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Abstract

Self-assembling peptides programed by sequence design to form predefined nanostructures are 

useful for a variety of biomedical applications. However, assemblies of classic ionic self-

complementary peptides are unstable in neutral pH, while charged peptide hydrogels have low 

mechanical strength. Here, we report on the rational design of a self-assembling peptide system 

with optimized charge distribution and density for bioscaffold development. Our designer peptides 

employs a sequence pattern that undergoes salt triggered self-assembly into β-sheet rich cationic 

nanofibers in the full pH range (pH 0 to 14). Our peptides form nanofibrils in physiological 

condition at a minimum concentration that is significantly lower than has been reported for self-

assembly of comparable peptides. The robust fiber-forming ability of our peptides results in the 

rapid formation of hydrogels in physiological conditions with strong mechanical strength. 

Moreover, fiber structure is maintained even upon dense conjugation with a model bioactive cargo 

OVA257–264 peptide. Nanofibers carrying OVA257–264 significantly enhanced CD8+ T cell 

activation in vitro. Subcutaneous immunization of our peptide fiber vaccine also elicited robust 

CD8+ T cell activation and proliferation in vivo. Our self-assembling peptides are expected to 

provide a versatile platform to construct diverse biomaterials.
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1. Introduction

Synthetic peptides and their derivatives can be programed to self-assemble into predefined 

supramolecular nanostructures of varying complexity such as fibers or tapes, vesicles, tubes, 

webs and sheets [1–5]. The naturally biodegradable self-assembling peptide systems are 

extensively investigated as biomaterials for tissue engineering, drug delivery, and 

vaccination [6, 7]. The versatility of these biomaterials relies on the precise and flexible 

design of unit peptide building blocks and often requires specific conditions for self-

assembly and stability. A majority of reported self-assembled peptides adopt a β-sheet 

secondary structure and form into long-range ordered nanofibers, which at high 

concentrations can produce hydrogels [6]. Amongst these, RADA16-I is a classic self-

assembling β-sheet peptide and is commercially available (PuraMatrix™) for biomedical 

research and pre-clinical applications [6, 8]. RADA16-I spontaneously forms fibers in 

aqueous solutions by using a well-known structural motif of ionic self-complementarity [6, 

9, 10]. Previous reports showed that the net neutral RADA16-I self-assembles at low pH into 

nanofibers that become unstable at physiological conditions [9–11]. Similarly, peptide P11-II 

also employs ionic self-complementarity for self-assembly, but gelation occurs slowly over 7 

days to form a hydrogel at pH < 5 yet loses structural integrity above this pH [12].

Self-assembling peptides that are not ionic self-complementary, such as β-hairpin and 

multidomain peptides. have typically produced hydrogels that show low mechanical strength 

in physiological condition [13, 14]. Furthermore, the capacity of self-assembling peptides to 

undergo in situ hydrogelation is important for many biomedical applications such as drug 

delivery [8]. For example, an amphiphilc peptide conjugated with an anti-inflammatory drug 

resulted in hydrogels that could sustain drug release for over a month [15]. However, the 

pure conjugate alone had relatively weak fiber forming ability and was incapable of forming 

long-range nanofibers or hydrogels, which resulted in an overall low drug loading. 

Accordingly, expanding the repertoire of self-assembling peptides to include sequences that 

form robust fibers in physiological conditions, but also exhibit broad pH adaptability and 

produce hydrogels at low concentrations with high mechanical strength, may open many 

potential applications.

While most reported biomedical applications of self-assembled peptides involve drug 

delivery or tissue engineering, there is an emerging interest for their use as vaccine carriers 

and scaffolds. Peptide Q11 nanofibers containing B and T cell antigens were observed to 

elicit strong antibody responses in mice without the need for co-administering adjuvants 

although Q11 alone was non-immunogenic [16]. This self-adjuvanting effect was also found 

for antigens presented on KFE8 nanofibers, indicating that the structure and not the 

sequence of the self-assembling peptide conferred adjuvant properties [17]. Q11 nanofibers 

that carry antigenic epitopes have been proposed to resemble the fibrillar morphology 

formed by bacterial curli and flagellin proteins, which may be a reason for the acquired 
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adjuvant effect [18]. Cytotoxic T lymphocyte (CTL) responses have also been elicited 

without additional adjuvants by self-assembling peptides that forms cylindrical micelles or 

nanofibers [19–21]. In addition to the potential self-adjuvanting effect attributed to specific 

supramolecular structures, self-assembling peptides can serve as a scaffold to enhance the 

potency of subunit vaccines [22, 23]. Consequently, supramolecular nanostructures formed 

from self-assembled peptides are emerging as a useful platform to present antigens to the 

immune system.

Here we report on the rational design and synthesis of a self-assembling peptide system 

based on a novel sequence pattern with optimized charge distribution and density tailored to 

generate biomaterials with specific targeted properties. First, we designed our self-

assembling peptide sequences to have a strong ability to form nanofibers in physiological 

condition so that the fiber structure would be stable even at a very low concentration after in 

vivo injection. Second, we prioritized sequences with a high capacity for conjugating 

bioactive cargo while maintaining the fiber structure so as to enable efficient bioactive 

molecule presentation or drug delivery. Third, we selected peptides that exhibit good 

solubility, which is preferred for self-assembly and delivery of cargo since many potent 

epitopes and drugs are hydrophobic. Finally, we wanted triggered self-assembly behavior for 

easier sample handling and purification and for in situ self-assembly. We expect the 

versatility and robust performance of our peptide sequence pattern will have broad 

biomedical applications.

2. Materials and Methods

2.1. Peptide Synthesis and Purification

All peptides were synthesized at a 0.1 mmol scale with a CEM Liberty Blue automated 

microwave peptide synthesizer using standard Fmoc chemistry. Preloaded Wang resins 

(Novabiochem) were used to generate unprotected C-terminal peptides and Rink Amide 

MBHA resins (Novabiochem) were used for peptides with a C-terminal amide. 5 equiv. of 

standard Fmoc amino acids (Chempep), 5 equiv. of N,N′-Diisopropylcarbodiimide (Sigma), 

and 5 equiv. of Ethyl (hydroxyimino)cyanoacetate (Sigma) were used for coupling and 20% 

(by volume) piperidine in DMF (Sigma) was used for deprotection. The cleavage of peptides 

from the resin was accomplished with an Accent peptide cleavage system (CEM) in the 

cleavage cocktail (trifluoroacetic acid (TFA)/triisopropylsilane/2,2′-

(Ethylenedioxy)diethanethoil/water (9.25:0.25:0.25:0.25 by volume)) for 30 min. After 

filtration, peptides were collected by the addition of cold diethyl ether and centrifugation. 

The crude peptides with the purity lower than 90% and that were used for biological study 

were purified by semi-preparative high performance liquid chromatography (HPLC) using a 

Prominence LC20AD HPLC (Shimadzu) with a Phenomenex Gemini C18 column (250 × 10 

mm), eluting with water-acetonitrile (0.1% TFA) gradients. Analytical HPLC was performed 

with a Phenomenex Kinetex C18 column (250 × 4.6 mm). Crude and purified peptides were 

analyzed by analytical HPLC and matrix-assisted laser desorption/ionization time-of-flight 

(MALDI-TOF) mass spectrometer (MS) (Bruker AutoFlex II), and results were listed in 

Table S1, Figure S1 and Figure S2.
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2.2. Transmission Electron microscopy (TEM)

Peptides were dissolved in Milli-Q water at a concentration of 2 mM as stock solutions. 

Various solutions were used to dilute peptide stock solutions to generate peptide solutions to 

the final concentration in different conditions for TEM and circular dichroism (CD) tests. To 

make sure the fiber structure was stable in these conditions, the diluted peptide solutions 

were incubated overnight before TEM and CD test at room temperature. Negative stain 

specimens were placed onto carbon-coated copper grids, followed by water wash and 1% 

uranyl acetate staining. Then images were collected with FEI Tecnai TF20 TEM operating at 

200 kV.

2.3. CD

CD spectra were gathered at room temperature on a Jasco J-720 spectropolarimeter 

equipped with 1 mm path length quartz cells (Starna). The scan speed is 1 nm/s and the 

bandwidth is 0.2 nm. Five-times scans were applied for averaging without smoothing. The 

obtained ellipticity in millidegrees was used to calculate mean residue ellipticity [θ].

2.4. Fourier Transform Infrared (FTIR)

FTIR spectra were recorded on a Bruker Vertex 70 FTIR spectrometer equipped with an 

attenuated total reflectance (ATR) sampling accessory at room temperature. 3 μL of 2 mM 

Z1 in D2O or deuterated phosphate-buffered saline (PBS) was placed on the diamond stage. 

Spectra represent averages of 16 scans. Spectra were analyzed using ORIGINPRO software 

(OriginLab, Northampton, MA). Curve fittings of amide I band were performed to estimate 

the components of secondary structures and corresponding percentages based on peak 

positions determined by second derivatives as calculated with Savitsky-Golay method (2nd 

degree, 50 points) [24–26].

2.5. Oscillatory Rheology

Rheology measurements were conducted using a TA AR-G2 rheometer with a 2 cm parallel 

plate geometry and 750 μm gap distance. Frequency sweep was measured at 0.1% strain, 

within linear viscoelastic (LVE) region, at frequencies ranging from 100 to 0.1 rad/s at 25 °C 

with a humidified chamber [27, 28]. On-site gelation was performed with 225 μL peptide in 

Milli-Q water and 25 μL 10× PBS to give the final 1× PBS environment except Z3 that could 

not form hydrogels in this way. Z3 gelation was performed using a well-developed method 

for ionic self-complementary peptides [9, 29]. Briefly, 250 μL Z3 in Milli-Q water was 

placed on the plate and then the geometry was lowered to have 750 μm gap distance. 500 μL 

PBS was then added around Z3 solution as bath solution to trigger gelation. The gelation 

process was very fast, but to make sure every sample had enough time to form hydrogel, all 

rheology measurements were performed after 1 h of the on-site gelation. The hydrogel 

demonstration in the inverted glass vials was also pictured after 1 h incubation at room 

temperature.

2.6. In Vitro OVA Presentation Assay

DC2.4 cells, a murine dendritic cell (DC) line [30] and B3Z T cells, a CD8+ T cell 

hybridoma cell line [31] that expressed β-galactosidase, specifically related to the 
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presentation of SIINFEKL were kindly provided by Prof. James Lai (University of 

Washington) and cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM 

L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, 55 μM 2-mercaptoethanol, 1× 

nonessential amino acids, and 10 mM HEPES. DC2.4 cells were seeded at 5×104 cells/well 

in flat-bottom 96-well cell culture plates and cultured with different OVA-containing 

formulations and controls (OVA+LPS (1 μg/mL) as the positive control and PBS as the 

negative control) for 24 h at 37°C in a 5% CO2 incubator. In each OVA-containing 

formulation, the equivalent concentration of OVA257–264 was 50 μM. Cells were washed 

three times with pre-warmed PBS. 5×104 B3Z T cells were then added to each well and co-

cultured for 24 h in complete RPMI 1640. Culture media was then carefully removed. 150 

μL Lysis buffer (0.15 mM chlorophenol red β-D-galactopyranoside, 9 mM MgCl2, 0.125% 

Nonidet P-40, 100 μM 2-mercaptoethanol in PBS) was added into each well. Plates were 

incubated at 37°C for 2 h and read at 570 nm using a Tecan plate reader.

2.7. Cytotoxicity Assay

DC2.4 cells were cultured in 96 well plates in the absence or presence of various 

concentrations (5 μM, 50 μM, or 500 μM) of OVA, Z1, or OVA–Z1. After two days in 

culture, cell viability was assessed using CellTiter-Blue® Cell Viability Assay (Promega) 

following manufacturer’s recommended procedures. Briefly, cells were incubated for four 

hours with 20 μL/well of CellTiter-Blue® Reagent and fluorescence was recorded at 560/590 

nm. Cell viability was normalized to untreated group considered as 100%.

2.8. OT-I Adoptive Transfer and In Vivo Immunization

All procedures were approved by the University of Washington Institutional Animal Care 

and Use Committee. Splenocytes were collected from OT-I transgenic mice (8–10 weeks 

old, C57BL/6-Tg(TcraTcrb)1100Mjb/J) and red blood cells were lysed. Then, the cells were 

labelled with carboxyfluorescein succinimidyl ester (CFSE) (Life Technologies, Carlsbad, 

CA) as per manufacturer’s protocol, followed by adoptive transfer via tail vein injection (1.2 

× 107 cells in 400 μl PBS) [32] into recipient mice (female C57BL/6J, 8–12 weeks old). 

After 24 hours, the recipient mice were injected subcutaneously in the flank with 50 μl of 

each OVA-containing formulation (25 nmol equivalent OVA257–264 per mouse) whereas 

control mice were injected with only PBS. Specifically, there was 25 nmol OVA in ‘OVA’, 

25 nmol OVA and 10 μg LPS in ‘OVA+LPS’, 25 nmol OVA–Z1 in ‘OVA–Z1’, 25 nmol OVA 

and 25 nmol Z1 in ‘OVA+Z1’, and 25 nmol Z1 in ‘Z1’. 1, 3, or 5 days after immunization, 

spleens and inguinal lymph nodes (IGLN) were collected and processed for single-cell 

suspensions (two mice per treatment group were combined) as previously described with 

minor modification [33–35]. To accumulate intracellular cytokine, the cells were incubated 

in vitro for 5 hours with 3 hour-brefeldin A (BD Biosciences) treatment (5 μg/ml) at 37°C. 

Then the cells were stained for 20 minutes at room temperature with a Live/Dead Fixable 

stain kit (Life Technologies) and then resuspended in FACS buffer (1× sterile PBS 

supplemented with 1% (v/v) heat-inactivated FBS) to 106 cells/ml. Cells were blocked with 

anti-mouse Fcγ III/II receptor monoclonal antibody (clone 2.4G2; IgG2bκ), and stained 

with fluorescently conjugated anti-mouse monoclonal antibodies against CD8a (clone 

53-6.7; IgG2aκ), CD69 (clone H1.2F3; IgG), or CD44 (clone IM7; IgG2bκ) (all from 
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BioLegend, San Diego, CA). Stained cells were fixed in 2% paraformaldehyde and stored at 

4°C overnight.

Next morning, cells were permeabilized with Perm/Wash™ (BD Biosciences) containing 

5% rat serum (Sigma). Cells were then stained with fluorescently conjugated anti-mouse 

monoclonal antibody against IFN-γ (clone XMG1.2; IgG1κ) (BioLegend) for 30 minutes at 

room temperature in the dark. Stained cells were extensively washed and resuspended in 

FACS buffer. Isotype staining was performed to use as negative controls in flow cytometry 

analysis. Cells were analyzed by flow cytometry using a FACS-Canto II (BD Biosciences). 

Data were analyzed with FlowJo Software (Tree Star, Ashland, OR). Proliferation was 

measured by quantifying the percent change of CFSE+ CD8+ T cells relative to control mice 

that were not immunized (PBS) but still recipients of adoptive T cell transfer by tail vein. To 

observe significant differences between control and treatment groups, various statistical 

analysis methods were used. One-way ANOVA followed by a Kruskal-Wallis test and 

Dunn’s multiple comparison test (nonparametric) was used depending on experimental data 

sets. For all statistical methods, GraphPad PRISM (Version 5.04, La Jolla, CA) was used. 

Unless otherwise indicated, a p-value ≤ 0.05 was considered to be significant.

3. Results

3.1. Rational Design of Peptide Sequences that Self-assemble into Charged Nanofibers

Peptide self-assembly mediated by intermolecular non-covalent interactions can be precisely 

controlled by sequence design. Here, we develop a new sequence pattern based on a four 

amino acid repeating unit of alternating charged (+ or –), polar uncharged (±) and nonpolar 

residues (o) that self-assembles into cationic or anionic peptide fibers (Table 1). While 

hydrophobic interactions and intermolecular hydrogen bonds are favored for self-assembly 

as a result of entropic effects, the role of charged interactions in the self-assembly process 

are more complex to predict and can hinder the formation of charged supramolecular 

structures [36]. For example, intramolecular electrostatic attractions may induce 

conformations that are unfavorable for certain secondary structures that promote self-

assembly [9, 10]. Our pattern that is not ionic self-complementary uses polar uncharged 

residues to enable incorporation of either negatively or positively charged amino acids 

without compromising β-sheets structure. Peptides based on our sequence exhibit an 

optimized net charge at neutral pH, confer good solubility and self-assemble into long-range 

ordered fiber nanostructures. A number of design rules were implemented to promote robust 

self-assembly of our peptide nanofibers. First, we included either positively or negatively 

charged residues as the charged components in the classic pattern of alternating hydrophobic 

and hydrophilic residues. Second, polar uncharged residues were placed between charged 

residues to maintain charge separation. Finally, acylation of the N-terminal and an 

unprotected C-terminal were incorporated to reduce the overall net charge on the molecule.

To test conditions in which these design rules were valid, we synthesized a series of peptides 

that could self-assemble into cationic or anionic nanofibers with different properties (Table 

1). Using a core sequence pattern represented by the Z1 peptide that consists of the (RVQV) 

repeating unit, we observed that nanofibers were unable to form in water at a dilute 

concentration (100 μM, pH 4.5) (Figure 1a), and a representative TEM image of the sample 
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detected fibers but at a relatively low density even at a high concentration (2 mM) (Figure 

S3a). However, in PBS (pH 7.4) Z1 assembled into long and unbranched nanofibers with a 

diameter of ~4 nm (Figure 1b). Salt-triggered self-assembly was also confirmed with CD 

and FTIR spectroscopy. The CD spectra indicated a mixed secondary structure for Z1 in 

water but the introduction of PBS induced a conformational change to a β-sheet with a 

negative peak at 216 nm (Figure 2e) [5, 9, 10]. FTIR analysis also demonstrated this 

conformational change from a mixture of α-helix (41.6%) and β-sheet (52.0%) in D2O 

(Figure 2g) to a predominately β-sheet (90.5%) structure in PBS (Figure 2h) [24–26].

We made amino acid substitutions to the Z1 core sequence pattern to test the robustness of 

fiber self-assembly. Replacing Arg of Z1 with Lys resulted in a peptide (Z5) that also 

exhibited salt-triggered self-assembly with PBS, suggesting this position is permissive to 

other positively charged residues (Figure S4a). Z1 with Arg is preferred over Z5 for the 

relatively higher β-sheet-forming propensity of Arg than Lys, which was supported with a 

wide shoulder at 208 nm (α-helix) in CD spectrum of Z5 (Figure S5a). Hydrophobic 

residues with bulky side chains also supported robust fiber formation. For instance, the Z8 

peptide substitutes Val for Ile to generate the (RIQI)3 sequence that self-assembled into 

abundant nanofibers (Figure S4b). However, the Z1 peptide sequence is preferred over Z8 

since Val favors β-sheet secondary structure and has greater solubility than Ile [37, 38]. 

When Gln in Z1 was replaced with Asn (Z7 peptide), we witnessed a significant 

morphological change to shorter fibers that remained rich in β-sheet secondary structure 

(Figure S4c and S5c). This substitution suggests that the size of the polar uncharged side 

chain could be used to influence fiber length. All of our cationic fiber sequences employed 

an unprotected C-terminal and a protected N-terminal to decrease the overall net charge on 

the peptide to +2. By applying the same design principles, we also generated anionic fibers. 

In this case, we designed Z4 by simply replacing the positively charged Arg in Z1 with the 

negatively charged Glu, and incorporating a protected C-terminus but an unprotected N-

terminus. We also switched the position of the charged and polar uncharged residues. The 

resulting sequence Z4 has an overall net charge of −2 at neutral pH and readily self-

assembled into anionic fibers rich in β-sheet (Figure S4d and Figure S5d). Accordingly, our 

sequence pattern exhibits flexibility to control properties of the resulting self-assembled 

materials such as charge, solubility, and fiber length.

We also synthesized a series of peptides that varied charge density from 0 to +5 (Z2, Z3, and 

Z9) to further probe the importance of our three design rules. First, we replaced the polar 

uncharged Gln in Z1 with an acidic Glu and amidated the C-terminus to generate the neutral 

Z3 peptide. This sequence exhibits the classic ionic self-complementary pattern widely used 

in other self-assembling peptide systems [2, 4, 16]. In water (pH 4.5), Z3 showed evidence 

of self-assembly into nanofibers but these fibers were unstable in PBS with the appearance 

of big shoulders at around 206 nm and 222 nm in CD spectra (α-helix). (Figure 1a, b), 

indicating the impact of electrostatic attractions on the fiber structure. Our observation is 

consistent with previous reports about the effect of pH on RADA16-I self-assembly [9–11], 

although considerable amount of nanofibers as well as β-sheet structure still existed for Z3 

in PBS due to the high β-sheet forming propensity of Val compared with Ala. As predicted, 

Z3 self-assembly is favored under acidic conditions where Glu is predominately protonated 

and uncharged but the basic Arg is protonated and charged. The configuration of charges for 
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Z3 under acidic conditions favors β-sheet structure (Figure S3c). Therefore, the pattern 

sequence of Z1 accomplishes both β-sheet structure at neutral pH while maintaining an 

overall +2 net charge. Next, we replaced all the hydrophilic residues of Z1 with a positively 

charged Arg, which resulted in a peptide with a net charge of +5 (Z9 peptide). In this case, 

the increased electrostatic repulsion created a high energetic barrier for self-assembly, and 

Z9 only formed fibers at a pH close to its isoelectric point (pH 13.2) or in high ionic strength 

(10× PBS) but not in normal PBS (Figure 1b and Figure S6). Finally, the Z2 peptide that 

differs from Z1 only by amidation of the peptide C-terminus, resulted in a net charge 

increase of +3 from +2, respectively. This increased net charge appeared to impede self-

assembly of Z2 compared with Z1 and demonstrates the significance of the unprotected C-

terminus in our design (Figure 1b). The superior fiber forming ability of Z1 with optimized 

charge density also manifested in hydrogels with significantly higher mechanical strength 

(Figure 1c).

We then investigated the affect of salt concentration on Z1 self-assembly. In 10 mM NaCl, 

Z1 exhibited densely distributed nanofibers whereas in 10 μM NaCl nanofibers in relatively 

low density were observed in the representative TEM image (Figure 2a, b). Correspondingly, 

a blue-shift in the β-sheet peak was observed for Z1 in low concentrations of NaCl (Figure 

2f). When the NaCl concentration was increased to 154 mM (normal saline), more densely 

distributed fibers were observed (Figure S3b). The strong dependence of nanofiber 

formation on salt concentration is predicted from the charge shielding effect that arises in 

high ionic strength. We expect that self-assembly of the inherently charged Z1 peptide was 

abrogated in water due to electrostatic repulsion but addition of salt resulted in sufficient 

charge shielding to decrease the barrier for self-assembly and seed fiber formation. This 

hypothesis is further supported by the observation that fiber formation was impaired when 

using a Z1 peptide with a C-terminal amidation (Z2), which effectively increased the net 

charge of the peptide (Figure 1b).

3.2. Salt-Triggered Nanofibers are Ultrastable

Next, we looked at the effect of pH on self-assembly of our Z1 peptide sequence. A 

relatively low density of nanofibers was detected in 1 M HCl (pH 0) in the representative 

TEM image compared to neutral pH (Figure 2c). This result was expected due to the 

increased net charge of Z1 at pH 0 that arises from protonation of the C-terminal carboxyl 

group. The impaired fiber formation under this condition was also reflected in the CD 

spectra showing the appearance of a wide shoulder near 208 nm (α-helix) (Figure 2e). At pH 

14, which is close to the isoelectric point of Z1 (pH 12.8), the decreased net charge was 

favorable for densely distributed fibers (Figure 2d). We think that the salt shielding effect in 

combination with the strong β-sheet forming tendency of our peptide was conducive for self-

assembly in extreme pH. Accordingly, we demonstrate that Z1 self-assembles at a low 

concentration (100 μM) into nanofibers in the full pH range (pH 0 to 14) (Figure 2 and 

Figure S7).

Using PBS, we investigated the range of Z1 peptide concentrations that could support self-

assembly. Z1 peptide concentrations as low as 5 μM resulted in β-sheet-rich nanofiber 

structures upon self-assembly at the final concentration rather than dilution from preformed 
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fibers at high concentrations, but fibers appeared shorter and CD spectrum signal is weak as 

a result of the low concentration and indicates a decreased fraction of β-sheet content 

(Figure 3). This minimum concentration (5 μM) required for Z1 to form nanofibrils is much 

lower than the lowest reported concentration for self-assembly of other similar peptides 

(Table S2). PBS triggered assembly was also observed at 37 °C (Figure S8) and the fibers 

were stable after one month storage at room temperature or at 37 °C. In summary, our new 

peptide sequence pattern with optimized charge distribution and density represented by Z1 

shows strong ability to form salt-triggered, β-sheet rich nanofibers that are stable within the 

full pH range and at extremely low concentrations.

3.3. Nanofibrils Form Hydrogels with High Mechanical Strength in Physiological 
Conditions

We hypothesized that the strong tendency of our Z1 peptide to self-assemble into nanofibers 

would also facilitate formation of hydrogels with strong mechanical properties. Z1 was 

prepared at 2 mM (~0.3 wt%) and the resulting gels were analyzed by oscillating frequency 

sweep rheometry. The measured storage modulus (G′) for Z1 hydrogels was at least one 

order of magnitude higher than the loss modulus (G″), both of which were independent of 

the frequency and indicate formation of rigid hydrogels (Figure 4a). The higher G′ of the 

hydrogels triggered by PBS or 0.1 M NaOH compared to normal saline (154 mM NaCl) 

may result from improved lateral association and entanglement of nanofibers caused by the 

pH increase. We also measured the effect of Z1 concentration on its storage modulus in PBS 

(Figure 4b). Z1 at a concentration of 1 wt% had a measured storage modulus of ~16 kPa, 

which makes it the strongest reported self-assembling peptide hydrogel in physiological 

conditions (Table S2).[9, 13, 14, 27] The high storage modulus of our Z1 hydrogels is also 

evidence of the strong tendency of Z1 to form fibers. We observed that G′ was constant 

within the sweep frequency from 0.1 to 100 rad/s when the concentration was equal to or 

higher than 0.05 wt%. However, hydrogelation of Z1 at 0.05wt% could not support its 

structure in an inverted glass vial, which required a minimum concentration of 0.1 wt% 

(Figure S9). Based on all current reports of self-assembling peptide hydrogels, 0.1 wt% 

appears to approach the lowest concentration for peptide fibers to form hydrogels [27, 29, 

39]. The dependence of G′ on Z1 concentration scaled as G′~c1.42 (inset, Figure 4b), which 

is consistent with previously reported models for semiflexible macromolecular networks that 

are entangled rather than crosslinked [40]. For crosslinked polymer networks, a dependence 

stronger than G′~c2 is always observed [41, 42]. Therefore, the high storage modulus of our 

hydrogel is predominantly due to the strong fiber forming ability of Z1, which leads to 

increased fiber concentrations that can promote entanglement.

3.4. Nanofibers Displaying a CTL Epitope Enhances MHC-I Presentation In Vitro

Due to the strong fiber-forming ability of Z1, we tested its ability to serve as a scaffold for 

bioactive cargo conjugation. We conjugated a model OVA257–264 CTL epitope (SIINFEKL) 

to the N-terminus of Z1 via a hydrophilic spacer (SGSG), resulting in the self-assembling 

CTL epitope peptide OVA–Z1 (NH2-SIINFEKL-SGSG-RVQVRVQVRVQV-COOH). As 

with Z1 alone, OVA–Z1 in water produced rare fibers with an unordered conformation 

(Figure 5a, c). However, when triggered by PBS OVA–Z1 assembled into dense nanofiber 

networks with a conformational transition to β-sheets (Figure 5b, c). We detected a small 

Zhang et al. Page 9

Acta Biomater. Author manuscript; available in PMC 2018 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peak around 206 nm, which is indicative of some unordered structure along the fiber 

showing the presence of the OVA257–264 peptide. The unordered cargo may sterically hinder 

the formation of β-sheet required for peptide self-assembly and fiber formation, which is 

evidenced by the mean residue ellipticity change at 216 nm between OVA–Z1 (Figure 5c) 

and Z1 (Figure 2e). OVA–Z1 could maintain fibrillar morphology and β-sheet conformation 

at 50 μM (Figure S10 and S11). The higher minimum fibrillization concentration of OVA–

Z1 compared with Z1 is in consistent with the interrupted β-sheet conformation shown in 

CD spectra. In addition, OVA–Z1 could form a hydrogel in PBS but with a reduced storage 

modulus, indicating an excellent cargo loading capacity of Z1 scaffolds (Figure 5d). The 

weak hydrogel showed frequency-dependency of G′ at high frequency caused by network 

damage under high frequency shear stress. Fiber bundling may have an effect on the efficacy 

of displaying epitopes, which is not investigated in this work. In summary, fiber 

confirmation was detected for Z1 conjugated to OVA257–264 at equimole content at 

concentration as low as 50 μM.

To determine the function of the CTL epitope displayed on nanofibers, we examined the 

capacity of antigen presenting cells loaded with OVA–Z1 fibers to activate B3Z CD8+ T cell 

as described previously [31]. A cytotoxicity assay confirmed that both OVA–Z1 and Z1 

fibers had little to no toxicity on DC2.4 cells (Figure 6). The concentration of OVA–Z1 (50 

μM) used to prime DC2.4 was high enough for fibrillar morphology (Figure S10b). We 

found that Z1 nanofibers without the CTL epitope did not activate B3Z CD8+ T cells (Figure 

7a). Moreover, since no statistical improvement in antigen presentation was detected with a 

physical mixture of OVA257–264 and Z1 (OVA+Z1), we conclude that Z1 alone does not 

enhance antigen presentation. Notably, OVA–Z1 exhibited significant enhancement of 

OVA257–264 presentation on B3Z cells compared to soluble OVA257–264 peptide. This result 

supports that the OVA257–264 epitope on nanofibers was correctly processed and presented 

by DC2.4, and that the fibrillar epitope formulation activated DC2.4 comparable to the 

adjuvant lipopolysaccharides (LPS). Furthermore, the fact that the physical mixture of Z1 

and OVA257–264 (OVA+Z1) failed to show this enhancement demonstrates the importance of 

conjugating the CTL epitopes onto the fibers. In summary, our Z1 pattern sequence 

accommodates high epitope loading without compromising self-assembly to form nanofibers 

that enhance the activation of B3Z CD8+ T cells in vitro.

3.5. Subcutaneous Immunization of OVA–Z1 Elicits CD8+ T Cell Activation and Proliferation 
In Vivo

To further assess the ability of our OVA–Z1 nanofibers to elicit CTL responses, we 

adoptively transferred CFSE-labeled total splenocytes from OT-I transgenic mice into 

recipient naïve C57BL/6 mice one day prior to subcutaneous immunization with OVA–Z1 

and then measured CD8+ T cell proliferation and activation. Due to rapid proliferation and 

dilution of donor CFSE+ cells, we compared proliferation of CFSE+ cells based on the 

frequencies of unproliferated CFSE+ cells as compared to the PBS control (Figure 7). Flow 

cytometry analysis of lymphocytes collected from IGLN showed significant dilution of 

CFSE-labeled CD8+ T cells relative to PBS for all treatment groups (Figure 8 and Figure 

S12). However, possibly due to high ratio of OVA dose to CFSE-labeled CD8+ T cells, the 

high dilution was unexpectedly observed for OVA257–264 treatment alone even after only 1 
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day. This high sensitivity of this model precluded our ability to observe an expected 

enhanced affect from adjuvanting OVA257–264 with LPS (OVA+LPS). Differently from the 

OVA peptide alone, OVA–Z1 delayed proliferations of CFSE+ CD8+ T cells over time for 

both IGLN and spleen. This delayed proliferation may reflect differences in diffusivity from 

the site of administration into systemic circulation of the antigenic peptide delivered from 

our conjugate compared to a soluble formulation.

The quality of the in vivo CD8+ T cell response to OVA–Z1 immunization was also 

evaluated by measuring splenic CD8+ T cell expression of early stage activation (CD69+), 

effector-memory (CD44+) and pro-inflammatory and Th1 cytokine (IFN-γ) markers. The 

expression of activation markers on CD8+ splenocytes in OVA–Z1 treated mice were 

upregulated at levels comparable to OVA+LPS (Figure S13a and b). Moreover, IFN-γ 
production was largely augmented in CD8+ splenocytes and CD8+ CD44+ CD69+ 

splenocytes when treated with OVA–Z1 (Figure S13c and d). Therefore, delayed T cell 

proliferation does not necessarily indicate that OVA–Z1 is less immunogenic as compared to 

other controls and treatments. In summary, even though statistical significance was not 

reached with the limited time points and sample numbers in the study, subcutaneous 

immunization with OVA–Z1 elicits robust proliferation of IGLN and splenic CD8+ T 

lymphocytes that also show specific activations.

4. Discussion

Compared with other self-assembling peptides that have been widely studied, Z1 excels in 

both its fiber forming capacity in dilute solutions and the mechanical strength of its hydrogel 

(Table S2). Mechanical properties of tissue engineered scaffolds play a critical role in the 

regulation of mature cell behavior as well as stem cell differentiation pathways [43]. 

Therefore, self-assembling peptides that can form hydrogels with a wide range of 

mechanical strength tunable by concentration and gelation stimuli may serve as scaffolds for 

diverse cell types. The classic ionic self-complementary peptides, such as RADA16-I and 

P11-II, usually require acidic condition for self-assembly since electrostatic attraction at 

neutral pH impedes formation of β-sheets [9–12]. This impaired β-sheet formation at neutral 

pH might contribute to the relatively low G′ of the hydrogels formed by ionic self-

complementary peptides [9, 28]. In contrast, the self-assembly of the classic cationic peptide 

(MAX8) requires basic pH due to strong electrostatic repulsion at acidic or neutral condition 

[13]. This strong electrostatic repulsion also significantly influenced the G′ of the cationic 

MAX8 peptide hydrogels (450 Pa at 0.5 wt% in 150 mM NaCl, pH 7.4) [13]. Similarly, the 

G′ of K2(QL)6K2 hydrogel (1 wt% in PBS) is reported to be 191 Pa, which is considerably 

weaker than hydrogels based on ionic self-complementary peptides [14]. Although, the Ac-

LD6 peptide has been reported to form hydrogels with extremely high mechanical strength 

in water, at physiological ionic strength its storage modulus was significantly reduced to 1.5 

kPa (1 wt% in 150 mM NaCl) [27]. We attribute the wide pH range for the self-assembly of 

Z1 to the distribution of charged residues. The use of only positively charged residues avoids 

interruption of β-sheet caused by opposite charges and maintains the low charge density 

compared with MAX8 and K2(QL)6K2. This configuration of charges in our Z1 peptide 

guarantees that electrostatic repulsion can be easily screened with modest ionic strength. In 

addition, fibers that form under low concentration have advantages in dilute environments, 
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such as when used in vivo where there is a tendency for dilution by biological fluids, 

considering that fibrillization is reversible at low concentrations. Low fibrilization 

concentration may also be beneficial for delivering lower dose of toxic agents. The broad pH 

adaptability, self-assembly at low concentrations, and strong mechanical property of Z1 

arose from our initial goal to make a peptide sequence that forms robust fibers in neutral pH. 

In summary, Z1 demonstrates excellent stability at low concentrations, broad pH 

adaptability, and produces hydrogels with high mechanical strength.

To evaluate the loading capacity of our Z1 peptide fibers for bioactive cargo, we conjugated 

a model CTL epitope (OVA257–264) to Z1 and obtained an equimole loading without 

disrupting fiber properties even at low concentrations. The B3Z T cell hybridoma has been 

engineered as a reporter cell line for detecting OVA257–264 antigen presentation by DC in the 

absence of costimulation or other activation signals [44]. The conjugated OVA–Z1 elicited 

significantly stronger CTL response in co-cultures of DC2.4 and B3Z T cells compared with 

either the soluble OVA257–264 peptide alone or the physical mixture of OVA+Z1 (Fig. 7a). 

Further study on DC activation profile would help identify the similarities and differences in 

B3Z activation state. Furthermore, OVA–Z1 immunized mice resulted in significant 

activation and dilution of CFSE-labeled CD8+ T cells, which supports the function of our 

nanofibers to present conjugated CTL epitopes for antigen processing in vivo (Fig. 8 and 

Fig. S12). The high sensitivity of this adoptive transfer model to OVA257–264 peptide was 

evidenced by a similar level of CD8+ T cell proliferation elicited by immunization with 

OVA257–264 peptide alone or with LPS. This rapid proliferation of CFSE labeled CD8+ T 

cells in response to OVA257–264 has been reported previously [45]. While we observe that 

OVA–Z1 shows a trend for increased expression of activation markers and cytokines 

compared to the other treatment groups, the differences are not statistically significant. In 

following studies, various OVA doses need to be examined with increased sample numbers 

to better understand immunological impacts of Z1. In addition, further investigation on long-

term cellular and humoral immune responses in wild-type mice to our Z1 functionalized 

materials will be performed to better understand how our robust fibers as immune-functional 

scaffolds would benefit immunization, but these studies are beyond the scope of this report.

5. Conclusion

In conclusion, we rationally designed charged peptides employing a novel sequence pattern 

with optimized charge distribution and density that self-assembles into nanofiber 

biomaterials with targeted properties for in vivo applications. We show that peptide Z1 self-

assembles into cationic nanofibers rich in β-sheet upon salt-triggering regardless of pH. The 

salt-triggering property of our self-assembled peptide system may facilitate precise and 

facile incorporation of multiple cargos with desired ratios for future development of more 

complex vaccines or for combination drug delivery. In addition, our cationic fibers have a 

potential to co-deliver negatively charged CpG adjuvants to further tailor the vaccine 

composition and resulting immunogenicity. As a result of the rationally designed sequence 

pattern, the strong fiber forming ability of our peptides guarantees retention of fiber structure 

and stability in physiological conditions at low concentrations, which is important for 

nanofiber vaccines and drug delivery systems. Also, the formation of dense fibers and the 

corresponding entanglements produced a strong hydrogel that can be useful for tissue 
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engineering scaffolds. We expect our self-assembling peptide system will provide a platform 

to construct biomaterials for diverse applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance

This work is an attempt of rational design of materials from molecular level for targeted 

properties and an exploration in molecular self-assembly. Current widely studied self-

assembling peptides do not have stable nanofiber structures and form weak hydrogels 

under physiological conditions. To address this issue, we develop charged self-

assembling peptides with a novel sequence pattern for strong fiber-forming ability under 

physiological conditions. Our designer peptides can undergo salt-triggered self-assembly 

into nanofibers that are ultrastable in extreme pH (0 to 14) and dilute solutions, and into 

hydrogels with strong mechanical strength. Upon conjugation with a model bioactive 

cargo, our self-assembled peptides exhibit great potential as bioscaffolds for multiple 

applications.
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Highlights

1. Self-assembling peptides are rationally designed for targeted properties.

2. Designer peptides undergo salt-triggered self-assembly into nanofibers.

3. Nanofibers are ultrastable in extreme pH (0 to 14) and dilute solutions (>5 

μM).

4. Robust hydrogels are formed upon salt-triggering in physiological conditions.

5. Nanofibers carrying OVA257–264 enhance CD8+ T cell activation in vitro.
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Figure 1. 
Charge distribution and density of peptide molecules significantly influenced their self-

assembly behavior and the fiber forming ability. The net charges (z) of peptide molecules in 

water or PBS are indicated. (a) Dilute concentrations of peptides in water (pH 4.5) (Z1, Z2, 

and Z9) that have high charge density could not self-assemble into nanofibers due to the 

strong electrostatic repulsion, whereas the ionic self-complementary peptide Z3 with lower 

charge density formed well-defined nanofibers. (b) By increasing ionic strength with PBS 

(pH 7.4), the electrostatic repulsion of peptides with varied charge density was weakened 

due to charge shielding effect. Z1 with relatively lower charge density formed densely 

distributed nanofiber networks, whereas the fiber forming ability of Z2 and Z9 with higher 

charge density was partly or completely abrogated. A fraction of Z3 aggregated to form 

particles in PBS due to the intramolecular electrostatic attraction. The concentration of 

peptide dilute solutions is 100 μM. Scale bars represent 500 nm. (c) The stronger fiber 

forming ability of Z1 in dilute solutions formed much stronger hydrogels at higher 

concentration in PBS.
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Figure 2. 
Salt-triggered self-assembly of Z1 characterized by TEM, CD and FTIR. TEM images of 

100 μM Z1 in 10 μM NaCl pH 4.5 (a), 10 mM NaCl pH 4.5 (b), 1 M HCl pH 0 (c), and 1 M 

NaOH pH 14 (d) demonstrated the formation of nanofibers with salts. Scale bars represent 

500 nm. CD spectra of 100 μM Z1 in water, PBS, or 1 M HCl (e) and in different 

concentrations of NaCl (f). FTIR analysis of the secondary structure of Z1 in D2O (g) and in 

PBS (prepared with D2O) (h). Curve fitting (Gaussian) was applied to decompose the 

experimental spectra (black) for quantitative analysis of secondary structures. (g) β-sheet 
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(52.0%), α-helix (41.6%), β-turn (6.4%). (h) β-sheet (90.5%), α-helix (4.1%), β-turn (5.4%)

[24–26].
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Figure 3. 
Z1 nanofibers and β-sheet conformation were detected in diluted solutions. (a) A 

representative large scale TEM image of Z1 in PBS at 5 μM. (b) Detailed nanofiber structure 

of Z1 in PBS at 5 μM at a high magnification. (c) CD spectra of Z1 in PBS at various 

concentrations.
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Figure 4. 
Z1 hydrogels formed upon salt-triggering had strong mechanical properties. (a) Frequency 

sweep of 0.3 wt% Z1 in PBS, 0.1 M NaOH, or 154 mM NaCl. (b) Frequency sweep of Z1 at 

different concentrations in PBS. The inset showed the dependence of the storage modulus at 

1 rad/s on the concentration of Z1.
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Figure 5. 
PBS triggered self-assembly of OVA–Z1. TEM images of 900 μM OVA–Z1 in water (a) and 

in PBS (b). Scale bars represent 500 nm. (c) CD spectra showing PBS triggered secondary 

structure transition of OVA–Z1 (500 μM) with OVA (500 μM) as the control. (d) PBS 

triggered hydrogel formation of 0.49 wt% OVA–Z1.
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Figure 6. 
OVA-Z1 and Z1 fibers showed little to no cytotoxicity to DC2.4 at different concentrations. 

Data were presented as mean ± SD (n=6). Cell viability was normalized to untreated group 

considered as 100%.
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Figure 7. 
Conjugation of OVA257–264 to Z1 nanofibers enhanced MHC class I antigen presentation. (a) 

B3Z T cell activation detected based on β-galactosidase activity with the absorbance at 570 

nm. The equivalent OVA concentrations of each group were the same (50 μM). The 

concentration of Z1 control was also 50 μM. The LPS concentration was 1 μg/mL. (b) The 

epitope density along nanofibers significantly affected B3Z activation. The three groups of 

OVA–Z1+Z1 had the same concentration of OVA–Z1 (50 μM), but varied concentrations of 

Z1. For both panels, B3Z activation data were presented as mean ± SD (n=3). Statistical 

analysis was conducted with student’s T test (*p<0.05, **p<0.01, ***p<0.001).
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Figure 8. 
Immunization with peptide vaccines resulted in CD8+ T cell proliferation in vivo. The 

frequency of unproliferated CFSE labeled CD8+ cells was gated out in each plot as the 

evidence of proliferation of CFSE+ cells upon immunizations compared to PBS controls. 

PBS controls showed no CFSE dilution. OVA–Z1 treated groups showed delayed CD8+ T 

cell proliferation compared to OVA and OVA+LPS treated groups. Flow cytometry dot plots 

displaying the CFSE dilution of CD8+ cells from IGLN (a) and spleens (b). The frequency 

of unproliferated CFSE labeled CD8+ cells was gated out in each plot as the evidence of 
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proliferation of CFSE+ cells upon immunizations compared to PBS controls. All PBS 

controls showed no CFSE dilution.
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Table 1

Sequences and patterns of the self-assembling peptides used in this research.

Short Name Sequence Pattern Net Charge at pH 7

Z1a Ac-RVQVRVQVRVQV-COOH + o ± o + o ± o + o ± o +2

Z5a Ac-KVQVKVQVKVQV-COOH + o ± o + o ± o + o ± o +2

Z7a Ac-RVNVRVNVRVNV-COOH + o ± o + o ± o + o ± o +2

Z8a Ac-RIQIRIQIRIQI-COOH + o ± o + o ± o + o ± o +2

Z4a NH2-QVEVQVEVQVEV-Am ± o − o ± o − o ± o − o −2

Z3 Ac-RVEVRVEVRVEV-Am + o – o + o − o + o – o 0

Z9 Ac-RVRVRVRVRVRV-COOH + o + o + o + o + o + o +5

Z2 Ac-RVQVRVQVRVQV-Am + o ± o + o ± o + o ± o +3

Residue charge: +, positive; −, negative; ±, polar uncharged; and o, hydrophobic. Ac: acetylation; Am: amidation.

a
Peptides with designed sequence pattern based on a four amino acid repeating unit of alternating charged (+ or −), polar uncharged (±) and 

hydrophobic residues (o).
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