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Abstract

Enzymatically degradable peptides are commonly used as linkers within hydrogels for biological
applications; however, controlling the degradation of these engineered peptides with different
contexts and cell types can prove challenging. In this work, we systematically examined the
substitution of D-amino acids (AAs) for different L-AAs in a peptide sequence commonly utilized
in enzymatically-degradable hydrogels (VPMSIMRGG) to create peptide linkers with a range of
different degradation times, in solution and in hydrogels, and investigated the cytocompatibility
of these materials. We found that increasing the number of D-AA substitutions increased the
resistance to enzymatic degradation both for free peptide and peptide-linked hydrogels; yet, this
trend also was accompanied by increased cytotoxicity in cell culture. This work demonstrates the
utility of D-AA-modified peptide sequences to create tunable biomaterials platforms tempered
by considerations of cytotoxicity, where careful selection and optimization of different peptide
designs is needed for specific biological applications.
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Synthetic hydrogels have been widely used for different biological applications, including
as matrices and scaffolds? 2 for cell culture and delivery and as implantable depots® 4

for controlled release of therapeutics. Synthetic hydrogels for these applications often are
formed with hydrophilic polymers (e.g., poly(ethylene glycol) (PEG), poly(vinyl alcohol)
(PVA), modified with vinyl groups) and matrix metalloproteinase (MMP) sensitive linkers
(e.g., peptides) to impart responsive degradation in the presence of cell types of interest.>: 6
These degradable hydrogel platforms have also been shown to promote important cellular
functions, including migration’, proliferation8, and lineage-specific cell differentiation.®
Engineered peptide sequences with increased MMP specificity often are used in these
systems to facilitate tailored hydrogel degradation profiles by cell-secreted proteolytic
enzymes in specific contexts (e.g., in vitrotwo-dimensional or three-dimensional (2D or
3D) cell culture or in vivo in the presence of different cell types).10-13 These peptides

are commonly made using L-amino acids (L-AAs) where sequences are inspired by or
derived from those found in proteins and allow for controlled peptide degradation in the
presence of cell-secreted soluble factors or applied enzymes.14 While degradation of the
peptides and hydrogels is often beneficial, uncontrolled degradation can lead to a significant
and premature dissolution of the hydrogel-based synthetic matrix, resulting in deleterious
alterations to mechanical properties that influence cellular responses or therapeutic release
rates.

Several generalizable strategies have been proposed to control the degradation rate of the
peptides, such as modifying the peptide sequence by introducing D-AA5-18 scrambling
the sequencel?, switching amino acids®, and introducing non-natural amino acidsZ° or
peptoids?? in the sequence. Other strategies include modifying the structure of the peptide
sequence by alkylation?2, cyclization?3, and glycosylation?* of the amino acids to impart
proteolytic resistance. Amongst these, specific strategies have been utilized to enhance the
linker peptide resistance towards enzymatic resistance in hydrogel systems. For example,
swapping specific L-AAs with their chiral counterparts (D-AAs) has shown increased
resistance to proteolytic degradation, imparting an increased half-life of the linker peptide.
This strategy was used to create non-degradable hydrogels with demonstrated utility in
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both /n vitroand in vivo applications: the modified peptide sequences contained two D-AA
substitutions that were three AA apart and asymmetrically incorporated on either side of the
cleavage site to impart stability in the presence of wound healing fibroblasts amongst other
cell types.1> Another strategy to control the MMP-specific peptide degradation is scrambling
the peptide sequence (e.g., GPQGIIAGQ to GPQIGAGQ), which has been utilized to create
a non-degradable hydrogel platform.1® While D-AA substitution has been shown more
effective broadly in controlling peptide degradation, some studies with soluble peptides

have highlighted an association of D-AAs and D-AA substituted peptides with increased
cytotoxicity.25-27 However, less is known about how systematic substitutions of L-AAs with
D-AAs modulates peptide degradation and cellular cytotoxicity in hydrogels.

In this work, we investigated the effect of the systematic substitutions of D-AAs on
enzymatic degradation and cytocompatibility of a widely used responsive peptide linker

in solution and in hydrogels for achieving a range of degradation times and establishing
relevant design rules. Specifically, we first selected the commonly utilized engineered amino
acid linker sequence VPMSIMRGG (VPMS) that is susceptible to cleavage by cell-secreted
soluble factors, including MMP2 and MMP9.10 Next, we created a library of peptides where
L-AAs in the linker sequence were substituted with their chiral counterparts and included
an additional scrambled peptide version (Figure 1; Supporting Information: Linker peptide
sequence design). For benchmarking, we included a previously established D-AA modified
VPMS linker sequence (dVPMS1a) that has asymmetric placement of D-AAs relative to the
cleavage site as an additional control.1®> Once the peptides were synthesized, we performed
enzymatic degradation of both peptides in solution (‘free peptide’) and within hydrogels
prepared using different linkers to assess tunable degradation behavior. Finally, we tested
the cytotoxicity associated with D-AA-modified peptide linkers using both free peptide

and hydrogels to assess the utility of the hydrogel platform for cellular applications. Here,
we focused on the culture of macrophage cells (MH-S), innate immune cells that are the
“first responders’ to changes that occur within various tissue microenvironments and of
interest for controlled culture studies of complex immune processes. Taken together, the
approaches and insights established here are of utility for the creation of responsive peptide
sequences with properties tailored for specific biological applications, including tunable
hydrogel platforms with various MMP-sensitive linker sequences.

Peptides were designed with an increasing number of D-AA substitutions adjacent

to the cleavage site to evaluate their relative impact on peptide degradation rates

and cytocompatibility (Figure 1). All peptides were prepared using microwave-assisted
solid-phase peptide synthesis and characterized using mass spectrometry (Figure S1-7).
Additionally, the integration of D-AAs in the linker peptides was confirmed by circular
dichroism?8 29, where an expected decrease in the negative mean residual ellipticity (MRE)
was observed for dVPMS peptides in addition to a random coil confirmation for all the
peptides (Figure S12). We first investigated the enzymatic degradation of modified VPMS
peptides in response to type IV Collagenase 4 (Cls-4, also known as gelatinase). Cls-4

was selected because the original VPMS sequence has shown increased susceptibility to
degradation towards MMP2 (gelatinase A) and MMP9 (gelatinase B), both of which are
present in Cls-4 and are known to be important in cellular processes involved in tissue injury
and disease including cell migration and proliferation.10. 14. 30
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Individual peptides in solution (9 mM) were incubated with Cls-4 (10 ug/mL) for 24

hours and the enzymatic degradation of each peptide was determined both qualitatively

and quantitatively. Mass spectrometry then was used to determine the relative fraction of
intact, undegraded peptide over time to assess the degree to which D-AA substitutions in
the peptide sequence or scrambling of the L-AAs within the peptide sequence increased the
resistance to enzymatic degradation. For all the designed peptides, the peak associated with
the intact, undegraded sequence was measured at the 0-hour time point and was between
1.75 — 1.9 minutes as highlighted in the ultra performance liquid chromatography-tandem
mass spectrometry (UPLC-MS) chromatograms, whereas cleaved peptide products from
later time points were observed further downfield (Figure 1).

We had hypothesized that, in the presence of Cls-4, an increasing number of D-AA
substitutions or scrambling of the VPMS peptide sequence would show a relatively slower
rate of degradation and a higher fraction of undegraded peptide peak compared to the
original VPMS sequence, which completely degraded in 24 hours (Figure 1A). Interestingly,
both dVPMS1 and dVPMS1a, which consisted of 1 D-AA substitution on each side of the
cleavage site (2 D-AA substitutions per peptide sequence symmetrically or asymmetrically),
showed partial degradation with the presence of the undegraded peptide peak between 1.75
— 1.9 minutes in addition to degraded peptide fragments between 1.99 — 2.25 minutes
(Figure 1B and 1E). Importantly, as we increased the number of D-AAs in the peptide
sequence to 2 (dVPMS?2, 4 total substitutions) or 3 D-AA substitutions on each side of
cleavage site (dVPMS3, 6 total substitutions), we observed that both dVPMS2 (Figure 1C)
and dVPMS3 (Figure 1D) were resistant to enzymatic degradation under the experimental
conditions probed, as the undegraded peptide peak was completely intact without the
presence of additional peaks of degraded peptide fragments over 24 hours. Surprisingly,
scrambling of the L-AAs within the VPMS sequence (sVPMS) did not impart resistance to
enzymatic degradation. While increased resistance to proteolytic degradation has previously
been reported with scrambling of other enzymatically degradable peptide sequences (e.g.,
GPQIGAGQ), employing the same strategy for VPMS peptide failed to make the sequence
non-degradable. Overall, these observations supported the hypothesis that increased D-AA
substitutions resulted in increased resistance to enzymatic degradation, thereby increasing
the half-life of the peptide, and highlights the importance of careful selection and evaluation
of scrambled sequences aimed at controlling peptide degradation.

Next, we quantified the kinetic parameter (kc5t) for all the degradable peptides by
fluorometric assay3! and fitting of Michaelis-Menten kinetics to quantify the rate of peptide
degradation (Figure 1G). Specifically, peptides were incubated with Cls-4 solution and,

at specific time points, aliquots were incubated with fluorescamine solution to quantify
changes in fluorescence intensity and determine degradation kinetics.32 Based on the

mass spectrometry analysis, we had identified 3 groups of peptides depending on their
degradation characteristics under the conditions probed: /) ‘completely degradable’ (VPMS
and sVPMS), 77) ‘quickly degrading’ (dVPMSL1 and dVPMS1a), and 77) ‘slowly degrading’
(dVPMS2 and dVPMS3) peptides and measured kg4 values follow these groupings.

For the completely degradable peptide group, the k., value for the original VPMS sequence
was ~5.80 s71, which is in accordance with the kg, values reported in the literature. sSVPMS
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had a slightly higher k¢, value (~6.34 s1) that was statistically similar to the VPMS
sequence. This trend, although not statistically significant, is consistent with UPLC-MS
observations, where at 6-hour time point a higher fraction of the undegraded peptide peak
was observed for VPMS compared to sVPMS (Figure 1A and 1F). For the quickly degrading
peptide group, Keat values of both dVPMS1 (~1.44 s71) and dVPMS1a (~0.59 s~1) were
significantly lower compared to VPMS, consistent with the UPLC-MS results showing
slower peptide degradation upon D-AA substitutions. While k., for both dVPMS1 and
dVPMS1a were statistically similar, dVPMS1a showed a lower k¢4t value compared to
dVPMS1, where similar trends were observed with UPLC-MS analysis with a relatively
higher fraction of undegraded peptide in dVPMS1a (Figure 1E) compared to dVPMSL1 at 24
h (Figure 1B). As expected based on UPLC-MS analysis, no degradation was detected for
dVPMS2 and dVPMS3 (kg ~ 0).

We next sought to investigate the degradation of the hydrogels prepared using the different
peptide designs. Hydrogels were formed by a photoinitiated thiol-ene reaction between
dithiol linker peptides (9 mM thiol), monothiol pendant peptide (2 mM thiol), and
norbornenes presented by functionalized 4-arm PEG (11 mM norbornene; M,, ~ 10 kDa)

at 1:1 stoichiometric ratio between thiol and norbornene (365 nm at 10 mW/cm? for 5 min),
where the pendant peptide was integrated to allow cell attachment in subsequent studies.

In situ rheometry was performed to confirm the elastic moduli of the hydrogels prepared
using different peptide linkers were similar to each other (Figure S8) and representative of
soft, loose connective tissues (between 2-3 kPa).33: 34 To measure hydrogel degradation,
equilibrium swollen hydrogels were incubated in Cls-4 (10 pg/mL) solution, and the change
in dry hydrogel weight over 24 hours was quantified.

We hypothesized, similar to the free peptide degradation, that we would observe 3

groups of hydrogels under the conditions probed: completely degradable (VPMS and
sVPMS), quickly degrading (dVPMS1 and dVPMS1a), and slowly degrading (dVPMS2

and dVPMS3) hydrogels. As expected, hydrogels prepared using VPMS and sVPMS
completely degraded within 24 hours and showed a similar degradation profile at each

time point, whereas hydrogels prepared using dVPMS2 and dVPMS3 were completely
resistant to enzymatic degradation at each time point measured within 24 hours (Figure 2).
For the quickly degrading hydrogels prepared with dVPMS1 and dVPMS1a linkers, ~50%
reduction in the hydrogel dry weight was observed along with reduced structural integrity, as
highlighted in the representative images (Figure 2). Similar to the trends observed with free
peptide degradation, dVPMS1a hydrogels initially showed increased degradation resistance
compared to dVPMSL1 hydrogels; however, by 24 hours, both the hydrogels (dVPMS1 and
1a) showed similar degradation profiles. Finally, we also performed hydrogel degradation
studies for select conditions (VPMS, sVPMS, and dVPMS3) in the presence of cell-secreted
soluble factors by incubating the hydrogels in the conditioned media obtained from MH-S
cells (Figure S14). Similar to collagenase degradation, both VPMS and sVPMS-linked
hydrogels completely degraded within 48 hours, whereas no degradation was observed in the
dVPMS3-linked hydrogel, indicating cell-secreted proteases can cause significant cleavage
of sequences that can be tuned by D-AA substitution.
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Interestingly, dVPMS1al5 linked hydrogels have been shown to be non-degradable in the
presence of collagenase (0.2 — 20 U/mL; type not noted) for 8h at 37 °C, whereas in

our hands, Cls-4 resulted in partial hydrogel degradation over similar time frames. We
hypothesize that this difference in degradability is due to differences in the enzymes used
for peptide degradation: in particular, VPMS exhibits an increased rate of degradation in the
presence of MMP2 and MMP9 relative to other MMPs, both of which are present in Cls-4,
and may explain why only partial resistance to enzymatic degradation for dVPMS1a was
observed in the current study. Overall, our results demonstrate that proteolytic degradation
of both free peptide and peptide-linked hydrogels can be effectively tuned by substituting
D-AAs in the peptide sequence.

Finally, we investigated the utility of modified peptides in cell culture. Specifically, we
examined the cytotoxicity of free peptides and peptide-linked hydrogels with a commonly
used MH-S macrophage cell line, as macrophages can quickly respond to the changes in
their surrounding microenvironment. To determine cytotoxicity, we measured the metabolic
activity of cells using an alamarBlue assay, qualitatively examined cell morphology, and
then quantified necrosis and apoptosis with flow cytometry.

For probing cellular responses, we first assessed the differences in the metabolic activity of
the cells after incubating the cells with free peptides over a range of concentrations for 24
hours and normalizing the metabolic activity to cells without any peptides (Figure 3A). At
low peptide concentrations (0.001 mM and 0.01 mM), we did not observe any statistical
differences in the metabolic activity of cells when incubated with the different peptides
(Table S1). However, as the concentration of the peptides increased to 0.1 mM and 1 mM,
cells incubated with D-AA-modified peptides showed statistically lower metabolic activity
(Table S1). At 0.1 mM, metabolic activity of MH-S cells with dVPMS2 and dVMPS1a were
statistically lower compared to VPMS. At 1 mM, cells incubated with any of the D-AA
peptides showed statistically lower metabolic activity compared to VPMS. At the highest
peptide concentration (5 mM), all the peptides resulted in lower metabolic activity of MH-S
cells; however, VPMS and sVPMS still showed the highest metabolic activity, whereas
dVPMS2 and dVMPS1a showed statistically lower metabolic activity compared to VPMS
(Table S1). For all the peptide concentrations, cells incubated with sVPMS showed similar
metabolic activity compared to the VPMS sequence, both of which have strictly L-AAs.
Qualitative examination of cell morphology further supported these observations: while a
regular cell morphology was observed in the presence of both VPMS and sVPMS peptides,
an irregular cell morphology with increased cell shrinkage was observed with the D-AA
substitute sequences (Figure 3B), indicative of cell stress and potentially suggesting that
the presence of D-AAs may induce apoptosis. Overall, the introduction of D-AAs at higher
peptide concentrations lowered the metabolic activity of the cells and resulted in an irregular
morphology; however, no discernable trends in the metabolic activity or morphology were
observed with respect to the number of D-AAs present in the sequence.

We next examined the cytotoxicity of peptide-linked hydrogels. Based on our

previous work,3® all of the hydrogels incorporated 2 mM of integrin binding peptide
(CGGPHSRNG19gRGDSP) to promote cell attachment to the hydrogel-based synthetic
matrix, and samples were washed and allowed to equilibrium swell for 24 hours before
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cell seeding. Cells were seeded on the hydrogels for 24 hours to allow attachment and
response, after which cytotoxicity assessments were performed. First, we measured the
metabolic activity: cells seeded on any of the dVPMS peptide linked hydrogels showed
statistically lower metabolic activity compared to VPMS hydrogels, whereas responses on
sVPMS hydrogels were statistically the same as those on VPMS hydrogels (Figure 4A).
Again, no discernable trend in metabolic activity was observed with respect to the number of
D-AAs present in the sequence.

To further understand the potential origin of the observations decreased metabolic activity,
the apoptotic profiles of cells were examined with flow cytometry, analyzing the percentage
of cells stained with Zombie Yellow (ZY) and Apotracker green (Apo). ZY stains dead
cells, whereas Apo stains membrane translocated phosphatidylserine present on apoptotic
cells that will subsequently undergo programmed cell death. By applying an appropriate
gating strategy, we were able to identify and quantify different cell populations for each
peptide condition: the percentage of (i) Live Cells (ZY-/Apo-), (ii) Early apoptotic cells
(ZY~-/Apo+), (iii) Late Apoptotic Cells (ZY+/Apo+), and (iv) Necrotic Cells (ZY+/Apo-)
(Figure 4B).

Cells seeded on VPMS and s\VPMS linked hydrogel had greater than 90% live cell
population, a typical viability for cells observed after passaging and seeding. However, for
all dVPMS linker hydrogels, a statistically significant shift in the population of cells from
Live to Late Apoptotic was observed (Figure 4C, Table S2). Interestingly, as the number of
D-AAs in the peptide sequence increased from 2 D-AAs (dVPMS1) to 6 D-AAs (dVPMS3),
a statistically higher fraction of Late Apoptotic cells and a statistically lower fraction of live
cells were observed (Figure 4C, Table S2). We speculate that the presence of D-AAs in the
peptide linkers results in increased oxidative damage to the cells, as highlighted by increased
apoptotic cell population along with shrinking and stressed cell morphology when incubated
with D-AA peptides. For example, Bardaweel et a/2” have shown similar cytotoxicity
results associated with D-AAs in soluble peptides and demonstrated that D-AA oxidation
by cells using D-amino-acid oxidase results in the generation of hydrogen peroxide, causing
oxidative damage and lower cell viability. Overall, our results demonstrate that increasing
the number of D-AAs in the peptide sequence is associated with higher apoptosis of MH-S
cells.

In summary, we have shown how D-AAs can be effectively used in responsive peptides

for tunable degradation over different timescales in solution and hydrogels for cellular
applications, where increasing the D-AAs in the peptide sequence imparts increasing
resistance to enzymatic degradation and can even be used to produce stable peptide linkers
with similar chemical identities. However, the introduction of D-AAs also is associated
with increased cytotoxicity for macrophages, which may be cell-type specific. In this
context, these findings have the potential to enable peptide designs not only with precisely
tuned degradation for applications of interest, but also for suppressing or promoting
immune cell responses amongst other cellular responses of interest. Furthermore, we report
that scrambling the VPMS peptide sequence was not effective in reducing the peptide
degradation, highlighting the need for careful selection and optimization of the scrambled
sequence for achieving controlled peptide degradation or stability. In general, the strategies
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highlighted here could be easily employed to design and evaluate other enzymatically
responsive peptides with tunable degradability by integrating increasing numbers of D-AA
substitutions into other known degradable peptide sequences. Such tunable hydrogels offer
considerable opportunities for various /n vitroand /n vivo applications such as creation of
2D or 3D hydrogel culture platforms for understanding complex cell interactions in diseased
states or for /n vivo applications as drug delivery vehicles for different therapeutics with a
localized and targeted release profile.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Degradation behavior of different peptide designsin solution.
Peptides were incubated with Cls-4, and peptide degradation was determined qualitatively

using UPLC-MS and quantitatively using fluorometric assay to determine k., based on
Michaelis-Menten kinetics. (A-F) UPLC-MS chromatograms of different peptide designs (9
mM) over time upon incubation with Cls-4 (10 ug/mL) over time. Dashed box highlights

the non-degraded peptide peak. (G) Measured k¢4t based on Michaelis-Menten kinetics using
fluorometric assay (n = 3). (H) List of peptide designs used in this study. (*) signifies p

< 0.05. Statistical significance for kgy Values was determined using one-way ANOVA with

Tukey'’s test.
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Figure 2. Degradation behavior of different peptide-linked hydrogels.
Hydrogels (n=3) were incubated with Cls-4 (10 ug/mL), and their mass loss was monitored

to assess their degradation over time. Statistical significance for mass remaining (%) at 24-
hour time point relative to VPMS linker hydrogels was determined using two-way ANOVA
with Tukey’s test. Representative images of hydrogels at 24-hour timepoint.
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Figure 3. Examination of cytotoxicity associated with different peptide designs.
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Free peptides were incubated with macrophages (MH-S cells), and cell metabolic activity

(alamarBlue assay) and morphology (brightfield microscopy) were examined for any

indication of cytotoxicity. (A) Free peptides, at different concentrations, were incubated
with MH-S cells for 24 hours, and changes in metabolic activity relative to cells without
any peptide (growth media control) were quantified (n = 3). Statistical significance for
relative changes in metabolic activity at 24-hour time point was determined using two-way
ANOVA (Table S1). (B) Representative images of MH-S cells incubated with free peptide.
Peptides with D-AA substitution resulted qualitatively in an irregular cell morphology, with
increased granularity and diffuse, non-uniform cell walls, indicative of stress (indicated by
white arrows).
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Figure 4. Examination of cytotoxicity of different peptide linked hydrogels.
MH-S cells were seeded on hydrogels prepared with different peptide linkers, and cell

health was assessed by metabolic activity measurements and quantification of the apoptotic
profiles of cells using flow cytometry. (A) Metabolic activity of cells seeded on hydrogels
was measured using the alamarBlue assay, where fluorescence of the metabolized dye

in culture media was measured on a plate reader (Excitation: 560, Emission: 590) (n

= 4). All conditions were compared to cells on the VPMS-linked hydrogels. (****)
signifies p < 0.0001. Statistical significance for metabolic activity was determined using
one-way ANOVA with Tukey’s test. (B) Representative flow cytometry gating to identify
apoptotic cell populations. Zombie Yellow (ZY) stains dead cells, and Apotracker Green
(Apo) stains membrane translocated phosphatidylserine present on apoptotic cells: (i) Live
Cells (ZY—-/Apo-), (ii) Early apoptotic cells (ZY—-/Apo+), (iii) Late Apoptotic Cells (ZY+/
Apo+), and (iv) Necrotic Cells (ZY+/Apo-). (C) Quantification of different cell populations
obtained from each hydrogel condition (n = 3). Statistical differences between peptides for
different cell populations was determined using two-way ANOVA with Tukey’s test.
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