected from the group consist-
ing of microcontact printing, microfluidics, stamping,
photochemistry, locally removing a region in a fully
formed self-assembled monolayer and reforming a new
self-assembled monolayer in the region;

culturing at least one cell on the alkanethiolate self-
assembled monolayer spot for a sufficient time to form
a confluent monolayer of cells; and

detaching the confluent monolayer of cells from the array
spot by latent nucleophilic cleavage of the labile cova-
lent bond between the cellular adhesive peptide and the
alkanethiolate, wherein the detached confluent mono-
layer of cells forms the cell culture aggregate; and

collecting the cell culture aggregate.

45
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2. The method of claim 1, wherein the confluent mono-
layer is cultured for a period of from about 6 hours to about
144 hours.

3. The method of claim 1, further comprising culturing the
confluent monolayer for a sufficient time to allow the
confluent monolayer to invaginate.

4. The method of claim 3, wherein the confluent mono-
layer is cultured for a period of from about 6 hours to about
144 hours.

5. The method of claim 1, wherein the cell is selected from
the group consisting of an induced pluripotent stem cell, a
mesenchymal stem cell, an umbilical vein endothelial cell, a
dermal fibroblast, a fibrosarcoma cell, an embryonic stem
cell, an iPS IMR90-4 cell, an iPS-derived endothelial cell,
and combinations thereof.

6. The method of claim 1, wherein the specified diameter
of the array spot is from about 600 um to about 6 mm.

7. The method of claim 1, wherein said aggregates com-
prises either a uniform size or a specified shape.

8. The method of claim 7, wherein the specified shape is
selected from the group consisting of a circle, an oval, and
oval cross, a star, and a hand.

#* #* #* #* #*



