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1 | INTRODUCTION

Hydrogels, or hydrophilic polymeric networks, are a class of well-
established biomaterials that have been engineered to provide cells
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Abstract

Self-assembling peptide (SAP) hydrogels provide a fibrous microenvironment to cells
while also giving users control of biochemical and mechanical cues. Previously, bio-
chemical cues were introduced by physically mixing them with SAPs prior to hydrogel
assembly, or by incorporating them into the SAP sequence during peptide synthesis,
which limited flexibility and increased costs. To circumvent these limitations, we
developed “Click SAPs,” a novel formulation that can be easily functionalized via click
chemistry thiol-ene reaction. Due to its high cytocompatibility, the thiol-ene click
reaction is currently used to crosslink and functionalize other types of polymeric
hydrogels. In this study, we developed a click chemistry compatible SAP platform by
addition of a modified lysine (lysine-alloc) to the SAP sequence, enabling effective
coupling of thiol-containing molecules to the SAP hydrogel network. We demon-
strate the flexibility of this approach by incorporating a fluorescent dye, a cellular
adhesion peptide, and a matrix metalloproteinase-sensitive biosensor using the thiol-
ene reaction in 3D Click SAPs. Using atomic force microscopy, we demonstrate that
Click SAPs retain the ability to self-assemble into fibers, similar to previous systems.
Additionally, a range of physiologically relevant stiffnesses can be achieved by adjust-
ing SAP concentration. Encapsulated cells maintain high viability in Click SAPs and
can interact with adhesion peptides and a matrix metalloproteinase biosensor, dem-
onstrating that incorporated molecules retain their biological activity. The Click SAP
platform supports easier functionalization with a wider array of bioactive molecules
and enables new investigations with temporal and spatial control of the cellular

microenvironment.
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dimensionality, biochemical tunability, and tissue-like mechanical
properties, hydrogel systems can mimic in vivo extracellular matrix
(ECM) in ways that 2D tissue culture plastic (TCP) cannot. The most
commonly used hydrogel systems are derived from natural ECM pro-

with a physiologically relevant 3D microenvironment.? Due to their teins (e.g., matrigel, hyaluronic acid, collagen), which are

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2022 The Authors. Journal of Biomedical Materials Research Part A published by Wiley Periodicals LLC.

J Biomed Mater Res. 2022;1-15.

wileyonlinelibrary.com/journal/jbma 1

8s5U8017 suoWWoD aA 11D a|qedt|dde sy Ag paulonoh are sajpiie YO ‘3sn Jo sajnJ o) ARlqi]auluQ AS|IAA UO (SUOIPUOD-pUe-SWBIW0D A8 |IM Aiq 1 U UO//:SANY) SUOIIPUOD pue SWid | 8Y1 39S "[zz0z/0T/TT] Uo ArigiTauluQ 8|1 ulydauelyoo) Aq 09t/€e'wq (/Z00T 0T/I0p/wod A3 |1m AR.q i pul|uoy/:sdny wouy papeojumod ‘0 ‘S96172SST


https://orcid.org/0000-0003-4510-1086
mailto:gooch.20@osu.edu
mailto:leight.1@osu.edu
mailto:leight.1@osu.edu
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/jbma
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbm.a.37460&domain=pdf&date_stamp=2022-10-10

SHARICK ET AL.

z LwiL EY—Y

biocompatible, relatively easy to use, and provide cells with biochemi-
cal cues that promote viability and proliferation. However, naturally
derived ECMs often suffer from high variability, limited tunability of indi-
vidual ECM variables, and ill-defined biochemical compositions. Synthetic
hydrogels have also been developed (e.g., polyethylene glycol [PEG]),
which enable independent tuning of biochemical and mechanical proper-
ties, however, these synthetic systems lack the fibrous architecture of
native collagen-rich ECM. While some synthetic hydrogel systems have
been designed to contain fibrillar structures,>* they remain overall nano-
porous, and cells must degrade the matrix with proteases in order to
migrate. Fibrous architecture is a critical regulator of cell-matrix interac-
tions, affecting cell adhesion, migration, proliferation, and drug response
in vivo.>® For example, tissues such as tendon and ligament, which are
primarily exposed to unidirectional loading, have collagen fibers aligned
parallel to the direction of the load,” while tissues that are exposed to
mechanical loading in multiple directions (e.g., the skin) have less aligned
fibers.?2 Additionally, in some cancers, increased ECM alignment is a
known negative prognostic indicator.”2° In vitro studies show that fiber
alignment proceeds and facilitates directional cell migration.**~2 In silico
studies suggest that a fibrous microarchitecture greatly enhances force
transmission and may allow mechanically mediated signaling between
cells.5¥*15 A hydrogel model system that combines a fibrous architecture
with independently tunable properties would enable new, more physio-
logically relevant studies of fundamental cell biology and drug efficacy.
Self-assembling peptides (SAP) are short amino acid sequences
(<40 amino acids) which form hydrogels with a fibrous structure simi-
lar to that of collagen 1, and enable independent tuning of stiffness
and cell-binding site density.!”"'® These models have been used to
study many aspects of basic cancer research,'® including ECM
remodeling,?®° metastasis,?*?2 drug sensitivity,2>"2® tumor-stromal

20,24

interactions, and cell dormancy.?” SAP have also been used to

study stem cell differentiation,*”?®2? the formation of microvascular

3031 and as a tissue engineering

networks by endothelial cells,
scaffold.3273¢

SAP have been developed from a number of different amino acid
sequences. We have previously developed a SAP gel system that pro-
vides independent control of the biochemical and mechanical properties
while presenting cells with a fibrous microarchitecture. This system is
based on the previously described peptide sequence KFE (acetyl-
FKFEFKFE-CONH,).%° KFE contains alternating hydrophobic-hydrophilic
residues, which allows it to form two antiparallel p-sheet ribbons. These
ribbons stack to form a double helical morphology, which then form long

16 it provides a

fibrils.>” =% Since KFE does not support cell adhesion,
“blank slate” on which other functionalities can be added.'”*%4° This con-
trasts with the most widely used SAP, RADA16, known commercially as
Puramatrix. Cells are able to adhere to RADA16 without additional adhe-
sion ligands, limiting the ability to control and vary adhesion ligand density
and identity.'® By adding an integrin binding sequence (GRGDSP) to the
base KFE, we created a new SAP, “KFE-RGD” (acetyl-GRGDSP-GG-
FKFEFKFE-CONH,), that supports cell adhesion. By mixing various
amounts of KFE and KFE-RGD prior to gelation, the stiffness and the
integrin binding site density of the resulting gel could be independently

controlled.*°

Incorporation of biological signals into SAP has previously been
achieved through mixing of freely suspended, unbound proteins into the
SAP prior to assembly (e.g., laminin®Y), or by modifying SAP peptides with
short amino acid sequences, such as in early work by Semino et al., who
demonstrated that cells could interact with SAPs containing cell adhesion
sites such as YIGSR, RYWVLPR, AND TAGSCLRKFSTM.*! Since then,
SAP have been synthesized with many other short sequences, such as
RGD,%%4042 |KVAV,*24% PDSGR,** MMP-sensitive PVGLIG,*> and other
functional motifs.* Incorporation of moieties on the SAP itself presents
challenges. First, any moiety being added is constrained by the limitations
of solid phase peptide synthesis, namely, it must be a short peptide (<40
amino acids), and it must exhibit the necessary solubility characteristics.
These moieties must already be modified with the correct chemical
groups (i.e., protecting groups) to make them compatible with SPPS,
greatly increasing their cost. Additionally, the position of the moiety
within the SAP and SAP block length may need to be optimized to main-
tain sufficient gel assembly, which can require significant peptide synthe-
sis time and cost.

Therefore, methods that are not constrained by peptide synthesis
to covalently incorporate biological signals into SAP could greatly
increase the utility of the SAP system and enable incorporation of a
wider range of molecules. We reasoned that functionalization through
a simple thiol-ene click chemistry process, hereafter referred to as
“Click SAP,” could provide an alternative method to functionalize
SAP. Click chemistry reactions are efficient and cytocompatible,*” and
have been used to functionalize many hydrogel systems.*®-¢ Thiol-
ene chemistry can be initiated by UV light, which allows for precise
spatial and temporal control of covalent bonding between a thiol
group and an “ene” group. This feature of the reaction has enabled a
new array of models of the cell microenvironment with higher spatio-
temporal complexity and flexibility than previously feasible.

SAPs have previously been shown to be compatible with click
chemistry reactions. One class of SAPs, known as collagen mimetic
peptides, has been successfully conjugated into PEG gels®>™* and into
elastin like peptide nanoparticles.’” The thiol-ene reaction was also
previously used to modify SAP fibers with a biotin-containing peptide,
which were then labeled with streptavidin gold nanoparticles as a con-

t.® However, click chemistry has not been previously used

trast agen
to functionalize SAP hydrogels for cell culture applications. Here we
use click chemistry to introduce functionality into the blank slate of
the KFE SAP, demonstrate that the resulting Click SAP retains the
desirable mechanical and micro-architectural properties of the original
SAP, and illustrate the flexibility and utility of the Click SAP by intro-
ducing three different classes of functionality: a fluorescent label, an

integrin binding site, and an MMP-sensitive biosensor.

2 | MATERIALS AND METHODS
2.1 | SAP preparation and thiol-ene chemistry

This study used several previously developed SAPs sequences, includ-

ing KFE-8 (referred to here as KFE), the cell adhesive sequence
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TABLE 1 Peptide sequences
Peptide MW
name Sequence (g/mol)
KFE (acetyl)-FKFEFKFE-CONH, 1162
KFE-RGD (acetyl)-GRGDSP-GG-FKFEFKFE- 1846
CONH>
KFE-RDG (acetyl)-GRDGSP-GG-FKFEFKFE- 1846
CONH»
KFE-alloc K-(alloc)-GG-FKFEFKFE 1447

KFE-RGD, and non-adhesive sequence KFE-RDG.**° A new sequence,
KFE-alloc, was created by adding a lysine with an alloc group to the N-
terminus of KFE (Table 1). All peptides were purchased from Biomer
Technology, reconstituted in deionized, sterile water at 10 mg/ml, soni-
cated in a water bath for 30 minutes, and stored at —70°C.

Solutions containing various mixtures of the above SAPs, along
with the indicated concentrations of photoinitiator, thiolated molecules,
sucrose, and/or cells were mixed in sterile, deionized ultrapure water.
Either 45 pl or 75 pl was pipetted into 24-well plate Thincert hanging
cell culture inserts (Greiner bio-one, cat#662641), resulting in theoreti-
cal pre-swelling thicknesses of approximately 1.3 and 2.2 mm, respec-
tively, calculated by dividing the volume of gel by the area of the cell
culture insert membrane. Thinner gels were used for all cell encapsula-
tions, fluorescent dye labeling, and MMP biosensor studies, while the
thicker gels were used for rheological measurements and 2D cell
spreading studies. To assemble gels, 800 pl of media or PBS were added
to the 24-well plate below each hanging insert, which allows ions to
slowly diffuse through the semi-permeable PET membrane into the
SAP solution and initiate gel formation. After approximately 25 min, the
gels achieved sufficient assembly for additional media or phosphate
buffered saline (PBS) to be pipetted on top of the gels.

The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP) was synthesized as previously described.*® To initiate the thiol-ene
reaction, gels or pre-gel solutions containing KFE-alloc, LAP, and either
TAMRA, RGD, or MMP biosensor were exposed to 365 nm UV light for
60 seconds (or other durations as indicated) at a measured intensity of
3.87 mW/cm?

2.2 | Characterization of clicked-in TAMRA

A short spacer, 3,6-dioxaoctanoic acid linker (Chem-Impex
#07310), was added to a cysteine amino acid using DIC-mediated
(Sigma #D125407) solid phase peptide synthesis.’>>? To this pep-
tide, a 5(6)-carboxytetramethylrhodamine (TAMRA) (Sigma
#8.51030) fluorescent group was covalently attached on resin to
the  N-terminus  with  N,N’-diisopropylethylamine  (Sigma
#D125806) and 6 equivalents of HATU (Sigma #445460) in N,N-
Dimethylformamide solvent (Sigma #227056), and reacted at room
temperature for 2.5 h. Reaction completion was confirmed by a
negative ninhydrin test. After peptide cleavage, the TAMRA
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product was purified by reverse phase HPLC and verified by
MALDI TOF mass spectroscopy (M = 678.2 [M + H]).

SAP hydrogels with clicked-in TAMRA dye were generated with a
volume of 45 pl, containing 3.2 mM KFE, 0.54 mM KFE-alloc, 2 mM
LAP, and 0.1 mM TAMRA and gels were formed as before. TAMRA
was not included at the stochiometric equivalent to KFE-alloc due to
its strong fluorescent signal. The click reaction was initiated using 60 s
of UV light, and fluorescence was immediately quantified (O h post-
UV measurement). Cell culture inserts containing the gels were rinsed
throughout the experiment in PBS and rocked at room temperature,
with a change of the PBS occurring before the 1 h post-UV measure-
ment. Fluorescence measurements of the TAMRA within the hydro-
gels were conducted using a Synergy H1 microplate reader (BioTek)
at 543 nm excitation/584 nm emission. An area scan was performed
from below using a 24-well plate setting and a 7 x 7 matrix in each
well. The average fluorescence intensity was calculated for the entire

matrix. TAMRA experiments were repeated four times.

2.3 | Rheology

A Kinexus Ultra+ rheometer (Malvern Instruments) was used to mea-
sure the storage moduli (G') of SAP gels. Gel volumes were 75 pl and
were exposed to UV prior to being assembled in PBS unless otherwise
described. A biopsy punch was used to cut and peel away the PET
membrane from each insert so that the gel could be transferred to the
rheometer stage without damage. Gels were measured at room tem-
perature with a 1.8 mm gap between the upper 8 mm titanium plate
and quartz lower plate. A frequency sweep between 0.1 and 10 Hz
was performed with constant strain of 1%, followed by an amplitude
sweep from 0.1 to 10% strain at 1 Hz. G' was calculated by averaging
the measured values across the frequency sweep for which the mod-
uli was generally frequency independent and inertial effects were not
dominant. The mismatch between the area of the titanium plate and
the gel was corrected for by multiplying moduli values by the ratio of
plate area to gel area (~1.223). All measurements were repeated on
3-4 different days, with 2 gels measured per day vyielding 6-8

replicates.

24 | Atomic force microscopy

SAP solutions were made at 1 mg/mL in sterile water, exposed to UV
if indicated, and then diluted to 0.1 mg/ml in sterile water and placed
in a sonicator bath for 30 min. Next, 50 pl of each solution was depos-
ited onto freshly cleaved mica and allowed to adsorb to the surface
for 5 min. Excess liquid was blotted from the mica using filter paper,
and samples were stored at 4°C overnight to finish drying. Images
were obtained using a Bruker multimode AFM with NanoScope Illa
controller. The AFM probe had a resonance frequency of 325 kHz
and a force constant of 40 N/m (MikroMasch #HQ:NSC15/AL BS).
Scanning was performed in tapping mode with a 2 Hz scan rate

and 512 samples/line. AFM height images were corrected for
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low-frequency noise and tilt by flattening them with NanoScope Anal-

ysis software v1.5 (Bruker).

2.5 | Cell culture and gel encapsulation

Human mesenchymal stem cells (MSC, Lonza #PT-2501) were cul-
tured in low-glucose DMEM (Gibco #11054) containing 10% fetal
bovine serum (FBS, Sigma #F4135), 1 ng/ml human fibroblast growth
factor (PeproTech #100-18B), 2 mM L-glutamine (Gibco #25030),
50 U/ml penicillin and 50 U/ml streptomycin (Life Technologies
#15140) and were used up to passage 20. HT1080 human fibrosar-
coma cells were obtained from ATCC (#CCL-121); cultured in RPMI
1640 (Gibco #21870) containing 10% FBS, 2 mM L-glutamine,
50 U/ml penicillin and 50 U/ml streptomycin; and were used up to
passage 20. For gel encapsulation experiments, cells were pelleted
and resuspended in 20% (wt/vol) sucrose (Fisher Sci #55500) in sterile
distilled water and mixed 1:1 with SAP solutions. Due to the highly
acidic nature of stock SAP solutions, 0.1 M NaOH (Fisher Sci #5318)
dissolved in sterile distilled water was added to all SAP mixtures prior
to mixing with cell solutions, for a final concentration of 4 mM NaOH

unless otherwise stated.

2.6 | Cell viability quantification

Cell viability was measured in 45 pl gels containing 3.34 mM KFE,
0.54 mM KFE-alloc, 2 mM LAP, and 0.5 mM RGD, 4 mM NaOH, with
or without 60 seconds of UV exposure. Gels containing encapsulated
cells were assembled in culture media, and additional culture media
was pipetted on top of gels after 25 min at 37°C and 5% CO,. Cells
were also encapsulated in Matrigel (Corning, #354234) as a positive
viability control, gelled at 37°C and 5% CO,, for 25 min, and then cul-
ture media was added to the well. After 24 h, a standard live/dead
assay was performed according to the manufacturer's instructions
(Invitrogen #1L3224). A Nikon A1R live cell confocal microscope was
used to take five random fields of view within each gel at 10x magnifi-
cation using GFP and Texas Red channels. A custom CellProfiler soft-
ware routine was written to quantify the number of live and dead
cells in each image.® Briefly, an adaptive threshold is calculated for
each pixel using the “Robust Background” method, and cells at least
10 pixels in diameter are counted.

2.7 | Optimization of NaOH neutralization

Cells were encapsulated in 75 pl gels for 24 h as previously described.
A series of SAP solutions were pre-neutralized so that gels would
have a final NaOH concentrations ranging from O to 8 mM. After 24 h
of incubation at 37°C and 5% CO,, alamarBlue (Invitrogen
#DAL1025) cell viability reagent was added at a 1:10 dilution to the
media surrounding each gel, according to manufacturer protocol. After

6 h of incubation, the fluorescent signal was measured using a plate

reader at 560 nm excitation/590 nm emission. This extended incuba-

tion time was chosen based on previous studies.>?¢?

2.8 | Clicked-in RGD effect on cell morphology

The cell adhesion peptide CRGDS, referred to here as “RGD,” was
synthesized by Biomatik. Following gel assembly and UV exposure for
2D cell spreading experiments, gels were rinsed in PBS on a rocker
overnight at 4°C. The next day, 1.5 x 10* HT1080 cells/cm? were
seeded on top of the gels in standard culture media without FBS and
cultured for 48 h at 37°C and 5% CO,. FBS-free media was used so
that cell adhesive proteins in serum did not adsorb to gel surface and
cause spreading independent of RGD peptide. Adverse effects of
serum starvation such as floating cells or apoptotic bodies were not
observed. A custom CellProfiler routine was written to quantify the
morphological characteristics of every cell. Briefly, a global minimum
cross-entropy thresholding method is used to identify individual cells,
and the “MeasureObjectSizeShape” module is used to extract their
morphological measurements. Over 300 cells per condition were
quantified, across four replicate experiments.

For 3D cell encapsulation experiments, 2x concentration SAP
solutions, partially neutralized with 4 mM NaOH, were mixed 1:1 with
cells in 20% sucrose to obtain a final cell density of 2.5 x 10°
cells/ml. Gels were generated with a volume of 45 pl. Gels were
exposed to UV as indicated and were allowed to assemble in MSC cul-
ture media for 25 min before adding additional media on top of gels.
To demonstrate the ability to click a functionality into an already
formed gel, the gels assembled without RGD or LAP were incubated
in media supplemented with RGD and LAP for 1 h prior to any UV
exposure. To explore the role of MMPs, in some cultures, GM6001
(Abcam #ab120845) was supplemented in cell culture media for a final
concentration of 10 pM. Encapsulated cells were then cultured for
48 h at 37°C and 5% CO.,.

To fluorescently stain actin, cells were fixed in 4% PFA for
30 minutes and rinsed with PBS. Cells were then permeabilized in
0.5% TritonX-100 (Sigma #X100) in PBS for 5 min and simultaneously
stained with phalloidin 488 (abcam # ab176753) and Hoechst 33342
(Invitrogen #H3570) for 1 h rocking at room temperature. Cells were
rinsed in PBS three times for 10 min each, and five random fields of
view were taken in each gel using a Nikon A1R live cell confocal
microscope, with 10x magnification and 2x zoom in the DAPI and
GFP channels. A custom Cellprofiler routine was used to detect indi-

vidual cells in images and quantify their morphological characteristics.

2.9 | Fluorogenic biosensor activation by MMP

The fluorogenic MMP biosensor Dabcyl-GGPQG |IWGQK-Fluores-
cein-AeeaC (where | indicates the protease cleavage site) was synthe-
sized using SPPS and functionalized with a quencher (dabcyl) and
fluorophore (fluorescein) as previously described.’®%? SAP hydrogels

with the MMP biosensor clicked-in were generated at a volume of
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45 pl. For experiments testing exposure to collagenase, gels were
incubated in various concentrations of collagenase dissolved in PBS
(ThermoFisher cat#17100-017 at 100, 50, 20, 10, 5, 2.5, 1, 0.1,
0.01 pg/ml) and incubated for 24 h at 37°C and 5% CO,. For experi-
ments involving cell encapsulation, gels were assembled and incu-
bated in standard MSC media, but with 10% FBS replaced with 1%
charcoal-stripped serum, prepared in our lab as described
previously,>® to reduce background biosensor activation by serum
proteases. Following gel assembly and UV exposure, fluorescence
measurements of the biosensor fluorescein signal within the
hydrogels were conducted using a Synergy H1 microplate reader
(BioTek) at 487 nm excitation/528 nm emission. An area scan was
performed from below using a 24-well plate setting and a 7 x 7
matrix in each well. The average fluorescence intensity was calcu-
lated for the entire matrix. Empty wells were filled with PBS to

prevent evaporation.

210 | Statistical analysis

Statistical analysis was performed using GraphPad Prism v9.3. Rheo-
logical data was fit using nonlinear regression and plotted with both
axes on a log scale. The p-value of this correlation was calculated by
log-transforming both variables and performing a linear regression.
Data presented are the mean * standard deviation (SD) unless other-
wise noted. Differences in cell viability and morphological measure-
ments between gels were analyzed using a one-way ANOVA with
Tukey's multiple comparison posttest. Differences in fluorescence sig-
nal versus control in MMP biosensor assays were analyzed using a
one-way ANOVA with Dunnett's multiple comparison posttest. Dif-
ferences in retained TAMRA signal over time between gels was ana-
lyzed using a two-way ANOVA with Tukey's multiple comparison
posttest (both PBS washing time and UV exposure time were
assessed as sources of variation). Statistical significance was defined

using a = 0.05.

3 | RESULTS

3.1 | Thiol-ene click chemistry binds fluorescent
dye to alloc-modified SAP hydrogel

SAPs were modified with an alloc group to enable functionalization
through an easy and cytocompatible thiol-ene click chemistry reac-
tion. KFE SAP was synthesized with a lysine-alloc at the N terminus
to enable thiol-ene click chemistry reactions (Figure 1). This alloc pro-
vides the “ene” to which thiolated ligands are bound. To verify incor-
poration of molecules into SAP hydrogels using this chemistry, a
cysteine amino acid (thiol) labeled with the fluorescent dye TAMRA
was “clicked” into 3D SAP hydrogels—TAMRA-C. The concentration
of KFE-alloc (0.54 mM) used throughout this work was chosen based
on the amount of KFE-RGD (KFE synthesized with an attached RGD
group) used in previous works.}”*° The TAMRA fluorescent signal
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retained in the gel was measured by a plate reader immediately after
UV light exposure and over time after several PBS rinses (Figure 2).
After 3 h of washing, gels exposed to UV retained approximately five
times more TAMRA signal as compared to gels that were not exposed
to UV, indicating a covalent click reaction between the TAMRA-C and
the alloc-modified SAP. A reduction in the absolute amount of fluo-
rescent signal at time zero between UV exposed gels and non-UV
exposed gels indicated possible photobleaching and/or photodamage
to the TAMRA dye (Supp. Figure 1). Other durations of UV exposure
did not yield significant differences in TAMRA retention (Supp.
Figure 1), therefore 60 seconds was chosen for subsequent reaction
studies to balance reaction efficacy with potential damage to cells and
molecules caused by UV and free radicals. Low doses of low intensity,
long wavelength UV light typically do not damage cells, and the radi-
cals created through photoinitiation are consumed by the reaction,

minimizing impact on cell health.

3.2 | Mechanical characterization of click-modified
SAP hydrogels

Since substrate stiffness can affect cell behaviors such as migration,®*

5> and proliferation,®®

differentiation,® and the viscosity of gels can
impact cell spreading®” and the rate of endocytosis,®® we character-
ized the effect of clicking in molecules to the SAP hydrogels on the
material properties of the gels. Previous studies demonstrated that
incorporation of the cell adhesion peptide RGD into the base KFE
peptide during the chemical synthesis of the peptide, rather than
afterwards via click chemistry, reduced the stiffness of the resulting
gel,*® with the magnitude of the decrease in stiffness dependent on
the amount of RGD incorporated. Consistent with the published
results, we observed a small (~14%, not statistically significant)
decrease in stiffness between gels formed from the same total mass
of KFE or KFE/KFE-RGD mixture (Figure 3A, two left-most columns).
When measuring the effect of different SAP molecule modifications
on overall gel stiffness (Figure 3A), we chose to have the same total
mass of SAP in each gel so that total SAP density did not become a
confounding variable in our comparisons. The storage moduli (G') of
gels with RGD clicked in were compared to identical gels where the
reaction was not initiated by UV, and no statistically significant differ-
ences were observed (Figure 3A, right columns, loss moduli G" and
tand in Supp. Figure 2A,B). Clicking the RGD onto the SAPs before or
after gel assembly both resulted in similar stiffnesses compared to gels
without UV initiation, suggesting that click chemistry can be done
without significantly altering mechanical properties. A non-significant
decrease in stiffness on average was observed in Click SAP gels com-
pared to gels with the same total mass density of pure KFE, which
agrees with previous rheological studies comparing modified and
unmodified SAP gels.*©

Gel stiffness could be tuned by varying the concentration of KFE
while holding the concentration of KFE-alloc constant. A range of sub-
strate stiffnesses (~450-3800 Pa) was achieved (Figure 3B, loss mod-
uli and tand in Supp. Figure 2C,D). This showed a strong correlation
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Diagram of KFE-alloc structure and thiol-ene reaction. (A) Chemical structure of KFE-Alloc with side-chain charges indicated.

(B) Thiol-ene click chemistry reaction forms a covalent bond between a thiolated bioactive molecule and KFE-alloc SAP. SAP, self-assembling
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FIGURE 2 TAMRA dye clicked into SAP hydrogels using thiol-ene
chemistry. Thiol-ene click chemistry (initiated by UV light) causes an
increase in TAMRA retention in alloc-modified SAP hydrogels
compared to gels in which the reaction is not initiated. Mean + SD,
**p < .01 versus no UV control. SAP, self-assembling peptide;
TAMRA, 5(6)-carboxytetramethylrhodamine

with a power law relationship (R? = 0.95, Equation (1)) as seen previ-

ously in KFE SAP gels.*°
G =0.115(C)7%, (1)

G'in kPa; Cis [KFE] in mM.

3.3 | AFM of the fibrous microarchitecture of SAP

KFE SAP have previously been shown to exhibit a fibrous structure

30,37

when diluted and dissolved in water, making it possible to assess

this structure using AFM. Scans of 0.1 mg/ml solutions of SAP fibers

deposited on cleaved mica demonstrate that alloc modification of
either 100% or 50% of KFE peptides does not prevent fiber formation
(Figure 4). Additionally, functionalizing the SAP fibers by clicking in
TAMRA, RGD, or MMP biosensor did not prevent the SAPs from
forming a fibrous network, which mimics the interconnected fibrous

structure of stromal ECM, especially collagen, in vivo.

3.4 | Cell spreading on top of SAP hydrogels with
clicked-in RGD

The small peptide RGD, an integrin binding site derived from the ECM
protein fibronectin, is often incorporated into biomaterials to promote
cell attachment and survival.®’ Here, we tested whether RGD incor-
porated into SAP hydrogels using thiol-ene chemistry would retain
biological activity and promote spreading of HT1080 cells on top of
the gels (Figure 5). HT1080 fibrosarcoma cells are relevant for study-
ing cancer cell migration, ECM remodeling, and drug treatment
response. RGD click gels were constructed with 7.11 mM KEFE,
0.54 mM KFE-alloc, 2 mM LAP, and 0.5 mM RGD. One set of these
gels was exposed to UV light for 60 s prior to washing, while another
set was not exposed. KFE-RGD and KFE-RDG scrambled non-
adhesive control gels contained 7.04 mM KFE, and 0.54 mM of either
KFE-RGD or KFE-RDG. Cells were also plated on TCP as a positive
control for cell spreading. The major axis length, or the length of the
major axis of an ellipse fit to the area of each cell, was quantified using
CellProfiler software, with additional morphological metrics found in
Supp. Figure 3. Consistent with previous reports,*° introducing an
integrin binding peptide at the time of chemical synthesis of the pep-
tide increased cell spreading, but the use of a scrambled version of
the peptide (KFE-RDG) did not (Figure 5). Similarly, RGD incorporated
in the Click SAP gels increased the average spreading of cells on top

of the gels (Figure 5B) and the percentage of cells exhibiting a high
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FIGURE 3 SAP mechanical properties (A) 8 : n.s. : (B) 10-

are sensitive to peptide concentration but R?=0.95

not RGD incorporation by click chemistry. G'=(0.115)X"7#3

(A) Incorporating RGD into Click SAPs via 6 p < .0001
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increases with KFE concentration. SAP, UV Before Assembly| - - + -

UV After Assembly| - - - +

self-assembling peptide

100% KFE

FIGURE 4

100% KFE-alloc

KFE-alloc + RGD

50% KFE + 50% KFE-alloc

(C)

20 nm

KFE-alloc + Biosensor

SAP modification does not interfere with fiber assembly. Atomic force microscopy images of 0.1 mg/ml aqueous solutions of

(A) pure KFE, (B) pure KFE-alloc, and (C) a 50/50 mixture of KFE and KFE-alloc fibers show that modifying the KFE sequence with an alloc group
does not inhibit the formation of fibers. Scale bar = 250 nm. Color bar represents the height of each pixel. Images taken after KFE-alloc was then
functionalized with (D) TAMRA, (E) RGD, and (F) QGIW biosensor peptide demonstrate that clicking in these molecules also does not interfere
with the formation of a fibrous network. SAP, self-assembling peptide; TAMRA, 5(6)-carboxytetramethylrhodamine

amount of spreading (Figure 5C) compared to Click SAP gels without
UV initiation. Importantly, adding the RGD peptide to the KFE-alloc
mixture, with no exposure to UV light to initiate the thiol-ene reac-
tion, did not support cell spreading compared to the scrambled con-
trol, indicating that the adhesion peptide needed to be clicked into
the SAP matrix to support cell adhesion on top of the gels.

35 |
SAP gels

Viability of cells encapsulated in 3D Click

To develop Click SAP gels as a model system for physiologically rele-
vant 3D cell culture, the viability of encapsulated HT1080s and MSCs
was optimized. MSCs are a model mesenchymal cell line with
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Click SAP -UV

Click SAP +UV
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0.6 — KFE-RGD
0.4 - TCP
— Click SAP -UV
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Incorporation of RGD into SAP gels via click chemistry promotes cell spreading in 2D. (A) Representative images of HT1080

fibrosarcoma cells cultured for 48 h in 2D on top of SAP gels containing non-adhesive KFE-RDG or adhesive KFE-RGD, on TCP, or on gels
containing RGD incorporated via thiol-ene reaction (Click SAP) with and without UV initiation. Actin cytoskeleton labeled with fluorescent
phalloidin. Scale bar = 100 pm. (B) Plot indicates the mean and standard deviation of the major axis length on each type of gel. N = 4 replicate
experiments. *p < .05 via one-way ANOVA with Tukey multiple comparisons post-test. Not all significances shown. (C) Empirical cumulative
distribution functions of the major axis lengths of all cells on each substrate across all four replicate experiments. SAP, self-assembling peptide;
TCP, tissue culture plastic; TAMRA, 5(6)-carboxytetramethylrhodamine

relevance to wound healing, ECM production, and cancer. Aqueous

2670 and thus were

solutions of unassembled SAP can be highly acidic
partially neutralized prior to mixing in cells. A final concentration of
4 mM NaOH was found to sufficiently neutralize the SAP solution to
support cell viability during encapsulation, without triggering prema-
ture gel assembly (see Supp. Figure 4 for NaOH optimization). In initial
viability experiments, 75 pl gels were used, but viability was generally
at or below ~70%. We reasoned that generating thinner gels would
decrease the time required for media to diffuse throughout the gel
and fully neutralize the cells microenvironment, therefore improving
viability. In subsequent experiments, the thinner 45 pl gels consis-
tently had viability at or above ~85%. Once optimized, viability was
quantified using a live/dead assay and compared to a Matrigel control,
an established natural hydrogel for 3D cell culture (Figure 6). Addi-
tionally, the effect of the click reaction on viability was also tested.
Culturing cells in Click SAP hydrogels caused a decrease in viability
compared to matrigel, but overall viability remained relatively high.
HT1080 cells were over 85% viable on average, and MSCs were over
88% viable, neither of which decreased with thiol-ene reaction expo-
sure. These results suggest that the cells did not experience prolonged
free radical exposure during the click reaction. Thus, Click SAP gels
and the thiol-ene reaction itself are biocompatible and suitable for 3D

cell encapsulation studies.

3.6 |
SAP gels

Spreading of cells encapsulated in 3D Click

We next determined whether clicked-in RGD can promote cell
adhesion and spreading for cells encapsulated in 3D, in addition to
the 2D configuration. Spreading of MSCs in these gels was com-
pared to control gels containing equivalent concentrations of KFE
and either KFE-RGD or KFE-RDG, along with click gels containing
no RGD (Figure 7A). Click SAP Gels contained final concentrations
of 3.34 mM KFE, 0.54 mM KFE-alloc, 2 mM LAP, and 0.5 mM
RGD. KFE-RGD and KFE-RDG scrambled non-adhesive control
gels contained 3.34 mM KFE, and 0.54 mM of either KFE-RGD or
KFE-RDG. CellProfiler software was used to quantify the circular-
ity of each cell, which is defined as 4n*Area/Perimeter?. This met-
ric equals 1 for a perfectly circular object and decreases toward
zero as objects become less circular. This metric was found to cap-
ture the differences in cell spreading within 3D gels better than
the major axis length previously used for cells on top of gels, likely
because spreading within gels tends to be isotropic, rather than
along one axis as seen in cells on gels. Additional morphological
metrics can be found in Supp. Figure 5. As with 2D gels, cells show
significantly more spreading with KFE-RGD present compared to
KFE-RDG (Figure 7). Cells within click SAP gels with RGD
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Click SAP +UV

Click SAP -UV

Click SAP -UV

Multiple cell types remain highly viable during SAP encapsulation and click reaction. HT1080 cells (A and B) and MSCs (C and D)

were encapsulated in SAP gels with RGD clicked in to measure the effects of the SAP, 60 seconds of UV light, and the click reaction on cell
viability. Cells were also encapsulated in Matrigel as a control, along with SAPs that were not exposed to UV. 24 h after encapsulation and
clicking in RGD, a live/dead assay was performed to quantify the number of live cells (green) and dead cells (red). A custom CellProfiler pipeline
was written to quantify the overall percentage of live cells in each experiment (A, C). Points indicate the mean + SD, N = 3-4 replicate
experiments, *p < .05, **p < .01. Representative images demonstrate the effects of gel conditions on cell viability (B, D). Scale bar = 250 pum.

MSC, mesenchymal stem cells; SAP, self-assembling peptide

covalently bonded to the matrix show significantly more spreading
than gels not exposed to UV (i.e., when the RGD is present but not
bound to the matrix). To determine whether this spreading was
MMP-dependent, a general MMP inhibitor GM6001 was added to
the media, and the thiol-ene RGD reaction was initiated. The
GM6001 caused no significant change in cell circularity (p > .99),
suggesting that the RGD-dependent cell spreading is MMP-
independent.

Finally, to test the ability to temporally control presentation of
biochemical cues in alloc-modified SAPs, RGD and LAP were diffused
into gels for 1 h after assembly, rather than being mixed into the initial
SAP solution. In these gels, subsequent UV initiation of the thiol-ene
reaction also significantly increased cell spreading, demonstrating that
biochemical cues can be added to the SAPs at desired time points fol-
lowing cell encapsulation. The distribution of MSC circularities in SAP
gels with RGD clicked in was similar to that of gels containing KFE-
RGD, while those without RGD clicked in resembled that of gels con-
taining scrambled KFE-RDG (Figure 7C).

3.7 | SAP hydrogels functionalized with
a fluorogenic MMP biosensor

Hydrogels have previously been functionalized with a FRET-based
peptide MMP sensor to measure MMP activity in situ. This has been
performed in PEG hydrogels to study cell-derived MMP activity®%¢?
and for high-throughput drug screening,®”’* but has not previously
been used to create 3D “smart” reporter SAPs. Here, thiol-ene chem-
istry was used to bind this biosensor to the Click SAP matrix, and the
sensitivity of the biosensor to exogenous collagenase (a mixture of
MMPs isolated from bacteria), as well as cell-secreted enzymes, was
measured (Figure 8). Click SAP gels contained 3.16 mM KEFE,
0.54 mM KFE-alloc, and 0.25 mM of clicked-in MMP biosensor, and
were incubated for 24 h in collagenase, which resulted in a dose-
dependent increase in fluorescein signal as the peptide was cleaved
and the fluorescein was no longer quenched by dabcyl (Figure 8A).
Doses of 5 pg/ml collagenase (log10[5] ~ 0.7) and above caused signif-

icant increases in fluorescence signal compared to PBS-only control.
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Incorporation of RGD into SAP gels via click chemistry promotes stem cell spreading in 3D. (A) Representative images of MSCs

encapsulated for 48 h in 3D SAP gels show that clicking in RGD promotes cell spreading in a non-MMP dependent manner. Actin cytoskeleton
stained with fluorescent phalloidin. GM6001 is a general MMP inhibitor (10 pM). Scale bar = 100 pm. (B) Plots of the mean and standard
deviations of the circularity of cells within each type of gel as measured with CellProfiler. N = 3 replicate experiments. *p < .05, ***p < .0005,
****p < .0001. Not all significances shown. (C) Empirical cumulative distribution functions of circularities for all cells across all replicate

experiments. MSC, mesenchymal stem cells; SAP, self-assembling peptide

On average, 100 pg/ml collagenase caused a > 7-fold increase in fluo-
rescence signal over the time period.

MSCs were encapsulated in Click SAP gels containing final
concentrations of 2.45mM KFE, 1.08 mM KFE-alloc, 0.5 mM
clicked-in RGD, and 0.25 mM clicked-in MMP biosensor. After
24 h of culture, the fluorescent signal increased in a cell density-
dependent manner (Figure 8B). Cell densities of 1 x 10° cells/ml
and above caused significant increases in fluorescence signal com-

pared to controls without cells. Of note, gels containing 4 x 10°

cells/ml exhibited a > 11-fold change on average in fluorescent

signal after 24 h.

4 | DISCUSSION

In an effort to create a simple and flexible system to modify SAP, we
used click chemistry to introduce functionality into the blank slate of
KFE, and demonstrate that the resulting Click SAP retains the
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AFM images, however, will reveal slight differences in the fiber dimen-
sions between unmodified KFE and the various modified KFEs. This
change in fiber dimensions is not an unexpected outcome and it is not
specific to the Click SAP. The unmodified KFE was originally designed
and chosen based on its structure that supports self-assembly. It is
reasonable to expect that inclusion of additional amino acids such as
the integrin binding sequence could perturb this assembly. We3%4°
and earlier work by others*? report that adding integrin binding sites
to a SAP during peptide synthesis results in fibers of altered dimen-
sions as observed by AFM. Interestingly, though the addition of the
alloc to the KFE resulted in a visible change in fiber dimensions, click-
ing in the fluorescent label, the integrin binding site, or the biosensor
resulted in no obvious further changes in the fiber dimensions. Thus,
at least for the three different functionalities we investigated, clicking
a molecule in the SAP did not noticeably alter the fiber dimension rel-

ative to the KFE-alloc, which is the natural control condition to use

Rheology suggested that a range of physiologically relevant gel
moduli could be achieved in Click SAPs (Figure 3). Taking an example

from cancer biology, the elastic moduli of both normal (G’ ~0.1-
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FIGURE 8 Degradable FRET-based biosensor incorporated into
SAP gels via click chemistry detects MMP activity. (A) Increase in the
fluorescence intensity of the FRET-based biosensor after incubating
SAPs in increased concentrations of collagenase in PBS after 24 h.
Enzymes degrade the QGIW sequence, which releases the fluorescein
dye from the dabcyl quencher. Mean + SD, N = 3 replicate
experiments. *p < .05 versus PBS blank (dotted line). (B) Fluorescence
intensity of the biosensor at 0 and 24 h with various seeding densities
of MSCs. Mean + SD, N = 3-4 replicate experiments. *p < .05 versus
0 cells/ml. SAP, self-assembling peptide

desirable mechanical and micro-architectural properties of the original
SAP. Click chemistry has been widely used in other biomaterials, and
in addition to its ease of use, its potential benefits include spatial and
temporal control of biomaterial properties,>**® and the ability to
covalently link a wide range of molecule types and sizes.*” While a
complete demonstration of the potential uses of the Click SAP system
is beyond the scope of this initial report, we illustrated the flexibility
and utility of the Click SAP by introducing three different classes of
functionality: a fluorescent label, an integrin binding site, and an
MMP-sensitive biosensor.

Characterization of Click SAPs with AFM imaging indicates that
the fibrous microarchitecture of the original KFE SAP is retained after
introduction of the alloc group or clicking in the RGD containing
integrin binding sequence (Figure 4). Retention of the microarchitec-
ture is crucial since, as summarized previously, one of the most
appealing features of SAP systems that distinguish them from most
other synthetic hydrogels is that SAP have a fibrous microarchitecture
similar to stromal ECM¢ and the microarchitecture of a substrate is a

key determinant of cellular responses to it.> Careful inspection of

0.4 kPa) as well as cancerous mammary tissue (G’ ~ 3-5 kPa) could be
achieved with this Click SAP system.”?"74 Our measurements fol-
lowed a power law relationship between SAP concentration and elas-
tic moduli as those previously reported for unmodified KFE.*°
Addition of the alloc moiety to KFE reduced the stiffness of the
resulting gels. As with the AFM observations of altered fiber dimen-
sion, this effect on stiffness is consistent with our previous work30:40
and earlier work by others*! reporting that adding integrin binding
sites to a SAP during peptide synthesis results in less stiff gels com-
pared to the unmodified SAP. Clicking in the RGD peptide had no
additional change in stiffness relative to the KFE-alloc (p > .98). Taken
together, both the AFM and rheology measurements suggest that, at
least with the molecules investigated, clicking molecules into the KFE-
alloc has little impact on the microarchitecture or stiffness of the
resulting gels, thus potentially allowing users to tune desired proper-
ties (e.g., integrin binding site density) without causing significantly
confounding changes in gel physical properties. It should be noted
that all the molecules we clicked into the gel were ~1-2 kDa, so
future studies will be needed to investigate the effect of larger mole-
cules (e.g., proteins) on the physical properties of SAP.

Stable incorporation of a fluorescent dye to the hydrogel demon-
strated that thiol-ene click chemistry could be used to covalently link
a thiolated molecule to SAP fibers containing free alloc groups. After
rinsing unreacted TAMRA out of the gel, it was found that the UV-
initiated reaction caused a significant (5x) increase in retained signal
(Figure 2). While 60 s was chosen as an example UV duration in this
study, this may need to be adjusted to account for changes in UV
source intensity, gel dimensions, the amounts of thiols and enes in the
solution, cell type, the sensitivity of constituent molecules to photo-
damage and photobleaching, and other factors. Because the thiol-ene
reaction is initiated with light, future applications could harness this
feature using photomasks or multiphoton microscopy to perform 2D

and 3D spatial patterning of biochemical signals within this
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system.*?>*>% Spatial patterning is not possible when biochemical sig-
nals are incorporated prior to gel assembly, but could be important for
accurately mimicking aspects of native ECM, which is inherently
dynamic, complex, and heterogeneous on many length scales.”> Addi-
tionally, we were able to control presentation of cell adhesion cues in
time by clicking in RGD post-self assembly (Figure 7). This ability to
temporally control the properties of Click SAPs could be harnessed to
model the microenvironment of complex, progressive diseases whose
biochemical properties evolve over time. This is not possible in tradi-
tional SAPs, where functional moieties are added during the synthesis
process or entrapped during hydrogel assembly. Mechanical proper-
ties could also be temporally controlled by introducing dithiol crosslin-
kers to stiffen gels on demand. For example, this temporal stiffening
could be used to study how cells respond to a transition from a nor-
mal to cancerous physical microenvironment.”*””

While others have used click chemistry to incorporate assembling
peptides into PEG gels,>™* the present study is the first to show that
biologically active molecules can be clicked into a hydrogel comprised
solely of SAP fibers. Previous functionalization of SAP fibers via thiol-
ene chemistry were not verified via cell interaction and were not per-
formed in 3D hydrogels. To demonstrate this, we show that Click SAP
with RGD covalently linked to the matrix promotes cell spreading in
both 2D and 3D (Figures 5 and 7). RGD is a common integrin binding
site and can be used to tune the cellular adhesiveness of a material.*
We found that cell spreading in 3D occurred even in the presence of
a MMP inhibitor GM6001, suggesting that spreading was indepen-
dent of MMP activity (Figure 7). This highlights a benefit of using
ECM-like fibrous biomaterials such as Click SAP to study cell behavior.
In dense, nonfibrous nanoporous gels such as Matrigel or PEG, cells
must use a proteolytic migration mode to degrade the surrounding
matrix, while in a fibrous material, cells can switch to a protease-
independent amoeboid mechanism in order to migrate.s’78 Thus, a
fibrous material such as Click SAP could be used to investigate the
role of MMPs in cell invasion beyond ECM degradation, such as in
growth factor activation, induction of epithelial-mesenchymal transi-
tion, or cleavage of cell surface adhesion receptors.”’

The Click SAP platform can be used to generate “smart” SAP bio-
materials by covalently incorporating biosensors such as an MMP-
sensitive fluorogenic peptide (Figure 8). This functionalized hydrogel
could be used to study how 3D biophysical and biochemical cues,
drugs, and other factors regulate cellular MMP activity in a fibrous tis-
sue. In this study, the clicked-in MMP biosensor was able to measure
a range of collagenase concentrations, as well as the MMP activity of
encapsulated cells, showing significant sensitivity to as little as
1 x 10° MSCs per ml (45,000 total cells). Since the fluorescein-labeled
end of the biosensor remains covalently linked to the matrix, even
after peptide degradation by MMPs, future studies could investigate
the spatial location of MMP activity in real-time using optical section-
ing fluorescence microscopy techniques such as confocal micros-
copy17,30

Another advantage of Click SAPs over existing biomaterials used

or multiphoton microscopy.&°

for disease modeling is affordability. The total cost of the constituents

in the Click SAPs with RGD used to encapsulate cells (e.g., as in

Figure 7) is approximately $10/ml, much less than the widely used
Matrigel, which is typically $25-30/ml. Additionally, because peptides
can be purchased from vendors, no specialized techniques or skills are
required, and no special equipment is needed other than a UV lamp
(~$500).

In summary, functionalized Click SAPs allow one to conve-
niently introduce various functionality in the blank slate of the
KFE SAP system while retaining a fibrous microarchitecture similar
to stromal ECM. The modifications we demonstrated allow one to
control both the mechanical (e.g., stiffness) and biochemical cues
(e.g., integrin binding cite density) that the 3D ECM biomimetic
presents to encapsulated cells, while at the same time using the
matrix to monitor cellular activity (e.g., MMP-sensitive biosensor).
Based on the modifications we have already demonstrated, one
can envision researchers exploiting these and other modifications
to generate ECM biomimetics with specific tunable properties. For
example, this platform could be used to build a new system to
study how binding site identity and/or density affects the activity
of cell-secreted MMPs. Such ECM biomimetics could serve as
in vitro models that better replicate the in vivo microenvironment,
which could be useful to study physiological and pathological con-

ditions and for drug screening.

5 | CONCLUSIONS

Addition of a lysine with an alloc group to the previously studied KFE
SAP allows multiple types of molecules to be covalently linked to SAP
hydrogels through click chemistry thereby circumventing limitations
associated with incorporating moieties prior to gel formation via solid
phase peptide synthesis. The subsequent clicking in of various func-
tional molecules did not disrupt the fibrous microarchitecture of the
SAP or the ability of the user to control the mechanical properties of
the resulting hydrogel-both important regulators of cell behavior. The
resulting Click SAPs support cell encapsulation with high viability and
provide spatiotemporal control of functionalization with biomolecules
and biosensors. This platform can be used to generate smart SAP
hydrogels that contain an MMP-sensitive fluorogenic peptide, which
can be used to study how cellular MMP activity is regulated in fibrous

tissue.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.
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