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synthetic materials that serve as artificial 
matrices stimulating cell growth and divi-
sion,[2] providing therapeutic options, such 
as in tissue engineering,[3] cell printing,[4] 
and in regenerative medicine.[5] Nanofiber-
forming peptides have been extensively 
studied in the biomaterials field, as they 
mimic the fibrous part of the ECM mor-
phology formed by proteins such as col-
lagen and support the survival and growth 
of cells when applied as coatings or  
3D matrices.[6] Short peptide sequences, 
such as the RADA-16 peptide, peptide 
amphiphiles, and Fmoc-functionalized 
oligopeptides are promising artificial cell 
supports.[7] These materials have poten-
tial applications in regenerating both hard 
and soft tissues.[8] However, their strong 

tendency to form fibrous aggregates under a broad range of 
conditions has been problematic, e.g., during chemical modifi-
cation and purification, which prompted the implementation of 
induced fiber formation by external triggers.[9] Furthermore, the 
natural ECM is heterogeneous and contains covalent polymers 
such as proteoglycans in addition to supramolecular protein 
fibers. Consequently, purely supramolecular hydrogels often lack 
long-term stability in cell media and are mechanically fragile. 
Hybrid materials combining both covalent and supramolecular 
components may address these needs. Additionally, imple-
menting injectability and self-healing properties is essential for 
less invasive applications to limit injury to the patient.[10] Current 
approaches for achieving injectable hydrogels include thermo-
gelation, dynamic-covalent bonds, and host–guest interactions.[11] 
For biomedicinal applications, biocompatibility of the hydrogel 
and its degradation products represent a key concern, and reac-
tive groups within the gel can be problematic. Therefore, natural 
biopolymers such as DNA or self-assembling peptides have been 
proposed as cross-linkers enabling reversible gelation.[12] How-
ever, the design of hydrogels that could serve as biocompatible 
and biodegradable cell matrices with sufficient stability during 
cultivation, combined with controlled and rapid gelation as well 
as excellent self-healing properties, are still elusive.

Herein, we propose hybrid hydrogels providing a soft poly-
peptide matrix combined with covalently attached poly(ethylene 
gylcol) (PEG) chains and short self-assembling peptide motifs 
for pH-induced gelation through formation of a peptide 
nanofiber (PNF) network. These materials may provide high 
biocompatibility as they are constructed mostly from amino 

The synthesis of hybrid hydrogels by pH-controlled structural transition with 
exceptional rheological properties as cellular matrix is reported. “Depsi” 
peptide sequences are grafted onto a polypeptide backbone that undergo a 
pH-induced intramolecular O–N–acyl migration at physiological conditions 
affording peptide nanofibers (PNFs) as supramolecular gelators. The polypep-
tide–PNF hydrogels are mechanically remarkably robust. They reveal exciting 
thixotropic behavior with immediate in situ recovery after exposure to various 
high strains over long periods and self-repair of defects by instantaneous 
reassembly. High cytocompatibility, convenient functionalization by coas-
sembly, and controlled enzymatic degradation but stability in 2D and 3D cell 
culture as demonstrated by the encapsulation of primary human umbilical 
vein endothelial cells and neuronal cells open many attractive opportunities 
for 3D tissue engineering and other biomedical applications.

Hydrogels

The extracellular matrix (ECM) has been optimized during evo-
lution and forms a complex, supportive environment for cells 
providing mechanical and biochemical cues, and enabling cells 
to communicate.[1] There is an emerging interest to design 
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acids and feature ultrafast recovery even after high shear stress 
over long time periods. They instantaneously recover after 
passing through a thin injection needle, and they may provide 
great potential for supporting 2D and 3D cell growth, which 
offers new avenues for tissue engineering.

The amphiphilic 9mer peptide sequence KIKISQINM (P1) 
was designed as a supramolecular cross-linker. This short peptide 
is amphiphilic and has a strong tendency to instantaneously 
form stable cross b-sheet peptide nanofibers (PNFs) in aqueous 
solution even at low pH conditions (Figure S8, Supporting 

Information). Furthermore, it provides a central serine residue, 
which is crucial for preparing the respective depsi sequence KIKI-
(COO)-SQINM, D1. To selectively trigger self-assembly and to 
facilitate purification of unreacted peptide at low pH, the depsi 
peptide version of P1, D1, was synthesized. D1 features an ester 
bond in the main chain and a kinked structure unable to self-
assemble into PNFs.[13] Upon increasing the pH to neutral, an 
intramolecular O–N–acyl migration occurs converting the ester 
into the peptide bond, which linearizes the depsi peptide and 
enables instantaneous PNF formation (Figure 1A, box).

Adv. Mater. 2019, 31, 1805044

Figure 1.  Synthesis of polypeptide–PNF hydrogels. a) Preparation of BD1. Box: pH-induced intramolecular O–N–acyl migration of the depsi pep-
tides (D1, D1-Mal) yielding linear peptides (P1, P1-Mal). b) MALDI FT-ICR MS of D1. c) HPLC chromatograms of the conversion of D1 to P1 in PBS 
(1 mg mL−1). d) MALDI-ToF MS of cHSA-PEG (3, MW = 115 500 g mol−1) with 22 PEG chains and the polypeptide–depsi copolymer (BD1, MW =  
145 000 g mol−1) with 20 depsi grafts.
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The depsi peptide D1 was synthesized by solid phase pep-
tide synthesis (SPPS) under Fmoc-protection combined with 
the O–acyl isopeptide method (Scheme S1, Supporting Infor-
mation) and purified by reverse-phase HPLC. MALDI FT-ICR 
MS showed the expected m/z value of the desired product 
(Figure 1B). The intramolecular O–N–acyl migration in D1 
was induced at neutral pH, and PNF formation was analyzed 
by high-performance liquid chromatography (HPLC), trans-
mission electron microscopy (TEM), emission spectroscopy, 
and Fourier-transform infrared spectroscopy (FT-IR) measure-
ments. In HPLC, the retention times shifted from 10.18  min 
for D1 (Figure S9A, Supporting Information) to 9.90  min for 
P1 (KIKISQINM, Figure 1C). Note that P1 was formed from 
depsi peptide D1, whereas the reference peptide P1-Ctrl of the 
same KIKISQINM sequence was directly prepared by SPPS.

P1 forms PNFs exceeding several micrometers in length 
and 11.30 ± 1.26  nm in diameter, whereas no PNF forma-
tion occurred at low pH (Figure  2A). The conversion rate 
measures the amount of soluble peptide that is converted to 
PNFs. At neutral pH, high conversion rates of 88.5 ± 2.2% 

and 83.7 ± 2.6% were obtained for D1 and P1-Ctrl, respec-
tively (Figure 2B). At acidic pH, only P1-Ctrl assembled into 
PNFs with 56.9 ± 1.8%, whereas D1 showed only low aggre-
gation tendency of 24.5 ± 4.7% and no PNFs were visible in 
TEM, confirming the pH-dependent PNF formation. Cross 
b-sheet structures in PNFs from P1 and P1-Ctrl at neutral pH 
were characterized by the blueshifted emission of Thioflavin T 
(ThT, Figure 2C)[14] and the minimum in the circular dichroism 
spectra at around 216  nm (Figure S10, Supporting Informa-
tion). Also, FT-IR spectroscopy of freeze-dried D1 at low pH 
gave signals in the amide I band region between 1590 and 
1735 cm−1 (Figure 2E) and a maximum peak at 1638–1639 cm−1 
related to unordered structures, whereas the linear peptide 
P1-Ctrl showed a maximum peak at 1634–1636  cm−1 corre-
sponding to β-sheets.[15] At pH ≈7, D1 was converted to P1 and 
a new maximum signal at 1680–1682 cm−1 and a second signal 
at 1630 cm−1 appeared indicating β-sheet structures.

For the hybrid hydrogel, maleimide-functionalized D1 
(D1-Mal, Figure S3, Supporting Information) was conju-
gated to the long polypeptide backbone of denatured human 
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Figure 2.  pH responsive PNF formation. a) TEM images of D1 (1 mg mL−1) incubated at acidic or physiological pH. Scale bars are 5 µm and 200 nm 
(inset). b) Conversion rates of D1 and P1-Ctrl into PNFs after incubation at acidic or neutral pH (1 mg mL−1). Mean ± s.d. (n = 3). c) ThT assay of 
D1 and P1-Ctrl after incubation at neutral pH (1 mg mL−1) at different time points. The ThT fluorescence emission was recorded at λem = 488 nm  
(λex = 440 nm) with 10 nm bandwidths and multiple reads per well (3 × 3). Data are presented as mean ± s.d. (n ≥ 3), with nine measurements of 
the same well at different positions. One-way ANOVA followed by Tukey’s multiple comparisons test was performed (P < 0.05 (*), P < 0.01 (**), and 
P < 0.001 (***). d) TEM images of BD1 (1 mg mL−1) incubated at acidic or physiological pH. Scale bars are 2 µm and 200 nm (insets). e) ATR FT-IR 
spectra of D1 and P1-Ctrl at acidic or neutral pH (1 mg mL−1). f) ATR FT-IR spectra of BD1 in acidic or neutral pH (1 mg mL−1).
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serum albumin (HSA) providing in vivo biocompatibility and 
biodegradability. The synthetic route for depsi-grafted poly-
peptide BD1 is shown in Figure 1A. First, HSA (1) was con-
verted to cationized HSA (cHSA, 2) to introduce primary 
amine groups facilitating interactions with cellular mem-
branes.[16] Subsequently, about 22 poly(ethylene glycol) (PEG) 
chains (MW = 2000  Da) were conjugated to cHSA that bind 
water molecules and impart higher stability to afford cHSA-
PEG (3).[17] Denaturation of 3 proceeded in concentrated urea 
buffer followed by the reduction of all disulfide bridges into 
reactive sulfhydryl groups yielding 4 with grafted PEG side 
chains. Then, 4 was reacted with D1-Mal yielding depsi-grafted 
copolymer BD1 (Figure 1A) with about 20 depsi peptides per 
polypeptide chain (145 000 m/z, Figure 1D).

The product was well soluble in acidic water facilitating 
characterization and purification from unreacted components 
by ultrafiltration. Structural rearrangements from soluble 
copolymer BD1 to hydrogel 1 (H1) with PNFs as supramo-
lecular gelators were triggered by the pH-induced O–N–acyl 
migration of grafted D1 peptides. Upon incubation at neu-
tral pH, ThT active aggregates were obtained and PNFs were 
clearly visible in TEM (Figure 2D and Figure S12, Supporting 
Information). However, at low pH, no aggregate formation 
was detected in TEM images (Figure 2D). These results indi-
cate successful transfer of the aggregation behavior of D1 to 
the copolymer BD1. FT-IR spectroscopy of freeze-dried BD1 at 
low or neutral pH revealed in the amide I band region signals 
from 1590 to 1735 cm−1 and α-helical structures at 1655 cm−1 
from the α-helical-rich polypeptide backbone. At neutral pH, 
new bands at 1680  cm−1 appeared indicating the presence of 
anti-parallel β-sheet structures (Figure 2F). The corresponding 
copolymer BP1-Ctrl without the pH-switch was also prepared 
by conjugating the linear model peptide P1-Ctrl-Mal (Figure S4, 
Supporting Information) to the polypeptide backbone 4. BP1-
Ctrl showed immediate aggregation in all solvents and at any 
pH, making purification from, e.g., unreacted peptide mono-
mers impossible (Figure S13, Supporting Information).

At 4  wt% mass concentration, instantaneous gelation was 
observed in phosphate buffer solution (PBS, pH 7.4) yielding 
H1 with a highly porous structure and mean pore sizes of 11 
± 3.5 µm, as observed by scanning electron microscopy (SEM, 
Figure S15, Supporting Information). Convenient functionali-
zation by simply mixing (copolymerization) D1 (18 eq), rhoda-
mine dye labelled D1-Rho (2  eq, Figure S5, Supporting Infor-
mation), and BD1 afforded the respective fluorescently labeled 
PNFs inside the hydrogel H3. Confocal laser scanning micros-
copy (CLSM) (Figure  3A and Figures S16–S18, Supporting 
Information) showed homogeneous fluorescent staining 
throughout the material highlighting the opportunity to intro-
duce functionalities into the hydrogels by simply mixing free 
and functionalized depsi peptide during the gelation process.

The mechanical properties of H1 were investigated first in 
a time-sweep experiment (Figure S19, Supporting Information) 
with fixed frequency and strain. No crossover was observed, 
indicating instantaneous gelation during sample preparation 
(30 s). The mechanical strength of H1 was in the range of sev-
eral hundred Pa (G′ [≈0.7 kPa], G″ [≈0.04 kPa]) and similar to 
soft tissues[18] and remained constant over time as no struc-
tural rearrangements occurred after gelation. The cross-linked 

gel behavior was further demonstrated by frequency sweeps 
(Figure 3B) that showed no frequency dependence for both G′ 
and G″ up to 30 rad s−1 and only a small continuous increase 
without intersection at high frequencies. H1 maintained its 
mechanical properties even when exposed to oscillatory strains 
of 15–20% below which the values of G′ and G″ remained 
constant (Figure 3C). With increasing oscillatory strain, G′ 
decreased gradually, whereas G″ increased slightly for strains  
above 15% indicating a network structure, which does not col-
lapse abruptly but rather gradually. This is most likely due to 
the long polypeptide backbone that compensated small strains 
through conformational changes. At high strains >15%, the 
b-sheet PNFs break with microfissures that gradually expanded to 
macro-fractures within the hydrogel network.[19] At a failure strain 
of ≈41%, a gel-to-sol transition occurred and the material behaved 
like a viscous fluid (Figure S20, Supporting Information).

Four step-strain sweep experiments up to strains of 1000% 
immediately followed by a period of low fixed strain (0.1%) were 
applied (Figure 3D) to evaluate the self-healing capability.[20] 
Remarkably, even though no resting period was granted after 
each step-strain experiment, the gels recovered almost imme-
diately upon removal of high shear force. H1 showed superior 
ultrafast recovery behavior compared to other thixotropic hydro-
gels, where G′ did not recover to the initial values,[12,21,22] or 
only after tens of minutes at low shear forces,[22–24] or if resting 
periods without any strain of ≈30 min were afforded.[12,24] The 
recovery potential of the PNF cross-linked polypeptide hydrogel  
was extraordinarily high and immediate reassembly of the liquid 
solution of BP1 to the hydrogel occurred within less than 20 s 
after removal of the liquefying strain, indicating that the broken 
bonds were immediately and reversibly reformed. A nearly 
quantitative healing efficiency and recovery occurred directly 
after removal of high strain (Figure S21A, Supporting Informa-
tion). Even after being subjected to high strain for consecutively 
longer periods of time (up to 65  min), the hydrogel reformed 
almost instantaneously (Figure S21B, Supporting Information) 
upon removal of the high strain condition. Furthermore, H1 
also rapidly self-heals at a macroscopic scale, as demonstrated 
by the recovery from cutting and rejoining a piece of gel within 
5 min after cutting (Figure S21C, Supporting Information).

Noteworthily, self-healing of the PNF gelators proceeded 
autonomously without the need for external intervention such 
as the addition of healing agents or external stimuli.[25] The 
mechanical properties of H1 remained mostly unaffected by 
changes in temperature between 25 and 37  °C (Figure S22, 
Supporting Information) and the presence of serum proteins 
(Figure S23, Supporting Information). Gel stiffness was adjust-
able by the number of D1 attached to the polypeptide chain: 
Decreasing the number of D1 (10 copies of D1 instead of 20) 
gave significantly weaker gels (G′  ≈0.1  kPa, Figure S24, Sup-
porting Information), while doubling the solid content from 
4% to 8%, gel stiffness increased by twofold (G′  ≈1.8  kPa, 
Figure S25, Supporting Information). As shown in Figure 3E, 
H1 was injectable as demonstrated by writing the letters “U-U” 
(≈0.5 cm scale) on a glass slide with a syringe “pen” containing 
rhodamine colored H1 as “ink.”

H2 containing fluorescently labeled polypeptide backbone 
BD1-RITC was prepared inside a transwell setup and incubated 
in PBS at 37  °C in the presence or absence of the protease 

Adv. Mater. 2019, 31, 1805044
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Figure 3.  Characterization of polypeptide–PNF hybrid hydrogels (4  wt%). a) Schematic illustration of self-healing due to reassembly of the PNFs 
cross-linkers after shear stress and functionalization by copolymerization with D1-Rho yielding H3. b–d) Rheological characterization of H1 (25 °C). 
Mean ± s.d. (n = 3). b) Frequency sweep (0.05–100 Hz) with fixed strain (1%). c) Oscillatory strain sweep (0.01–1000%) with fixed frequency (1 Hz). 
d) Consecutive measurements of oscillatory strain sweeps (0.01–1000%) with fixed frequency (1 Hz), followed by oscillatory time sweep measurements 
with fixed strain (0.1%) and frequency (1 Hz) demonstrating the thixotropic nature of the hydrogel. e) Injection behavior of H1. 3D pattern written with 
rhodamine B colored H1 via 0.25 mL Hamilton syringe. f) Degradation of H2 (25 µL) in the presence of trypsin (0.43 nmol) or in PBS (37 °C) measured 
by fluorescence intensity of the surrounding medium. Mean ± s.d. (n = 3). g) Cell vitality of HUVECs seeded 24 h prior treatment with medium as 
negative control (co), staurosporine (stauro, positive control, 1 × 10−6 m), H1 (0.4 mg, 2.8 nmol), 4 (0.35 mg, 2.8 nmol), or D1 (0.06 mg, 55.9 nmol). 
Caspase-Glo 3/7 Assay was performed 48 h after cell seeding. Data are plotted as mean ± SEM of four experiments with two replicates each. One-way 
ANOVA followed by Tukey’s multiple comparisons test was performed, *** =P < 0.001. h) Migration of HUVECs into H1. HUVECs vital and dead were 
seeded topologically on H1 and stained with calcein (green, for living cells) or propidium iodid (red, for dead cells), respectively. Orthogonal slices 
from z-stack confocal images in orthogonal view i and ii show location of cells in H1 24 h post seeding. Vital cells migrate into H1 whereas dead cells 
localized on top of H1 and no sinking occurred into the hydrogel. Scale bar is 100 µm.
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trypsin. Fluorescence of the surrounding solution was moni-
tored to follow the degradation of the polypeptide backbone 
(Figure 3F and Figure S26, Supporting Information). H2 (4%) 
was rapidly digested within 30–45 min by trypsin (0.43 nmol), 
but it remained stable in PBS and cell serum for several days 
indicating its potential as cell matrix. To test the ability of H1 
to support cellular growth, primary human umbilical vein 
endothelial cells (HUVECs) and primary neuronal cells were 
used. HUVECs were tested with H1 (4  wt%), the precursor 
protein (4), and peptide (D1) for 24  h. As positive and nega-
tive controls, medium (co) and the cell toxin staurosporine 
(stauro) were used, respectively. HUVECs revealed excel-
lent cell vitality in H1, whereas increased caspase 3/7 activity 
indicative for early apoptosis was only observed in the posi-
tive stauro control (Figure 3G). HUVECs were seeded on H1 
and subsequently analyzed by confocal live imaging after 24 h 
and 7 d. They migrated into H1, where they expanded in cell 
clusters found throughout the gel, and high cell vitality was 
observed according to the representative orthogonal view of a 
confocal z-stack (Figure S27, Supporting Information). Viable 
HUVECs infiltrated H1 even after topological seeding, while 
dead cells remained at the top of H1 without sinking into the 
gel in a control experiment (Figure 3H). This clearly indicates 
that cells can migrate along the structure of the protein–pep-
tide scaffold. In contrast, for most known hydrogels, 3D cul-
tures are only observed after resuspension of exogenous cells 
in the hydrogel precursor solutions.[26] Also, dorsal root gan-
glion neuronal cells exhibited high viability when cultured on 
H1, comparable to the golden standard Matrigel as a positive 
control for up to 4  d in vitro (Figure S28, Supporting Infor-
mation). Additionally, no activation of macrophages in vitro 
was observed (Figure S29, Supporting Information), demon-
strating good cytocompatibility and suggesting low tendency 
for immune activation.

A nature-inspired cytocompatible hybrid hydrogel was pre-
pared by pH-controlled structural transition of a depsi-peptide-
grafted copolymer into a fibrous soft polymer hydrogel. The 
soluble precursor polymer consisted of denatured HSA grafted 
with PEG chains for solubility and depsi peptides for controlled 
gelation and in situ functionalization by coassembly. It was 
transformed into H1 with an inner b-sheet fibrous network by 
convenient pH-induced gelation. The PNF cross-linked hydro-
gels feature fast gelation, excellent recovery from high strain 
conditions over multiple cycles, and re-formation after injec-
tion as well as macroscopic cutting. These excellent self-healing 
properties combined with immediate recovery due to the rapid 
in situ reorganization of the PNF β-sheets are particularly 
attractive for designing biological matrices that need to with-
stand constant mechanical deformations, e.g., due to strains 
generated by cells that exert forces on their local environments 
as well as by exogenous forces that affect the entire biomaterial. 
The hybrid hydrogels are highly compatible with a number of 
different cell types, such as endothelial cells, neuronal cells, and 
macrophages, and allow for their cultivation for multiple days. 
Controlled degradation by proteases into nontoxic metabolites 
is crucial for in vivo applications, e.g., by providing a matrix 
that cells can actively remodel during culture or to regulate the 
release of cargo molecules in vivo. Together with the opportu-
nity to conveniently introduce new functions by coassembly of 

modified depsi peptides, the material offers great potential as a 
regenerative scaffold for biomedicine.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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