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Abstract

Oligopeptide hydrogels are emerging as useful matrices for cell culture with commercial products
on the market, but L-oligopeptides are labile to proteases. An obvious solution is to create D-
oligopeptide hydrogels, which lack enzymatic recognition. However, D-oligopeptide matrices do
not support cell growth as well as L-oligopeptide matrices. In addition to chiral interactions, many
cellular activities are strongly governed by charge-charge interactions. In this work the effects of
chirality and charge on human mesenchymal stem cell (hMSC) behavior were studied using
hydrogels assembled from oppositely charged oligopeptides. It was found that negative charges
significantly improved hMSC viability and proliferation in D-oligopeptide gels but had little effect
on their interactions with L-oligopeptide gels. This result points to the possibility of using charge
and other factors to engineer biomaterials whose chirality is distinct from that of natural
biomaterials, but whose performance is close to that of natural biomaterials.
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Introduction

Biohomochirality is recognized as a defining feature of life on earth. It is well known that
biomacromolecules are homochiral, where proteins contain exclusively Z-amino acids, and
nucleic acids and most polysaccharides contain exclusively D-sugars. While the biochemical
aspect of homochirality has been explored extensively,1- its material aspect has been
seldom explored. In a previous paper, we investigated how chirality affects the mechanical
and structural properties of oligopeptide hydrogels.® In this work, we explored how chirality
impacts hydrogel-cell interactions and how such interactions are modulated by the charge
status of the hydrogel.

Hydrogels are viscoelastic materials with many natural (e.g., the extracellular matrix) and
manmade (e.g., contact lenses) examples. As a result of the homochirality of its constitutive
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biopolymers, natural hydrogels are also homochiral. For example, the extracellular matrix
(ECM) is a chiral material made of homochiral L-proteins and homochiral D-
polysaccharides. Both L-protein (e.g., MatriGel ™) and L-oligopeptide (e.g., PuraMatrix ™)
hydrogels have been used to mimic the ECM for cell culture applications. Considering that
the ECM has a profound impact on cell growth® and differentiation,’ the question of how
ECM chirality affects cell behavior has significant implications for biology and
bioengineering. In this work, oligopeptide hydrogels of different chirality makeups
(homochiral, heterochiral and racemic) were used as ECM mimetics to grow cells. The
impact of chirality on cell viability and proliferation was investigated.

In addition to chiral interactions, many cellular activities are strongly governed by charge-
charge interactions. Examples include cell communication and ion transport across the cell
membrane. Regarding material cell-interactions, it has been found that both the type and the
material charge density affect cell behaviors.8-11 Dadsetan et al. found that chondrocytes
proliferated more on oligo(poly(ethylene glycol) fumarate) modified with negatively
charged monomers than positively charged monomers and that the percentage of monomer
modification also affected cell behavior.? In fact, material surface charge can be used to
modify cell behavior.12-14 Keselowsky et al. found that on positively charged surfaces,
osteoblasts up-regulated osteoblast-specific gene expression, alkaline phosphatase
enzymatic activity, and matrix mineralization compared with negatively charged surfaces.14
Based on these previous studies, we hypothesized that it might be possible to exploit charge
to modulate chiral effects in hydrogel-cell interactions. If proven true, then the combination
of chirality and charge could be a powerful tool to guide cell behavior using oligopeptide
hydrogels.

In contrast to other chirality studies in which thin films were used, %16 we used soft
hydrogels which more closely resemble the ECM. The hydrogels used in this study were
assembled from self-repulsive but mutually attractive oligopeptide modules.1” Gelation
requires at least two oppositely charged modules. This co-assembling approach allowed us
to systematically explore various chirality-charge combinations, some of which are not
accessible to hydrogels based on the se/f-assembly of a single oligopeptide.

In this study, human mesenchymal stem cells (nMSCs) were used because they are
extremely attractive candidates for cellular therapy. MSCs have many attributes including
ease of isolation, high expansion potential and genetic stability.18 Further, MSCs can be
used allogeneically, an important clinical advantage.1® Understanding how hMSCs respond
to different environments will facilitate the engineering of biomaterials with the appropriate
properties for cell viability and proliferation. hMSC viability was investigated using a live/
dead assay after one day of cell incubation. hMSC proliferation was observed with the
WST-1 assay 1, 3 and 7 days after cell seeding.2°

Materials and Methods

Chemicals

Fmoc-protected amino acids, N-Hydroxybenzotriazole (HOBt) and O-Benzotriazole-
N,N,N’,N’-tetramethyl-uronium-hexafluoro-phosphate (HBTU) were purchased from
Aapptec and used as received. Rink amide MBHA resin was purchased from Chem Impex.
Dimethylformamide (DMF) was purchased from Macron. Acetic anhydride and
trifluoroacetic acid (TFA) were purchased from Alfa Aesar. Piperidine, N,N-
Diisopropylethylamine (DIEA), MeOH, triisopropylsilane (TIPS), 3-
(trimethylsilyl)propionic-2 2 3,3-dj acid, sodium salt (TSP) and diethyl ether were
purchased from Sigma-Aldrich. WST-1 kit was purchased from Takara. Live/dead assay kit
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was purchased from Invitrogen. All components for hMSC basal growth media were also
purchased from Invitrogen. hMSCs were purchased from Lonza.

Oligopeptide Design and Synthesis

Four oligopeptides were designed using a previously described approach!’ in which
oppositely charged oligopeptide modules interact electrostatically, co-assemble and form a
hydrogel. Detailed synthesis and purification procedures for these oligopeptides are
described elsewhere.?! Briefly, two positive sequences (L* and D*) were made with
alternating neutral (W and A) and positively charged (K) amino acids. The two
oligopeptides were chiral opposites, made from either all L-amino acids or all D-amino
acids. The two negative sequences (L™ and D™) were made with alternating neutral (W and
A) and negatively charged (E) amino acids. The oligopeptide sequences of these positively
and negatively charged modules are given below:

Positive modules (L* or D*): acetyl-K-W-K-A-K-A-K-A-K-W-K-amide
Negative modules (L~ or D7): acetyl-E-W-E-A-E-A-E-A-E-W-E-amide

The oligopeptides were synthesized using standard Fmoc chemistry22 on Rink Amide
MBHA resin using a microwave synthesizer. The oligopeptide products were cleaved,
precipitated by cold diethyl ether, purified by reverse-phase HPLC, and dried by
lyophilization. The purity and molecular weight of each purified oligopeptide were verified
by reverse-phase analytical HPLC and mass spectrometry, respectively (see Supporting
Information for more details).

Each purified oligopeptide was dissolved in deionized water and then dialyzed against
deionized water for 24 hours to remove residual small molecules (TFA, MeOH, etc.).
Afterwards, the oligopeptide was lyophilized again. The dried oligopeptide was then
dissolved in phosphate-buffered saline (PBS, 50 mM sodium phosphate and 100 mM NacCl,
pH 7.4). The concentration of each oligopeptide sample was determined on the basis of the
UV absorption of the tryptophan residues in each oligopeptide, using an extinction
coefficient of 5690 M~1cm™1 at 280 nm for each tryptophan residue.23 lonic strengths of the
oligopeptide samples were tuned to the conductivity of PBS buffer (17 mS/cm) using a
conductivity meter. Oligopeptide solutions were sterile filtered directly prior to gelation. The
pH of each oligopeptide solution is 7.4.

Hydrogel Preparation

Our hydrogels are formed by mixing solutions of oppositely charged oligopeptide modules.
In each hydrogel, the total oligopeptide concentration was 5 mM. All gels were made 24
hours before cell seeding. In total, 9 gel types were made under sterile conditions at 25°C
(see Figure 1).

To investigate chirality, neutral homochiral, heterochiral and racemic hydrogels were
prepared. The neutral homochiral (££)° gel was made by mixing equal volumes of 5 mM L*
with 5 mM L~. The neutral homochiral (DD)° gel was made by mixing equal volumes of 5
mM D* with 5 mM D~. Neutral heterochiral (LD)° and (DL)° gels were made by 1:1 mixing
of 5mM L* with 5 mM D~ and 1:1 mixing of 5 mM D* with 5 mM L, respectively. The
neutral racemic hydrogel, (LLDD)P, was made by mixing equal volumes of all 4 types of 5
mM oligopeptide solutions, L*, D*, L~ and D™, each with a 1.25 mM final concentration in
the hydrogel.

To investigate charge-chirality interplay, charged homochiral gels were prepared by varying
the positive to negative oligopeptide ratio in the hydrogel while keeping the total
oligopeptide concentration at 5 mM. Specifically, positively charged (LL)* and (DD)* gels
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were made by mixing equal volumes of 6 mM L* or D* with 4 mM L~ or D™, resulting in 1
mM of excess of positively charged oligopeptide in the hydrogel. Negatively charged (LL)~
and (DD)~ gels were made by mixing equal volumes of 4 mM L* or D* with 6 mM L~ or
D7, resulting in 1 mM of excess of negatively charged oligopeptide in the hydrogel.

Nuclear Magnetic Resonance (NMR) Measurements

Cell Culture

Cell Viability

Individual oligopeptide solutions were pre-equilibrated at room temperature and diluted to
appropriate concentrations in PBS, as described in the gel preparation section. (LL)*, (LL)°
and (LL)™ gels were loaded into NMR tubes by quickly mixing equal volumes of each L*
and L~ solution together in a 1.5 mL plastic centrifuge tube and transferring the mixture to a
3-mm NMR tube using a long glass disposable pipette. Gels were allowed to mature for 24
hours at 25°C Both gels and solutions were contained in 3-mm NMR tubes (inner tubes).
Each 3-mm inner tube was placed one at a time in the same 5-mm NMR outer tube
containing 100% D50 to provide the deuterium lock signal. With this setup, solutions and
gels did not come in contact with D,O.

NMR experiments were carried out on a Varian 400-MR spectrometer equipped with a triple
resonance indirect detection probe. The temperature of the NMR spectrometer probe was
preset to 25°C. 1H spectra were used to examine the presence of free oligopeptide in each
gel after 24 hours. Due to the very short transverse relaxation time (T,) of gelled
oligopeptides, only free oligopeptides can be detected by NMR spectroscopy.?* To compare
the signal intensities from different 1D 1H spectra, the same calibrated 90° pulse and the
same receiver gain were used in all cases. All samples contained an external TSP standard in
the outer D,0O tube in order to calibrate 1H peak height and chemical shift. The number of
averages for each H spectrum was 16.

hMSCs were cultured in high glucose Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% FBS, 1% penicillin/streptomycin (100 U/mL), 1% nonessential
amino acids (0.1 mM), 2% L-glutamine (4 mM) and incubated at 37°C, 5% CO,. The
medium was changed every two days. The cells were detached from flasks with PBS
containing 0.25% wi/v Trypsin-EDTA, were centrifuged and then resuspended in DMEM for
re-plating on various hydrogels and tissue culture polystyrene (TCPS) plates.

hMSCs (passage 5 or 6) were seeded onto the surfaces of the hydrogels in a 96-well plate at
a density of 1x10° cells/mL in the culture medium and the cells were incubated for one day
at 37°C. To assess cell viability one day after seeding, a live/dead assay was used. Cells
were washed with PBS and incubated in PBS containing calcein acetoxymethyl ester
(calcein-AM) and ethidium homodimer-1 for 30 minutes. Cells were washed again and
incubated in PBS containing 4”,6-diamidino-2-phenylindole (DAPI) for 10 minutes. hMSCs
were then visualized by spinning disk microscope (SDM, Olympus 1X81) at excitation
wavelengths of 358 nm, 488 nm and 532 nm. DAPI was used to locate and focus on the cells
within the gel, in an effort to minimize photobleaching of calcein-AM and ethidium
homodimer-1. Fluorescence image stacks of 15 pm depth were created starting from the
most superficial cell focal plane and then penetrating into the gel. Cells cultured on a tissue
culture polystyrene (TCPS) 96-well plate without hydrogel and the nine hydrogel types
without cells were used as positive and negative controls respectively. Three wells were
made per hydrogel type, six images were taken per well, and the assay was performed in
triplicate, so a total of 54 images were taken per hydrogel type. Cells were counted using
NIH Imagel] software.2> Relative viability was calculated by normalizing the average cell
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viability on each gel type to the average cell viability on the TCPS control. Viability was
calculated as:

#live cells
(#live cells+#dead cells

Viability=

To study the effect of single oligopeptides on hMSC viability, 50 pL of 2 mM oligopeptide
in PBS was added to each well. Then, 50 pL of media containing 2x10° cells/mL was added
to each well, making the final total concentration of oligopeptide 1 mM. The cells were then
incubated for one day at 37°C. A live/dead assay was also used to assess cell viability. Cells
grown in normal media on TCPS and 1 mM oligopeptide on TCPS without cells were used
as positive and negative controls respectively.

Cell Proliferation

hMSCs (passage 5 or 6) were seeded onto the surface of the hydrogels in a 96-well plate at a
density of 7x10* cells/mL. The medium was exchanged every two days. Cells cultured on a
96-well plate without hydrogel (TCPS) and hydrogel without cells were used as positive and
negative controls respectively. At different time points (day 1, day 3 and day 7), the
proliferation of viable cells was assessed by the WST-1 assay. This assay is based on the
cleavage of the tetrazolium salt WST-1 to formazan by cellular mitochondrial
dehydrogenases present in viable cells.20 Absorption by formazan at 450 nm was used to
measure proliferation. Absorbance from negative controls at 450 nm was subtracted from all
experimental results. The proliferation results were then expressed as a percentage of the
absorbance of the positive control.

To study the effect of single oligopeptides on hMSC proliferation, 50 L of 2 mM
oligopeptide in PBS was added to each well. Then, 50 pL of media containing 2x10° cells/
mL was added to each well, making the final concentration of the oligopeptide 1 mM.
Medium containing 1 mM oligopeptide was changed every two days. Cell proliferation was
still assessed using the WST-1 assay. Cells grown in normal media on TCPS and 1 mM
oligopeptide on TCPS without cells were used as positive and negative controls respectively.

Results and Discussion

Experimental Design

To investigate how chirality and charge of hydrogels affect hMSC behavior, two mirror-
image positively charged oligopeptide modules, L* and D*, were made; also made were two
mirror-image negatively charged oligopeptide modules, L™ and D~. Hydrogels were
assembled by mixing oppositely charged oligopeptide modules in PBS. Note that although
all oligopeptide modules are homochiral and charged, different combinations of oppositely
charged oligopeptides result in hydrogels of different chirality (homochiral, heterochiral or
racemic) and charge (positive, neutral or negative) statuses. This is the advantage afforded
by the co-assembly approach to hydrogelation.

To investigate the effect of hydrogel chirality on hMSC behavior, five neutral hydrogels,
including homochiral, heterochiral and racemic types, were made. The two homochiral gels,
(LL)? and (DD)°, were mirror-images of each other. So were the two heterochiral gels,
(LD)® and (DL)°. The racemic hydrogel, (LLDD)°, was its own mirror image.

To investigate the interplay of charge and chirality on hMSC behavior, six homochiral gels
of different charge statuses were made. The six hydrogels were comprised of three-mirror
image pairs: (LL)* and (DD)*, (LL)° and (DD)°, and (LL)™ and (DD)".
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In total, 9 hydrogels of different chirality and charge statuses were assembled from 4
homochiral charged oligopeptides. Figure 1 lists all 4 parent oligopeptides, the resulting 9
hydrogels and their mirror image relationships.

Effect of oligopeptide chirality and charge on hMSC viability and proliferation

Because each hydrogel is assembled from two or more parent peptides, it is important to
separate the impact of a hydrogel from the impact of its parent oligopeptides on stem cells.
For this purpose, the impact of the four parent oligopeptides on hMSC behavior was
assessed. The results are presented in Figure 2. These individual peptides serve as controls
for the hydrogels. All four oligopeptides had about 5% lower cell viability and 15-20%
lower proliferation in comparison to the control (TCPS). However, there is no statistically
significant difference among the four oligopeptides (p> 0.01, Table S1). Based on this
result, any observed differences in hydrogel-cell interactions among the nine hydrogels are
caused by differences in hydrogels, not differences in parent peptides.

Chirality Effects on hMSC Viability and Proliferation

Compared to TCPS, all five neutral gels had 50-70% lower hMSC viability and 40-60%
lower hMSC proliferation (Figure 3). Hence hydrogels lead to much lower hMSC viability
and proliferation than their constitutive peptides. Among the five neutral hydrogels, the
homochiral (£L£)° gel had the highest h(MSC viability while the racemic (LLDD)° gel had
the lowest hMSC viability. The other three gels, (LD)°, (DL)° and (DD)P gel, showed no
statistically significant difference in cell viability.

Clear differences in hMSC appearance and survival can be seen in Figure 4. Here, cells on
(LL)° gels appear blurry. Gel images were created from a 15 wm image stack from the most
superficially located hMSCs, causing cells which lay in this superficial zone of the gel to
sharply contrast the surrounding hydrogel. The blurriness seen within the (££)° image is
caused by cell fluorescence below the 15 pm image stack. hMSCs seeded on (££)° do not
exhibit the same clarity as (DD)° due to penetrating away from this superficial zone and
either sinking or migrating into the gel. It is interesting that such penetration is unique to the
gel whose chirality matches the chirality of the proteins on the cell surface. Such chirality
matching is likely the reason that the (££)° gel has better cell viability and proliferation than
the other gels. The question now is whether chirality mismatch can be compensated by other
factors, such as charge.

After initial viability testing, hMSC proliferation was assessed on days 1, 3 and 7. All five
gels supported hMSC proliferation during the seven-day period. However, the two
homochiral gels, (LL)° and (DD)°, had the largest increase in proliferation. On day 1, (LL)°,
(DL)? and (LD)? gels supported statistically the same amount of hMSC proliferation, while
(DD)° and (LLDD)? gels supported significantly less hMSC proliferation. By day 7, (LL)°
and (DD)° gels had the highest level of hMSC proliferation while (LLDD)° supported the
lowest amount of hMSC proliferation. This result suggests that homochiral oligopeptide
gels, both L and D, have higher potential for hMSC proliferation than heterochiral
oligopeptide gels, which in turn have higher potential than racemic oligopeptide gels for
hMSC proliferation.

Considering that (DD)° has the “wrong” homochirality, it is not surprising that it does not
support cell viability and proliferation as well as (££)°. However, in spite of its initial much
lower level of hMSC viability and proliferation, h(MSC proliferation on (DD)° eventually
almost catches up with hMSC proliferation on (L£)°. Among the neutral five gels, (DD)°
would be the most protease resistant. (DD)° also has the same mechanical and structural
properties as (££)%.5 Hence (DD)C is the most promising replacement of (££)°. With this in
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mind, we decided to investigate whether charge could make up the chiral disadvantage of
the D-homochiral gel in hMSC viability and proliferation.

Combined Charge and Chirality Effects on hMSC Viability and Proliferation

Charged homochiral hydrogels were made by mixing the positively and negatively charged
modules with one module in excess. Specifically, (LL)* has 1 mM excess of L* while (LL)~
has 1 mM excess of L™. (DD)* has 1 mM excess of D* while (DD)~ has 1 mM excess of D™.
Please note that the total oligopeptide concentration in charged gels is still 5 mM, the same
as neutral gels.

It is important to verify that the excess oligopeptide is indeed incorporated into the hydrogel
rather than freely floating inside the matrix. This was accomplished using NMR
spectroscopy. NMR 1D 1H measurements were performed on (LL)*, (LL)? and (LL)™ gels
to determine whether there was a significant difference in the amount of free oligopeptides
after 24 hours of gelation. The 1H peak heights of the three gels were compared (Figure 5).
Peak heights of the three gels were comparable to each other. This result indicates that the
excess oligopeptide in a charged gel was incorporated into the hydrogel matrix to the same
extent as the neutral gel, with hardly any free oligopeptide left. Hence any observed effects
of the charged hydrogels on the hMSCs are indeed caused by charged hydrogels, not by
charged free oligopeptides.

When homochiral gels of different charge statuses are compared (Figure 6), there is no
statistically significant difference among the LL-gels in terms of hMSC viability and
proliferation (Table S1). However, among (DD)*, (DD)° and (DD)~, the following trend of
hMSC viability and proliferation is observed:

(DD)”">(DD)’>(DD)*

The above order was statistically significant for both viability and proliferation on day 1 but
became less significant for proliferation on days 3 and 7 (Table S1). Nonetheless, the trend
is very clear (Figure 6B). In Figure 7, the difference between the number of live cells on
(DD)~ vs. (DD)™ is also apparent. Figure 8 compares £Z-homochiral with D-homochiral gels
of different charge statuses. Negative charges reduce the difference between L- and D~
chmochiral gels while positive charges amplify such difference. On day 7, there is no
difference at all between (LL)™ and (DD)~ in cell proliferation. Hence, in terms of hMSC
viability and proliferation, chirality mismatch between matrix and cells can be compensated
to various extents by negative charges. However, negative charge did not have an effect on
cell penetration into the DD-gels. In Figure 7, it is evident that some hMSCs are deeper in
the gel than the superficially located cells, causing them to appear blurry; while images of
cells of DD-gels, regardless of charge status, remain within the same focal plane.

At the molecular level, net charge is the only difference among different - or L-homochiral
gels. At the material level, difference in charge can induce indifferences in material
properties within the D- and L-homochiral series, i.e., (DD)*, (DD)° and (DD)~ might differ
in their structural, morphological, mechanical properties and the same holds true for (LL)*,
(LL)% and (LL)~. However basic physicochemical principles dictate that, aside from optical
properties, changes in the D-series should parallel changes in the L-series, i.e., (DD)* and
(LL)* should have identical non-optical material properties; so do (2D)° and (£ L)?; so do
(DD)~ and (LL). Indeed, we have shown experimentally that (DD)° vs. (LL)° have
identical structural, morphological and viscoelastic properties.>
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On the other hand, in terms of hMSC viability and proliferation, charge does not induce
parallel changes in D- and L-homochiral gels because negative charge improves the
biocompatibility of D-homochiral gels but has no discernible effects on L-homochiral gels
(Figure 6 and Table S1). Hence it can be concluded that the interplay between charge and
chirality exerts its effects at the molecular level. This is a sensible conclusion because at the
molecular level, material-cell interaction must be of a chiral nature if the material is
assembled from chiral molecules. Keep in mind that cell membrane proteins are made of L-
amino acids, some of which are charged. Hence it is little surprise that they interact with
charged D- and L-gels differently. The detailed molecular mechanism by which negative
charges enhance the biocompatibility of D-homochiral gels awaits further study. But one
possibility can be ruled out; this effect is not caused by negatively charged free peptides
because hardly any is left in the hydrogel as shown by NMR studies (Figure 5).

Conclusion

This work shows that, among oligopeptide hydrogels of various chiral compositions, the L-
homaochiral gel is the most biocompatible, leading to highest h(MSC viability and
proliferation, while the racemic gel is the least biocompatible, leading to lowest h(MSC
viability and proliferation. Most importantly, the disadvantage of the D-homochiral gel can
be compensated by negative charges. This result points to the possibility of using charge and
other factors to engineer biomaterials whose chirality is distinct from that of natural
biomaterials but whose performance is close to that of natural biomaterials. Aside from
practical applications, such materials offer new tools and opportunities to investigate
biohomochirality, an important and unresolved question in biology.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Pictorial description of the 4 parent solutions and 9 hydrogel types made. The dashed
lines connect mirror images which all run through (LLDD)°, which is its own mirror image.
Red hands represent positively charged peptides and blue hands represent negatively
charged peptides. Circles represent the parent oligopeptide solutions used to make the
hydrogels. Squares represent the hydrogels. (B) Pictorial description of how each gel was
made using different amounts of four parent oligopeptides. The final oligopeptide
concentration for all gels was 5 mM. Neutral gels were made with 2.5 mM D* or L* and 2.5
mM D~ or L~; positively charged gels were made with 3 mM D* or L* and 2 mM D™ or L~;
and negatively charged gels were made with2 mM D* or L*and 3mM D~ or L™.

Biomacromolecules. Author manuscript; available in PMC 2014 February 11.



duasnuely Joyiny vd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Hyland et al.

Page 12

Relative Viability (%)

L D' L D TCPS

100- Day 3

©0
o
]

80 -
70 -
60 -
50 1
40
30 -
201
10 -

04

Relative Cell Number (%)

Figure 2.

(A) Relative hMSC viability on TCPS in the presence of single oligopeptides 24 hours after
cell seeding. (B) hMSC cell number percentage on TCPS in the presence of single
oligopeptides at 1, 3 and 7 days after seeding. Bar order and colors in (B) correspond to the
same order and colors in (A). Adjacent bars separated by dashed lines are a pair of mirror
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images. For (A), results were normalized to TCPS. For (B), results were normalized to
TCPS day 7. For both graphs, errors are expressed as the standard error of the mean (SEM).
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Figure 3.

(A) Relative hMSC viability on neutral homochiral and heterochiral gels 24 hours after cell
seeding. (B) hMSC cell number percentage on neutral homochiral and heterochiral gels at 1,
3 and 7 days after seeding. Bar order and colors in (B) correspond to the same order and
colors in (A). Adjacent bars separated by dashed lines are a pair of mirror images. For (A),
results were normalized to TCPS. For (B), results were normalized to TCPS day 7. For both
graphs, errors are expressed as the standard error of the mean (SEM).
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(LLDD)®

Figure 4.

Representative live/dead images for neutral gels and TCPS control at 1 day after cell
seeding. Live hMSCs are green and dead hMSCs are red. Cell size is much larger and image
clarity is much cloudier for (£L)? images when compared with (DD)° and heterochiral and
racemic images. These images indicate cell sinking into LL gels, but not into gels containing
D-oligopeptide.
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Figure 5.

1D 1H NMR spectra for (LL)* gel, (LL)° gel and (L L)~ gel plotted on the same scale. The
figure is divided into two parts to exclude the unsuppressed portion of the H,O peak around
4.75 ppm. The left panel is the aromatic region and the right panel is the aliphatic region.
Here, the peak heights for all three gels very similar and small, indicating a lack of free
oligopeptide present in the gels after 24 hours. Peak heights were calibrated using the proton
signal from TSP (9mM proton concentration). Trace amount of MeOH comes from the
peptide purification procedure, which uses MeOH as an eluent.
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(A) Relative hMSC viability on charged and neutral homochiral gels 24 hours after cell
seeding. (B) hMSC cell number percentage on charged and neutral homochiral gels at 1, 3
and 7 days after seeding. Bar order and colors in (B) correspond to the same order and
colors in (A). Adjacent bars separated by dashed lines are a pair of mirror images. For (A),
results were normalized to TCPS. For (B), results were normalized to TCPS day 7. For both
graphs, errors are expressed as the standard error of the mean (SEM).
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Figure 7.

Representative live/dead images for charged and neutral homochiral gels at 1 day after cell
seeding. Live hMSCs are green and dead hMSCs are red. Cell size is much larger and image
clarity is much cloudier for LL images when compared with DD images. These images
indicate cell penetrating into LL gels, but not into DD gels.
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Figure 8.

Calculated differences (LL — DD) in cell behavior on positive, neutral and negative gel
pairs. In the figure legend V1 is viability day 1, N1 is cell number day 1, N3 is cell number
day 3 and N7 is cell number day 7. Differences between positive pairs are larger than
differences between negative pairs in both viability and proliferation experiments and at all
time-points.
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