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Peptide-based hydrogels have gained interest for biomedical applications as a result of their
biodegradability and bioresorbability. For in vivo applications, these hydrogels should be able to easily
assemble in a controlled manner and should possess compatibility with entrapped biomolecules. Mutually
attractive but self-repulsive oligopeptides were designed to achieve electrostatically controlled assembly.
These peptide modules assembled into a hydrogel network upon changing pH or ionic strength or mixing
of oppositely charged modules. Mixing-induced hydrogels are particularly attractive as they can be easily
assembled by simple mixing of peptide solutions prior to application. Another advantage of mixing-
induced gelation is that it preserves the pH and ionic strength of the original peptide solutions. The
compatibility of these hydrogels with entrapped biomolecules (molecular biocompatibility) was confirmed
using high-resolutiontH—'N heteronuclear NMR spectroscopy. These novel biomaterials are highly
elastic (revealed in dynamic rheological measurements), have fibrillar morphology, and are able to entrap
and preserve proteins in their native form. These properties make them a good candidate for biomedical
applications such as tissue engineering and drug delivery.

Introduction tential problem for stimuli-triggered material assembly is that

Biomaterials based on protein or peptide self-assembly are_the PH, temperature, or ionic strength of the material will

ubiquitous both in nature, such as the formation of collagen m_ewtably _Chaf?ge and S.U.Ch changes may not b_e compatible
in the extracellular matrix (ECM)and of fibrin in blood with physiological conditions. To overcome this problem,

clotting? and in engineering, such as the formatiofefheet we uscta)(lj a mo?}glar (;jeslgn gpproetlch n V\;.hC;Ch m?jtelrlal
peptide taped.In both nature and engineering, the control assemuly 1S achieved Dy mixing two peptide moaules
of the assembling process is crucial. The failure to exert (mixing-induced material assembly). Mixing-induced mate-

control over protein self-assembly is most notably exempli- :|al ass?mblyfcartl)' p:re;er\lle thﬁ PH, |ont|_c Ttrengt?, an(;i
fied by the in vivo formation of protein aggregates which emperature of a biological or pharmaceutical sampie and,

are associated with numerous disease states, such agence, is more likely to be. biocompatible: In our previous
Alzheimer's disease and prion disea$e& exert such a study, we sh_owed that this modul_ar design appfoa"h can
control, various stimuli-sensitive, peptide-based biomaterials produce peptide-based hydrogels with novel material proper-

that respond to changes in environmental conditions sucht'?llsaSUCh ats rtapt'ﬁ ??ﬁar re§p|on3|ve_ﬁém;l.th|s Su:)?y’ V‘,’f i
as pH>® ionic strength,® and temperatufe! have been will demonsrate that the modular design aiso enables stimuli-

explored. From a biomedical application standpoint, a po- trlgggred material assem-bly. n other Wofds’ ea(_:h individual
peptide module can, without being mixed with another
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Table 1. Sequences of Oligopeptidés is unlikely for the material to be compatible at the cellular
peptide sequence of positively charged modules and systemic levels. Previous studies used enzymatic activi-
KVW15 acetylKWKVKVKVKVKVKVK-amide ties to verify molecular biocompatibility in semi-wet, supra-
KVW10 acetyl-WKVKVKVKVK-amide molecular, peptide-based hydrogel arr&y’§However, many
peptide sequence of a negatively charged module therapeutic proteins such as insulin are not enzymes. To test
EVW10 acetylEWEVEVEVEV-amide the biocompatibility of a material with nonenzymes, other

aThe numbers represent the chain length of the peptide. Modular material methods ar'e needgd. For proteins, molgcular biocompatibility
assembly is achieved by pairing a positive module with a negative module. translates into maintenance of nativelike structure because
Positively charged amino acids are in italics, and negatively charged amino the structure and function of a protein molecule are closely
acids are in bold. To demonstrate the versatility of modular assembly, i -
peptides with equal chain length and unequal chain length were co- relate(_j' Traditionally, the degree of retention of se_condary
assembled to create blunt- and sticky-end pairs, respectively. K, lysine; v, OF tertiary structures of proteins released from their encap-
valine; E, glutamic acid; and W, tryptophan. sulation media [monitored using circular dichroism (CD),
Fourier transform infrared spectroscopy, differential scanning

For in vivo applications, hydrogels should satisfy two ) .
calorimetry, fluorescence spectroscopy, etc.] is used as an

important requirements: first, hydrogel formation should be < , s
controllable, that is, unintended spontaneous gelation or'?}dlrec=t me?sure of molecular blocorr;]patlbll%ﬁﬁ_Hower(_ar, i
aggregation should be prevented, and second, hydrogel§ 1ese met. 9ds do .not address t'e quest!o_n. orin situ
should be biocompatible. Previous design of peptide-basedP!0compatibility. In situ molecular biocompatibility is im-
hydrogels was based on the principle of self-attraction where POrtant for certain tissue engineering and drug delivery
material assembly is governed by the presence of Comple_appllcatlons. For example, an encapsulated growth hormone

mentary chemical groups within each peptide mole&tié should retain its native conformation and, hence, its bio-
The problem with such a design is that, as a result of éelf- activity in its encapsulated form to enhance the proliferation

attraction, hydrogelation can be triggered by small variations 3nd grQV\/thlof co-i_ncapsullat.ed ceIIsH '3 this ng’k, a two-
in the environment of the peptide solution. For example, an dimensional NMR fingerprinting method is used to verify

ionic strength of less than 5 mM is sufficient to cause the retention of protein tertiary structure inside a hydrogel.
gelation® Such an ionic strength is much lower than the Compared with enzymology-based assays, the NMR finger-

physiological ionic strength. As a result, extra precaution Print method has general applicability.
needs to be taken to prevent gelation in such systems. For
instance, additives such as sucrose need to be added to the
peptide solution to prevent uninitiated gelatidnlo exert Preparation of Oligopeptides.All the peptides were synthesized
better control over gelation and prevent unintended aggrega-using standard Fmoc Chemistry on Rink Amide MBHA resin and
tion at the peptide level, we chose a modular design strategypurified using HPLC as described earliérThe purity and the
based on mutual attraction but self-repulsion. In this ap- molecular weight of each purified peptide were verified by
proach, a peptide carries either multiple negative charges oranalytical HPLC and mass spectrometry, respectively (see Sup-
multiple positive charges, but not both (Table 1). The porting Information for more details). Each purified peptide sample

electrostatic charges carried by each peptide module act ad@S dissolved in the respective buffer at appropriate pH and
a brake mechanism to inhibit spontaneous gelation or dialyzed at room temperature for-2 h using a dialysis membrane

. . . with a molecular weight cutoff of 100 Da. The concentration of
aggregation. Such an electrostatic brake can be relieved by, ., peptide sample was determined on the basis of the UV

Qiffergnt means, including changing pH (pH'indu_C?d gela- apsorption of the Trp residue in each peptide, using an extinction
tion), ionic strength (salt-induced gelation), or mixing two coefficient of 5690 M*-cm at 280 nn#! with a correction for
oppositely charged modules (mixing-induced gelation). Our the light scattering?

Materials and Methods

previous work focused on mixing-induced gelatidim this Preparation of !N-Enriched Ubiquitin. The gene encoding
manuscript, pH- and salt-induced gelation will also be for human ubiquitin, a 76 amino acid protein, was subcloned into
demonstrated. the commercial plasmid pET11a in the polyclonal region between

to verify in situ molecular biocompatibility and use this nucleotide segment that specifies six consecutive histidine residues
method to compare the molecular biocompatibility of pH- (6 x His) has been engineered at t@erminal of the amino acid
induced hydrogels with mixing-induced hydrogels. Biocom- sequence that supports highly efficient purification using nickel

ibility i lexi hat h if : itin| nitriloacetic affinity chromatography. The resulting plasmid was
patibility is a complex issue that has manifestation at multiple used to transfornkscherichia colBL21(DE3). Overexpression on

levels!® At the molecular level, the criterion for material 5 minimal medium (M9) prepared usiANH.Cl provides a means
biocompatibility can be defined as no alteration of key for generating uniformlysN-enriched ubiquitin. Approximately 20
molecular characteristics, that is, a material should not change
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mg of purified ubiquitin is obtained per liter of culture (ap-
proximately 4x 600uL, 1 mM samples).

Modes of Gelation.For pH-induced gelation, dialyzed peptide
solutions in vials were exposed to vapors of acetic acid (acid-
induced gelation) or ammonium hydroxide (base-induced gelation).
To demonstrate the reversibility of pH-induced gelation, acid- and
base-induced hydrogels were exposed to vapors of ammonium
hydroxide and acetic acid, respectively. For salt-induced gelation,
a saturated sodium chloride solution was added into the dialyzed
stock peptide solution so that the final peptide concentration in the
hydrogel was 1 wt %. For mixing-induced gelation, dialyzed peptide
solutions were mixed at a 1:1 weight ratio such that the final total
peptide concentration was 1 wt %.

CD Spectroscopy.CD spectra were obtained using an AVIV
62DS spectropolarimeter equipped with a water bath operated at
25°C. A cylindrical cell of 0.1 mm path length was used for the
measurements. The instrument was calibrated using ammoniumFigure 1. Far UV CD spectra of 1 wt % peptide solutions in 30 mM
d-10-camphor sulfonate (0.06%, w/v) before use and flushed with @mmonium acetate aqueous buffer, pH 6.0°€5
nitrogen during operation. Ellipticity measurement was normal-
ized to the mean residue ellipticityd), expressed in units of
degcm?-dmol2.

Rheological Characterization.Rheological studies of hydrogels
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were conducted by loading the freshly mixed peptide pair into a Vapor
50 mm cone-and-plate module of a strain-controlled, software- ——
operated rheometer (ARES-100; TA Instruments, Piscataway, NJ), NH,OH
followed immediately | 8 h of atime sweep test, with an applied Vapor

strain of 0.2% amplitudeta 1 rad/s frequency.

NMR Characterization. To characterize ubiquitin entrapped in
mixing-induced hydrogels, solutions of two peptide modules
(KVW10 and EVW10) and a solution of ubiquitin were mixed
thoroughly and then loaded into a NMR tube to allow gelation.
The total peptide concentration and the ubiquitin concentration were
both 0.25 wt % in the gelled sample. To characterize ubiquitin
entrapped in pH-induced hydrogels, a solution of one peptide
module (KVW15) and a solution of ubiquitin were mixed into a

NMR tube. The NMR tube was then exposed to ammonium KVW15
hydroxide vapor to induce gelation. The peptide concentration and H

Saturated NaCl
solution

"

ubiquitin concentration were both 1 wt % in the gelled sample. All
samples contained 7.5%,0 to support theH lock. A Varian Co-assembly
INOVA 500 MHz NMR spectrometer equipped with a triple-axis via mixing
pulsed-field gradient (TRIAX) indirect probe was used to acquire
IH—15N heteronuclear single-quantum coherence (HSQC) sp&ctra.
The spectral width in théH dimension was 7000 Hz~(14 ppm)

with the carrier frequency set at the water resonance. Water
suppression was accomplished using a flip-back type schEhne

spectral width in the®>N dimension was 2000 Hz~39.5 ppm) Saturated NaCl

with the carrier frequency set at 121 ppm, which corresponds solution
approximately to the center of the peptide/protein amide frequency
range. ThéH—1N HSQC spectrum of ubiquitin in 50 mM, pH 6
phosphate buffer was also acquired.
Results and Discussion CH,COOH
Vapor

As designed, the multiple like charges carried by each
peptide indeed prevented spontaneous peptide gelation and
aggregation. Peptides remained in solution and were visually
clear after dialysis in pH 6.0, 30 mM ammonium acetate _ . . . o

f Th tid had a random coil conformation in Figure 2. Various means to |nduce_hydrogelatlon. The vial (w_|th a_red
bu e_r- €se pepudes ha a_ a ' cap) was put upside down. All solution and gel samples contained in 30
solution, as assessed by their CD spectra (Figure 1). ThemM ammonium acetate aqueous buffer, pH 6.0, with a total peptide

electrostatic inhibition of gelation was removed by three concentration of 1 wt % except the gel made by adding NaCl to EVWA10,
which had an EVW10 concentration of 1.25 wt %. For salt-induced gelation,
the final NaCl concentration for the KVW15 sample was 1.5 M, and that
(23) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. Sod 992 114, for the EVW10 sample w3 M (at 1.5 M salt concentration, EVW10 was
10663-10665. still a viscous solution). Note that pH-induced gelation is reversible, forming
(24) Grzesiek, S.; Bax, AJ. Am. Chem. Sod.993 115 12593-12594. an on/off switch mechanism.
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Figure 3. Viscoelastic properties of the co-assembled hydrogels formed by mixing 0.5 wt % of each peptide in 50 mM cacodylate buffer at pH 6 (total
peptide concentration in the hydrogel was 0.5 wt % with the concentration of each peptide module being 0.255yteté$tic modulusG", viscous
modulus;d (= tanm! G'/G'), phase angle.

means: changing pH, adding salt, and mixing two oppositely [
charged peptides (Figure 2). In other words, the electrostatic §
control is compatible with multiple gelation modes. Another
benefit of electrostatic control via self-repulsion is that it &=
significantly elevated the salt concentration needed to induce
gelation, which is evident by the observation that each
peptide module remains in solution after dialysis in 30 mM
buffer, and required a much higher salt concentration to
induce gelation (Figure 2). The final NaCl concentration for
the KVW15 sample was 1.5 M, and tha-t for the EVW10 Figure 4. Encapsulation of lysozyme by pH-induced gelation. 1 wt %
sample wa 3 M (at 1.5 M salt concentration, EVW10 was KVW15 beptide in 30 mM ammonium acetate buffer (pH 6) cbntaining
still a viscous solution). In contrast, in a self-attractive peptide 0.5 wt % lysozyme was exposed to ammonium hydroxide vapor to induce
with the same amino acid composition and sequence patterngelation.

the salt concentration needed to induced gelation %8s  conformation of entrapped protein moleculesH—15N

mM.8 The elevated salt concentration required to induce HSQC spectrum of uniformlyN-enriched ubiquitin was
gelation also increased the flexibility in peptide purification, ysed as a model system to study the integrity of entrapped
handling and preservation. For instance, the EVW10 peptide proteins in the hydrogel. Ubiquitin entrapped in the mixing-
was purified using 30 mM NEHCG; buffer, which would  jnduced gel retained its native conformation, as evidenced
have been impossible for its self-attractive counterpart, which py minimal perturbation of the amide NMR resonances when
gels in the presence of 5 mM s8lthe versatility in gelation  compared to its native solution conformation (Figure 5). The
modes and elevated salt concentration required to triggerpreservation of ubiquitin native structure is more clearly seen
gelation clearly demonstrate the advantage of the modularfrom the overlay of these fingerprints in Figure 6A. Ubiquitin
design over the self-complementary design. entrapped in the pH-induced gel retained a nativelike overall
Hydrogels are viscoelastic networksThe viscoelasticity ~ fold (Figure 6B). However, the higher gel pH accelerated
of the peptide hydrogels assembled by the oligopeptides wasthe rate of amide proton exchange, leading to the loss of a
characterized by rheometric measurement. The rheologicalnumber of amide NMR resonances. The resonances of
gelation profiles of the KVWI10:EVW10 pair and the ubiquitin in hydrogel matrixes were comparatively broader,
KVW15:EVW10 pair are presented in Figure 3. The gelation indicating a substantial decrease in the rotational motion of
process is smoother for the KVW10:EVW10 pair than for the entrapped protein. Compared to pH- or salt-induced gels,
the KVW15:EVW10 pair (Figure 3). In both pairs, gelation mixing-induced gels cause minimal perturbation to the
was characterized by two regions: a rapid growth region medium and thereby to the entrapped biomolecule. Hence,
followed by a slow growth region. The phase angbe=f mixing-induced gels would be preferred as encapsulation
tan(G"/G)] is an indicator of the relative elastic and matrixes for applications where preservation of protein
viscous components of a hydrogel. Both pairs had a very conformation is critical, including protein drug delivery,
low phase angle~5°), indicating that both hydrogels are tissue engineering (growth factors), and structural gendfnics
highly elastic. Hence, peptide pairs with blunt ends (KVW10: (as alignment media for NMR characterization). Although
EVW10) and sticky ends (KVW15:EVW10) are both capable two-dimensional NMR fingerprintirg has been utilized to
of forming hydrogels upon mixing, demonstrating the study the conformation of protein solutions (either alone or
versatility of the modular design. entrapped in reverse micelles), to our knowledge, this is the
The hydrogel matrixes were capable of entrapping small first time it is used to characterize the conformation of
proteins such as lysozyme and ubiquitin during their forma-

tion (Figure 4). To verify the retention of the native (26) ggistgggrd, J. H.; Kishore, A.Qurr. Opin. Chem. Biol2001 5 (5),
(27) Wand, A..J.; Ehrhardt, M. R.; Flynn, P.Ftoc. Natl. Acad. Sci. U.S.A.
(25) Kopecek, JNature2002 417 (6887), 388-389, 391. 1998 95 (26), 15299-15302.

Protein Entrapment
through pH-induced
Gelation

KVW15
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Figure 5. 'H—1N HSQC spectra of ubiquitin at Z& in solution (A) and in mixing-induced hydrogel (B). The resonances in red are aliased peaks present

outside the spectral window.
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Figure 6. *H—15N HSQC spectra of backbone amide'®-enriched ubiquitin at 25C. (A) Overlay of ubiquitin in solution (black) and ubiquitin entrapped
in a mixing-induced hydrogel (red). (B) Ubiqutin entrapped in a pH-induced hydrogel. Clearly, the mixing-induced hydrogel better presenige the nat
conformation of entrapped ubiquitin than the pH-induced hydrogel.

proteins entrapped inside a peptide hydrogel. Our datais a unique advantage of peptide-based materials. In pH- and
demonstrate that multidimensional NMR fingerprinting is a salt-induced hydrogels, the material property might be fine-
suitable technique to monitor protein conformation inside tuned by changing the peptide sequence, length, and con-
hydrogels. centration. In mixing-induced hydrogels, material properties
The modular design along with the electrostatic control can be further tuned by varying concentration ratios and
provides a basis for constructing dynamic libraries of peptide- length ratios of the pairing peptide modules, offering
based biomaterials. Along with their excellent biodegrad- additional flexibility in adjusting the material properties.
ability and bioresorbability, the possibility of fine-tuning  The fibrillar structuré? and high elasticity of these
material properties (e.g., seel transition pH, ionic strength,  hydrogels mimic the ECM and might act as a morphogenetic
kinetics of co-assembly) via systematic sequence varfetion  guide during tissue regeneration. Further, cell adhesive
motifs’® (like RGD) could be incorporated into these

(28) Caplan, M. R.; Schwartzfarb, E. M.; Zhang, S.; Kamm, R. D.;
Lauffenburger, D. AJ Biomater. Sci., Polym. E@002 13(3), 225~
236.

(29) Yamada, K. MJ. Biol. Chem1991, 266 (20), 12809-12812.



6588 Chem. Mater., Vol. 17, No. 26, 2005 Ramachandran et al.

sequences for specific tissue engineering applications. Intemperature. Hence, mixing-induced, co-assembled hydrogels
short, the protein entrapment in its native state (Figure 5A) would be preferred for biomedical applications where
and the rapid gelation time (Figure 3) are highly desirable preservation of protein conformation is crucial.
for tissue engineering and drug delivery applications.
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