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Controllably degradable β-sheet nanofibers and gels
from self-assembling depsipeptides†

Ye F. Tian,a,b Gregory A. Hudalla,a Huifang Hana and Joel H. Collier*a

Self-assembled peptide materials have received considerable interest for a range of applications, includ-

ing 3D cell culture, tissue engineering, and the delivery of cells and drugs. One challenge in applying

such materials within these areas has been the extreme stability of β-sheet fibrillized peptides, which are

resistant to proteolysis, degradation, and turnover in biological environments. In this study, we designed

self-assembling depsipeptides containing ester bonds within the peptide backbone. Beta-sheet fibrillized

nanofibers were formed in physiologic conditions, and two of these nanofiber-forming depsipeptides

produced hydrogels that degraded controllably over the course of days-to-weeks via ester hydrolysis.

With HPLC, TEM, and oscillating rheometry, we show that the rate of hydrolysis can be controlled in

a straightforward manner by specifying the amino acid residues surrounding the ester bond. In 3D cell

cultures, depsipeptide gels softened over the course of several days and permitted considerably more

proliferation and spreading of C3H10T1/2 pluripotent stem cells than non-degradable analogs. This

approach now provides a reliable and reproducible means to soften or clear β-sheet fibrillized peptide

materials from biological environments.

Introduction

Since being introduced by Zhang in the 1990’s, β-sheet fibril-
lizing peptides have received significant interest for a wide
range of applications, including matrices for cell culture,1–6

tissue engineering,7–10 the delivery of cells and thera-
peutics,11–14 and vaccines.15–17 Self-assembled peptides are
useful for such applications owing to their stimulus-sensitive
assembly, their chemical definition, their generally good bio-
compatibility, and their ability to be directly appended with
peptide ligands or epitopes.5,18,19 Collectively these properties
enable self-assembled peptides to be used as modular
scaffolds for cells or immunotherapies, where the content of
many different functional components can be systematically
and independently adjusted.6 Several other platforms that
make use of β-rich fibril assembly have also been developed,
including Fmoc-peptides,20–22 β-hairpins,13,23,24 peptide-
amphiphiles,25–28 and multidomain peptides.29–31

In most of the applications listed above, the persistence,
degradation, and turnover of the biomaterial are critical

parameters. Matrix turnover in 3D culture is essential for per-
mitting proliferation and morphogenic processes;32 controlled
degradation has been a longstanding focus of tissue engineer-
ing approaches;33,34 and vaccine platforms can benefit from
the predictable clearance of biomaterial components from a
pharmacokinetic perspective. Despite these significant moti-
vations, however, self-assembled peptide materials have largely
remained resistant to degradation throughout their develop-
ment. In early studies, Zhang and colleagues found that the
peptide (AEAEAKAK)2 was highly resistant to proteolysis by
enzymes such as α-chymotrypsin, trypsin, and papain,35 even
though the peptide contained amino acid sequences expected
to be cleaved by these enzymes. This extreme stability of
β-sheet fibrils is also well known, both in amyloid biology and
in the applied area of amyloid engineering.36,37 In engineered
materials, several groups have addressed this problem by
installing peptide sequences that can be cleaved by matrix
metalloproteinases (MMPs). This has been accomplished
in β-sheet fibrillizing peptides,38–40 β-hairpins,41 and peptide-
amphiphiles.42 Although such an approach offers a much-
needed route for degrading β-sheet fibrillar materials, it can be
difficult to control or predict the expression of MMPs in
specific culture conditions or in vivo applications.

As an alternative to MMP-sensitive materials, hydrolytically
susceptible materials have received tremendous attention,
owing to their relatively predictable degradation behavior,
which is not dependent on controlling or knowing the concen-
tration and activity of specific enzymes.34,43–45 The degradation
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of ester-containing polymers and materials is dependent on
factors such as pH and the accessibility of the ester bond to
water, which are more easily controlled in biological systems
than enzyme action.46–49 Surprisingly, despite the common
use of ester hydrolysis in biomaterials for tissue engineering,
it has not, to our knowledge, been employed to soften β-sheet
fibrillar peptide hydrogels over time. Instead, ester substi-
tutions in β-sheet fibrillar peptides have largely been made to
study hydrogen bonding patterns or to develop structure-
breaking strategies.50–52 In most of these previous studies,
ester substitution strongly disrupted fibrillization and gela-
tion. For example, Gordon and Meredith found that depsi-
peptide analogs of Aβ16-20, in which two of the five amide
bonds were switched to esters, were incapable of self-assemb-
ling.50 These depsipeptides also inhibited the aggregation of
Aβ1-40 peptide, and even disassembled preformed Aβ1-40.
Liskamp and colleagues, in studies of amylin (islet amyloid
polypeptide, IAPP), found that one amide → ester substitution
at a key residue was sufficient to dramatically postpone
gelation and inhibit fibril formation.51 In separate studies,
they also observed depsipeptides that were not capable of
forming classical β-sheet fibrils, yet interestingly assembled
into helical ribbon structures that were capable of producing
hydrogels.52,53

Here, we report depsipeptides that are capable of self-
assembling into β-sheet fibrillar materials and that also
degrade via ester hydrolysis with rates controllable by the
amino acid proximal to the ester bonds. Designs were based
on the Q11 peptide sequence, which our group has studied
extensively in the past, and which forms reproducible peptide
nanofibers and gels useful for cell culture5,6,14 and vaccine
platforms.15,17 Using TEM, HPLC, circular dichroism (CD),
mass spectrometry, and oscillating rheometry, we monitored
assembly and degradation in a variety of conditions, and we
found that hydrolytic softening permitted the proliferation
and spreading of pluripotent cells to a much greater degree
than non-degrading analogs.

Results and discussion
Peptide design and synthesis

To engineer degradable self-assembling peptide nanofibers
and hydrogels, we investigated a set of four depsipeptides
derived from a self-assembling peptide previously reported by
our group, Q11 (Ac-QQKFQF̲QFEQQ-Am).4 Depsipeptides were
produced using Fmoc-based solid phase peptide synthesis,
substituting the central phenylalanine (Phe6, underlined) with
α-hydroxy acids, as described in the methods. Phe6 was chosen
as the substitution site due to its central position; we hypo-
thesized a substitution at this site would minimally disrupt
β-sheet fibrillization, yet would still lead to fiber disassembly
and degradation upon hydrolysis by generating fragments that
would not aggregate. We further hypothesized that degra-
dation rates could be controlled by adjusting the hydro-
phobicity and steric bulk of the side chain proximal to the

ester bond, in an analogous fashion to biodegradable poly-
esters.54,55 Therefore, four depsipeptides were produced using
four different α-hydroxy acids: glycolic acid, lactic acid,
2-hydroxycaproic acid, and 3-phenyllactic acid. These analogs
of Gly, Ala, Leu, and Phe produced four Depsi-Q11s designated
as Depsi-G, Depsi-A, Depsi-L and Depsi-F, respectively (Fig. 1),
with Depsi-G having the smallest and least hydrophobic side
chain, and Depsi-L and Depsi-F having the largest and
most hydrophobic side chains. A control peptide was also syn-
thesized with a Phe → Leu substitution at Phe6, but no ester
linkage, and was designated L-Q11. Depsi-Q11s were syn-
thesized with good yields and purified to >99% by reverse
phase HPLC (about 45% yield crude, 20% yield pure). MALDI-
TOF was used to confirm the depsipeptides’ identity (Table 1).
All depsipeptides were soluble in water, with solubility limits
between 10–30 mM, somewhat less than Q11 (60 mM).

Initial characterization of fibrillization and degradation

We used transmission electron microscopy (TEM) to analyze
the Depsi-Q11 peptides’ capacity to self-assemble into nano-
fibers, and for these fibers to degrade over time. Peptides and
depsipeptides were dissolved in water at 4 mM, incubated over-
night at room temperature (pH about 3), and subsequently

Fig. 1 Depsipeptide analogs of the self-assembling peptide Q11. The central
Phe in Q11, shown expanded in the figure, was replaced with various α-hydroxy
acids to generate Depsi-Q11s containing ester bonds. Over time, these peptides
degraded by hydrolysis of the ester bond.

Table 1 Peptides and depsipeptidesa

Name Sequence
[M + H]+

m/z calc’d
[M + H]+

m/z found
Solubility
limit in water

Q11 QQKFQFQFEQQ 1527.7 1528.3 60 mM
Depsi-G QQKFQGQFEQQ 1438.5 1438.3 10 mM
Depsi-A QQKFQAQFEQQ 1452.6 1451.8 15 mM
Depsi-L QQKFQLQFEQQ 1494.7 1494.2 30 mM
L-Q11 QQKFQLQFEQQ 1493.7 1492.9 60 mM
Depsi-F QQKFQFQFEQQ 1528.7 1528.4 15 mM

a Ester bonds were produced between residues underlined in bold. m/z
values were determined with MALDI-TOF mass spectrometry.
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diluted to 2 mM in PBS (see methods), during which no ob-
servable degradation occurred (see below). TEM was per-
formed after 4 hours at final dilution, and at this time all
four Depsi-Q11s formed clearly observable nanofibers (Fig. 2)
that were morphologically similar to previously described
Q11 nanofibers (ESI, Fig. S2†).4,15 Although some degradation
may have occurred at this early time point (4 hours, as was
later confirmed by HPLC, Fig. 3), many nanofibers were
clearly visible for all groups. As an initial measure of
degradation, these nanofibers were incubated at 37 °C for 7–14
days before imaging by TEM. By day 7, noticeably fewer fibers
were observed in the Depsi-G and Depsi-A solutions (Fig. 2).
Depsi-L fibers appeared to be generally shorter and thinner
after 7 days, while Depsi-F fibers were not significantly
different. Thus, the smaller and less hydrophobic side chains
were correlated with a more rapid degradation of fibers. By
14 days, no intact fibers were observed for any Depsi-Q11s,
indicating that all nanoscale assemblies were completely
degraded.

Adjustment of degradation rate

Reverse-phase HPLC and MALDI-TOF mass spectrometry were
next used to more closely measure the degradation of Depsi-
Q11 variants at different concentrations, temperatures, and pH
(Fig. 3). Stock peptide solutions were incubated overnight in
water, then buffered and monitored over time. Immediately
after buffering, Depsi-G was present as the un-degraded mole-
cule, as it eluted as a single peak by HPLC (Fig. 3a, peak 1)
and had a molecular mass corresponding to full molecule by
MALDI (m/z [M + H]+ calc’d: 1438.5, found: 1438.3). After 24 h
at pH 7.4, Depsi-G produced four peaks by HPLC, with the
three new peaks appearing at shorter retention times (Fig. 3a).
Peaks 2 and 3 were determined to be the two predicted hydro-
lytic degradation products (Peak 2, HO-GQFEQQ-Am [M + H]+

m/z calc’d: 736.8, found: 736.7; Peak 3, Ac-QQKFQ-COOH,
[M + H]+ m/z calc’d: 720.8, found: 720.8). Peak 4 had a mole-
cular mass 18 Da less than the N-terminal Ac-QQKFQ-COOH
fragment, which we speculate could represent an aminoglutar-
imide at the C terminus.56,57 This derivative was also observed
in other depsipeptides (not shown). Although we consider
alkaline hydrolysis was most likely responsible for the degra-
dation, another mechanism suggested by the product from
peak 4 cannot be ruled out: the nitrogen in the side chain of
the ester-forming glutamine could have attacked the carbonyl
carbon in the ester bond to break the ester bond, thus leaving

Fig. 2 In phosphate buffered saline, fibrillar structures were initially produced
by Depsi-G, Depsi-A, Depsi-L, and Depsi-F (left column). After 14 days, all Depsi-
Q11 assemblies had degraded, and no fibers were evident on TEM grids (right
column). Compared to day 0, at intermediate time points (day 7) the remaining
assembly state depended on the side chain: significantly smaller and fewer
fibers were observed for Depsi-G and Depsi-A (a, b); numerous but shorter and
thinner fibers were observed for Depsi-L (c); and numerous thick fibers were still
observed for Depsi-F (d).

Fig. 3 Quantification of depsipeptide degradation by reverse-phase HPLC. On
C18 columns with a water–acetonitrile gradient, Depsi-G eluted as a single peak
at day 0 (a, peak 1) but as four peaks after 24 h of degradation at pH 6.5 (a,
peaks 1–4, 2 mM peptide concentration). MALDI mass spectrometry confirmed
that the peaks were the expected native and degraded species (peak 1, un-
degraded Depsi-G, m/z calc’d: 1438.5, found: 1438.3; peak 2, HO-GQFEQQ-Am
[M + H+], m/z calc’d: 736.8, found: 736.7; peak 3, Ac-QQKFQ-COOH [M + H+],
m/z calc’d: 720.8, found: 720.8; peak 4, aminoglutarimide derivative of peak 3,
m/z calc’d: 701.8, found: 702.3). Degradation was tracked over time by the ratio
of peak areas corresponding to the degraded versus total degraded and un-
degraded species (b–d). 15 mM Depsi-L gels (b) degraded more slowly than
soluble nanofibers (c, d), in a temperature-dependent fashion. The amino acid
placed C-terminally to the ester significantly influenced degradation rate, with
more hydrophobic residues producing slower degradation (c, d). As expected,
these rates were faster at pH 7.4 (d) than at pH 6.5 (c).
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an aminoglutarimide-containing product. This mechanism
could be further probed by substituting the glutamine with
another similarly hydrophilic amino acid such as serine.

To measure and express the kinetics of degradation in
various contexts, the areas under the three fragment HPLC
peaks were added and then divided by the total area under all
peptide peaks. First, Depsi-L was prepared at 15 mM in PBS, at
which condition it formed a self-supporting hydrogel. Not
unexpectedly, the degradation rate was greater at higher temp-
erature; at 37 °C gelled Depsi-L was 50% degraded after 7–8
days, while at 25 °C less than 20% had degraded in the same
time (Fig. 3b). Next, 2 mM solutions of all four Depsi-Q11 var-
iants were prepared at two different pH conditions. Depsi-
Q11s generally degraded more quickly at 37 °C in this less con-
centrated solution form compared to the gel form (Fig. 3c and
d). In agreement with our hypothesis, Depsi-Q11s with increas-
ingly hydrophobic and bulky side chains degraded progress-
ively more slowly. Specifically, Depsi-G degraded the fastest,
followed by Depsi-A, Depsi-L and Depsi-F. For all four variants,
the degradation of the peptides in solution was faster at
pH 7.4 than at pH 6.5, likely because the hydroxy group is the
limiting reagent of basic ester hydrolysis in this pH range.
In sum, changing the proximal side chain, pH, or temperature
can vary the degradation rate of Depsi-Q11s.

Secondary structure influence of the ester bond

We next used circular dichroism spectroscopy (CD) to evaluate
any influence of the ester bond on secondary structure, using
Depsi-L, which was the most amenable to CD analysis. Depsi-L
exhibited the best solubility and CD transparency in the
buffers used, though strong CD absorbances at concentrations
approaching 1 mM still prevented low wavelength analysis at
these higher concentrations. After being incubated overnight
in water at pH 3, then buffered and analyzed within 15 min
to minimize any contribution from degraded peptides (see
methods), Depsi-L adopted predominantly a random-coil
structure at concentrations below 250 μM (Fig. 4a). However, it
exhibited a clear conformational change at increased concen-
trations. At 1 mM, the trace suggested a β-sheet structure
(Fig. 4a). For comparison, L-Q11 (Ac-QQKFQLQFEQQ-Am) dis-
played distinct β-sheet structure at all tested concentrations
(Fig. 4b). Compared with the critical concentration of self-
assembly for L-Q11 (tens of μM), this CD analysis indicated
that the insertion of the ester bond hindered the peptide
somewhat from assembling at low concentrations. The hin-
drance was, however, overcome by increasing the peptide con-
centration, and at least for Depsi-L, the peptide’s secondary
structure was likely to be predominantly β-sheet at the relevant
working concentrations (2 mM for nanofibers and 15–30 mM
for hydrogels).

Mechanical properties of Depsi-Q11 gels

We employed rheometry to compare the mechanical properties
of Depsi-Q11 gels with Q11 gels. We focused on Depsi-L and
Depsi-F for this analysis, because the hydrogels formed by
Depsi-G and Depsi-A were too fragile to be formed into

cylindrical gels capable of being measured by parallel plate
oscillating rheometry, even at their highest soluble concen-
trations. Surprisingly, Depsi-L formed substantially stiffer
hydrogels than Q11, with storage moduli (G′) six times greater
than Q11 hydrogels of the same concentration (30 mM,
Fig. 5a). To probe whether this counterintuitive phenomenon
was caused by the leucine side chain, the ester, or a combi-
nation of the two, we synthesized the all-amide peptide L-Q11
(Ac-QQKFQLQFEQQ-Am), which lacks the ester present in
Depsi-L. L-Q11 at 30 mM formed a hydrogel with a G′ compar-
able to Q11, indicating that the leucine side chain did not by
itself account for Depsi-L’s high stiffness. To probe the role of
the ester bond, we tested Depsi-F, which differs from Q11
only by the ester bond and from Depsi-L only by the single
Leu → Phe substitution. Depsi-F also formed a hydrogel with a
storage modulus comparable to Q11 (at 15 mM, the highest
soluble concentration of Depsi-F, Fig. 5b). Taken together, it
was a synergy between the ester bond and the leucine side
chain that appeared to impart surprisingly high stiffness
values to the Depsi-L hydrogels.

We hypothesized that Depsi-Q11 hydrogels would soften
over time as hydrolysis occurred. Indeed, the Depsi-L hydro-
gel’s storage and loss moduli decreased significantly over time;
by day 3, the G′ and G′′ of Depsi-L had decreased to levels com-
parable to newly formed Q11 hydrogels (Fig. 6a). The study
was terminated after this time because the gels softened to a

Fig. 4 Depsi-L adopted a random coil secondary structure at concentrations
below 250 μM and assumed β-sheet character at higher concentrations (increas-
ing β-sheet content at 500 μM, with predominant β-sheet structure at 1000 μM)
(a). L-Q11 adopted a β-sheet secondary structure that was comparatively inde-
pendent of concentration (b). Measurements were performed in 10 mM phos-
phate buffer containing 137 mM KF, pH 7.2–7.4. Data is shown for dynode
voltage values below 500 V, reflecting adequate signal-to-noise ratios.
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point where they detached from the substrate and became
impossible to measure with rheometry. As a control,
L-Q11 hydrogels were also tested; in contrast to the softening
depsipeptide, they stiffened by day 3, as has been observed for
Q11 and other self-assembling peptides.58 To visualize the
process of Depsi-L hydrogel degradation, gels were stained
with Congo red, a β-amyloid binding dye (Fig. 7). The 15 mM
Depsi-L gel faded and disappeared over the course of 28 days,
whereas Q11 hydrogels remained intact for over this time
period (Fig. 7a,c,e).

Encapsulation of mouse multipotent stem cells

Q11-based hydrogels have been utilized previously as 2D4–6

and 3D14 matrices for cell culture. We hypothesized that in
comparison to Q11 and other fibrillized peptide materials,
which are relatively resistant to remodeling and turnover,35–37

Depsi-Q11s would allow more cell invasion by degrading in the
presence of encapsulated cells. Depsi-Q11 nanofibers were
first found to be non-cytotoxic to C3H10T1/2 mouse pluri-
potent cells by MTS assay (Fig. S1†). C3H10T1/2 cells were next
embedded into Depsi-L or Q11 hydrogels by quickly mixing
cell suspensions with peptide solutions and pipetting the
mixture into culture media, which effectively buffered the
materials to physiological pH. This process resulted in sus-
pended gels approximately 5 mm3 in size with entrapped cells
(see methods). Cells encapsulated in Q11 and Depsi-L exhibi-
ted a similar survival rate at early timepoints but diverged in
their behavior over the next few days (Fig. 8). Cells encapsu-
lated in the Q11 gel were round and did not substantially pro-
liferate over 5 days, whereas cells in the Depsi-L hydrogel
exhibited a more spread morphology and proliferated (Fig. 8).
Within 3D cell culture or tissue engineering, the degradation
rate of a hydrogel should ideally be adjustable to meet the
application’s demands, ranging from a few weeks to several
months.59,60 In the studies reported here, the integrity of the
acellular Depsi-L hydrogel could be maintained for about
14 days (Fig. 7b,d). In principle, degradation was primarily a
result of chemical hydrolysis, but we cannot rule out the possi-
bility that cell-secreted esterases could also have contributed
to degradation. Moreover, it is possible that differences in gel
stiffness could account for some of the differences seen in cell
behavior. To extend the durability of the gels, it may be

Fig. 5 Depsi-L produced hydrogels with storage moduli in excess of 100 kPa.
At a concentration of 30 mM, the storage moduli of Depsi-L gels were about 6
times greater than Q11 (a). This stiffness arose from the combination of the
ester substitution and the Phe → Leu substitution, as the amino acid substitution
alone did not produce this effect (a, L-Q11 shown for comparison). Among the
depsipeptides studied, only Depsi-L produced this unexpected stiffening;
Depsi-F, shown in (b) for comparison, produced gels with moduli similar to Q11.
*p < 0.05, ANOVAwith Tukey post-hoc test calculated at 1 Hz.

Fig. 6 Depsi-L gels softened over time as hydrolysis occurred (a), whereas
control L-Q11 gels stiffened (b). *p < 0.05, compared to day 0; ANOVA with
Tukey post-hoc test (a) or Student’s t test (b), calculated at 1 Hz.

Fig. 7 Depsi-L formed β-sheet fibrillar hydrogels at 15 mM in phosphate
buffered saline, similar to Q11 (gels stained with Congo red on day 0). Q11 gels
showed no discernable degradation for up to 28 days (a, c, e), but Depsi-L gels
degraded over this time period (b, d, f ). Scale bar = 2 mm. Representative of
3 gels.
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possible to co-fibrillize Depsi-L with non-degradable Q11
peptide. In previous work we have shown that different var-
iants of Q11 can be co-assembled into integrated nanofibers to
combine more than one functionality.5,15 In this case we
speculate that the degradation rate would scale with the depsi-
peptide/peptide ratio. In summary, we have developed self-
assembling depsipeptides that form hydrogels capable of
encapsulating cells, and have identified means for controlling
the rate of degradation of this otherwise proteolysis-resistant
class of materials. Although further optimization is required,
we foresee that this technique could be broadly adopted for
other common self-assembling peptide-based systems,9,20–31,61

to impart the property of tunable matrix degradation.

Conclusions

In this study, self-assembling depsipeptides were designed to
produce hydrolytically degradable fibrillar hydrogels. Four
Depsi-Q11 peptides were designed, and all retained the ability
to fibrillize, while two formed hydrogels. The degradation
rates of the four Depsi-Q11s were controlled by the choice of
the side chain on the substituted residue and were also
affected by environmental conditions such as peptide concen-
tration, pH, and temperature. One variant, Depsi-L, formed a
surprisingly stiff hydrogel, which softened and disassembled
over time. C3H10T1/2 cells encapsulated in a Depsi-L gel
exhibited spreading and significant proliferation, while no
spreading or proliferation were observed from cells in a
Q11 gel. This type of degradable self-assembling peptide can

be readily applied in a variety of fields, including cell encapsu-
lation/delivery or peptide-based vaccine adjuvants.15,17

Experimental
Synthesis of peptides and depsipeptides

The peptides Q11 (Ac-QQKFQFQFEQQ-Am) and L-Q11 (Ac-
QQKFQLQFEQQ-Am) were synthesized on a CS Bio 336X auto-
mated peptide synthesizer as previously reported, using
standard Fmoc protocols.4 The Depsi-Q11s were similarly
synthesized, except for the conjugation of the α-hydroxy acid
and the adjacent amino acid, which was achieved by following
the method demonstrated by Gordon and Meredith50 with
slight modifications. Briefly, QFEQQ-resin (Rink Amide AM
resin, NovaBiochem, 855004) was synthesized, N-terminally
deprotected, removed from the synthesizer, and rinsed with
dichloromethane (DCM, Fisher, D150). The chosen α-hydroxy
acid, either glycolic acid (Sigma, 124737), lactic acid (Sigma,
L1750), S-(−)-2-hydroxycaproic acid (Aldrich, 219827) or
L-(−)-3-phenyllactic acid (Aldrich, 113069), was added to the
resin in 3.2-fold molar excess. One equivalent (relative to
the α-hydroxy acid) of hydroxybenzotriazole (HOBT, CS Bio,
RS-H006), 1.14 equivalents of diisopropylcarbodiimide (DIC,
Aldrich D125407), and 0.36 equivalents of N-ethylmorpholine
(NEM, Fluka, 04499) were also added to the resin. We note
that although NEM was used, it is not strictly necessary unless
the peptides are synthesized using Boc chemistry. A 50%/50%
(v/v) mixture of DCM and dimethylformamide (DMF, Fisher,
BP1160) was used as the solvent. The reaction was stopped
after 6 minutes by removing the reaction mixture and washing
three times with DCM–DMF, to prevent a second conjugation
of the α-hydroxy acid. The completion of the reaction was
confirmed with a ninhydrin test. If the reaction did not reach
completion, another 6-minute reaction was performed. The
conjugation of the following amino acid, which generated the
ester bond, was carried out in tetrahydrofuran (THF, Sigma,
401757). A 4-fold molar excess of amino acid was added to the
resin. One equivalent (relative to the amino acid) of DIC, 0.55
equivalents of NEM, and 0.022 equivalents of 4-dimethylamino-
pyridine (DMAP, Aldrich, 522805) were added. The reaction
was allowed to proceed for 3 hours, and then the resin was
rinsed with DCM, collected, and transferred back to the
synthesizer for the remainder of the synthesis. Depsi-Q11s
were cleaved with a cocktail containing 95% trifluoroacetic
acid (TFA, not anhydrous) and 5% triisopropylsilane (TIS,
Acros 214920500), precipitated with diethyl ether, and purified
with an Varian ProStar HPLC system, to obtain >99% purity
before lyophilization. MALDI-TOF mass spectrometry (Applied
Biosystems DE-Pro) was used to confirm peptide identity. Solu-
bility was determined by dilution until the disappearance of
gross turbidity.

Nanofiber and hydrogel preparation

Depsi-Q11s were dissolved in water (purified with a Millipore
MilliQ system to resistivity >18.1 MΩ) at concentrations

Fig. 8 C3H10T1/2 cells were encapsulated within Depsi-L and Q11 gels. By
72 hours, cells in Depsi-L gels were more highly spread than in Q11 gels
(a, phase contrast). In Depsi-L gels, cells proliferated considerably, whereas
little proliferation was observed in Q11 gels (b). *p < 0.05, ANOVA with Tukey’s
post-hoc test.
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between 15–30 mM (for hydrogels) or at 4 mM (for nano-
fibers), sonicated (bath type, Branson model #3510) and incu-
bated overnight at room temperature. These stock solutions of
peptides and depsipeptides had pH values of about 3, and did
not exhibit any substantial degradation overnight, as measured
by HPLC, described below and in the results. To prepare nano-
fibers, one volume of 2× Dulbecco’s phosphate buffered saline
(PBS; Cellgro 20-030-CV) was added to the solution to produce
2 mM final peptide concentration in 1× PBS (0.1 g L−1 CaCl2;
0.2 g L−1 KCl; 0.2 g L−1 KH2PO4; 0.1 g L−1 MgCl2·6H2O; 8 g L−1

NaCl; 1.15 g L−1 Na2HPO4, anhydrous). For TEM, Depsi-Q11s
were incubated additionally for 4 hours before analysis. To
prepare hydrogels, peptide solutions were either mixed with
one volume of 2× PBS (for HPLC), overlaid with an excess of
PBS (for rheometry) or mixed with a 0.5 volume cell suspen-
sion (for microgel 3D cell culture), as described below.

Transmission electron microscope (TEM)

Peptides and depsipeptides were dissolved in water at 4 mM,
incubated overnight at room temperature, and subsequently
diluted to 2 mM in PBS. Four hours later, these samples were
then applied to a carbon-coated 400 mesh copper grid (FCF
400-Cu, EMS), negatively stained with 1% uranyl acetate, and
analyzed with a FEI Tecnai F30 TEM. To monitor nanofiber
degradation over time, Depsi-Q11s were incubated at their
final dilutions in PBS for 7–14 days at 37 °C before TEM
analysis.

HPLC characterization of degradation

Depsi-Q11 nanofibers (2 mM) and hydrogels (15 mM) were pre-
pared as described above. After buffering with PBS, fibers and
hydrogels were loaded on the HPLC immediately or were incu-
bated at 25 °C (room temperature) or 37 °C for the indicated
times before analysis. To render peptides monomeric for
HPLC analysis, 20 μL of the peptide solution or 10 μL of hydro-
gel was mixed with 80 or 90 μL TFA, respectively. Samples were
incubated for 10 min to allow fiber disassembly, and then
were analyzed by HPLC using a C18 column (solvent A: water,
solvent B: acetonitrile. Gradient: 15–35% in 40 min). The
peptide quantity was determined by the absorption at 215 nm.
Each data point in Fig. 3b–d represents the mean and standard
deviation of 3 separately prepared samples.

Circular dichroism (CD)

Depsi-L and L-Q11 peptide solutions were prepared as
described above, except that the 2× phosphate buffer was
modified to contain 2 × 137 mM (274 mM) potassium fluoride
instead of sodium chloride, to improve CD transparency. After
15 min, the peptide solutions were analyzed with an AVIV 202
Circular Dichroism Spectrometer in a 0.1 cm path length
quartz cell. Triplicate scans at 25 °C were averaged.

Oscillating rheometry

A Malvern Kinexus Pro was used to measure the storage and
loss moduli of hydrogels. After overnight incubation of peptide
in water (30 mM or 15 mM), peptide solutions were cast on a

glass microscope slide into an 8 mm circular template con-
structed from filter paper (Fisher, 12-550-143), as described
previously.4,58 The peptide solution was then overlaid with PBS
to induce gelation. After 2 hours, the PBS was removed, the
upper plate was lowered, and the gels were analyzed using fre-
quency sweeps (0.1 Hz to 3.162 Hz) with a constant strain of
0.1%. To measure the effect of degradation on the moduli of
hydrogels, Depsi-L and L-Q11 hydrogels were submerged in
PBS and incubated at 37 °C for 1 day or 3 days before analysis
by rheometry. Each data point in Fig. 5 and 6 represents the
mean and standard deviation of 3–5 separately prepared
samples. The harmonic distortion of each data point was
maintained at less than 10%.

Microscale visualization of degradation

To study the macroscopic degradation of Depsi-Q11 gels,
50 μM Congo red was incorporated into the aqueous peptide
solution during the preparation of 15 mM Depsi-L and
Q11 hydrogels. Peptide solutions were pipetted into multi-well
plastic dishes, immersed in PBS at 37 °C, and photographed
over 28 days.

3D cell culture

C3H10T1/2 cells were maintained with Eagle’s Basal Medium
supplemented with 10% FBS, 1× L-glutamine, 1 mM sodium
pyruvate and 1× non-essential amino acids. For 3D culture, the
cells were trypsinized and resuspended with 10% sucrose con-
taining 180 mg mL−1 penicillin, 300 mg mL−1 streptomycin,
and 0.75 mg mL−1 amphotericin B at a cell density of 6000
cells per μL. 10 μL of the cell suspension was then added to
20 μL of aqueous peptide solution (22.5 mM peptide) and was
quickly mixed. Twenty microliters of mixture, containing 2000
cells per μL, was pipetted into culture media in 4–5 μL incre-
ments to induce gelation in the form of droplets. Encapsulated
cells were imaged with a Zeiss Axioskop at day 3. An MTS assay
was applied at 4 hours, 3 days and 5 days, as previously
reported.4–6 Each data point represents the average and stan-
dard deviation of 3 wells of microgel culture, each containing
20 μL total volume of microgels.

Statistical analysis

Error bars represent standard deviations. For rheometry,
G′ and G′′ measured at a frequency of 1 Hz were used to test
for differences between groups. For rheometry and MTS
assays, ANOVA with Tukey’s post-hoc test was performed for
comparisons between 3 or more groups, and a t-test was used
for comparisons between 2 groups. The cutoff for statistical
significance was p < 0.05.
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