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The discovery of cell penetrating peptides (CPPs) with uniquemembrane activity has inspired the design and

synthesis of a variety of cell penetratingmacromolecules, which offer tremendous opportunity and promise

for intracellular delivery of a variety of imaging probes and therapeutics. While cell penetrating

macromolecules can be designed and synthesized to have equivalent or even superior cell penetrating

activity compared with natural CPPs, most of them suffer from moderate to severe cytotoxicity. Inspired

by recent advances in peptide self-assembly and cell penetrating macromolecules, in this work, we

demonstrated a new class of peptide assemblies with intrinsic cell penetrating activity and excellent

cytocompatibility. Supramolecular assemblies were formed through the self-assembly of de novo

designed multidomain peptides (MDPs) with a general sequence of Kx(QW)6Ey in which the numbers of

lysine and glutamic acid can be varied to control supramolecular assembly, morphology and cell

penetrating activity. Both supramolecular spherical particles and nanofibers exhibit much higher cell

penetrating activity than monomeric MDPs while supramolecular nanofibers were found to further

enhance the cell penetrating activity of MDPs. In vitro cell uptake results suggested that the

supramolecular cell penetrating nanofibers undergo macropinocytosis-mediated internalization and they

are capable of escaping from the lysosome to reach the cytoplasm, which highlights their great potential

as highly effective intracellular therapeutic delivery vehicles and imaging probes.

Introduction

The discovery of cell penetrating peptides (CPPs) has great

impacts on both fundamental and translational biomedical

research due to their seeming ability to transverse the cell

membrane at will.1–5 The structure-dependent membrane

activity of CPPs inspired the design of a range of cell penetrating

polymers and liposomes with multivalent presentation of

cationic groups, which play important roles in mediating their

membrane activity.6,7 Compared to traditional CPPs, these cell

penetrating macromolecules show improved stability and

tunable pharmacokinetic, however, their cytotoxicity has been

a concern.8,9

As an alternative for the fabrication of macromolecular

structures, peptide self-assembly offers an effective method to

generate peptide-based nanomaterials with much higher

stability than monomeric peptides, tunable nanostructures,

biological activity and good biocompatibility.10–20 In particular,

the high aspect ratio peptide nanobers, which are formed

through self-assembly of b-sheet peptides show good stability

and high resistance toward proteolysis.21–23 Recently there have

been increasing interests in the design of peptide nanobers for

vaccine and gene delivery, both of which oen require highly

efficient delivery of antigenic and genetic agents into the cyto-

plasm.12,24 From this perspective, peptide nanobers with

intrinsic cell penetrating activity would be greatly benecial to

the development of peptide-based immuno-and gene therapy.

Inspired by recent advances in peptide self-assembly and cell

penetrating macromolecules, in particular self-assembled cell

penetrating peptides,25–31 we have developed a new class of

peptide assemblies with intrinsic cell penetrating activity,

termed supramolecular cell penetrating nanobers (SCPNs).32–35

SCPNs are generated through the self-assembly of de novo

designed cationic multidomain peptides (MDPs) with a general

sequence of Kx(QW)6 (K: lysine, Q: glutamine; W: tryptophan).

The central (QW)6 domain drives the self-assembly to form

“sandwich”-like b-sheet nanobers while the terminal domain

consisting of a variable number of lysine residues drives

disassembly due to electrostatic repulsion among the lysine

residues. The end products reect an energetic balance between

the attractive forces provided by the (QW)6 domain and the

repulsive forces among the lysine residues. Upon self-assembly,

MDP nanobers display a high positive charge density due to

the accumulation of the lysine residues at the ber–solvent

interface, and therefore being potentially membrane-active.
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Although we have fabricated a library of supramolecular peptide

assembly using the Kx(QW)6 series as the molecular building

block and identied a potent cell penetrating nanober based

on K10(QW)6,
33,35 the sample preparation was tedious. Desalting

was oen required to induce self-assembly for peptides having

a relatively larger number of lysine residues. Although the

mechanism for desalting-induced self-assembly has not been

fully understood, we presume that parts of the lysine residues

were deprotonated upon triuoroacetate exchange by bicar-

bonate during the desalting process, thereby the electrostatic

repulsion was reduced, and the equilibrium was shied toward

self-assembly. Although desalting is effective to generate

SCPNs, the procedure is relatively tedious. In the current work,

we aim to apply the self-assembly strategy based on a new set of

modularly designed MDPs for the facile generation of cationic

supramolecular peptide assemblies and screening their cell

penetrating activity.

Results and discussion
Peptide design

To demonstrate the self-assembly strategy for the construction

of cell penetrating peptide assemblies, we synthesized a new

series of MDPs, Kx(QW)6Ey in which glutamic acids are appen-

ded at the opposing end of lysine residues to allow attractive

ionic interactions and therefore provide an additional driving

force to shi the equilibrium toward self-assembly. Based on

our previous work, the supramolecular nanobers are

a prerequisite, but not a sufficient factor for potent cell pene-

trating activity. The exibility of the supramolecular charge

domain is also critical for improving the membrane activity of

supramolecular peptides. For the Kx(QW)6 series which require

desalting steps, we found that a minimum of seven lysines

seemed to be required to keep a exible cationic domain to have

effective cell membrane interactions because K6(QW)6 did not

show appreciable cell penetrating activity.33,35 Therefore, in this

work, we intend to keep an excess of lysine residues at or above

7 for the new sequences in order to ensure effective membrane

interactions. Specically, two or three glutamic acids were

added to the C-terminus of K10(QW)6 to drive the equilibrium

toward self-assembly while keeping sufficient charge domain

exibility. Similarly, K12(QW)6E3 was synthesized in an attempt

to promote self-assembly while having a sufficiently long

cationic domain upon self-assembly. By having a small library

of MDPs with varying numbers of lysine and glutamic acid, we

expect to generate self-assembled peptides with different

supramolecular nanostructures and intermolecular packing

within the assemblies and use them to explore and optimize

supramolecular-structure dependent cell penetrating activity.

Table 1 shows the full peptide sequences and their abbreviated

names which reect the numbers of lysine and glutamic acid in

the sequence. For example, K10-E2 refers to the sequence of

K10(QW)6E2. All peptides were synthesized through Fmoc-solid

phase peptide synthesis and used without further treatment

aer HPLC purication.

Structural determination of self-assembled MDPs

The MDPs were evaluated for their ability to self-assemble in

Tris buffer (pH 7.4, 20 mM). Using a previously established

uorescence method,36,37 the critical assembly concentrations

(CACs) of all MDPs were determined at 11–12 mM suggesting

that all of them can self-assemble (Fig. S3†). To quantitatively

determine the oligomerization states of each assembly and the

relative abundance of oligomers versus monomers upon equi-

librium, we performed sedimentation velocity (SV) experiments

using analytical ultracentrifugation (AUC). Samples were

prepared in Tris buffer at 20 mM (above their CACs) and incu-

bated for 24 h at 4 �C to drive the equilibrium toward self-

assembly. By monitoring the sedimentation prole of each

sample in real time, we can obtain a distribution of sedimen-

tation coefficients which can be used to calculate the molecular

weight of each species present in each peptide sample. Fig. S4†

showed the raw sedimentation scans taken every �30 min at

50 000 rpm and the residual plot supplied by SEDFIT soware

which showed the goodness of t. As shown by the distribution

of sedimentation coefficients (Fig. 1A), we conrmed that the

majority (78%) of K10 existed as monomers and 22% formed

oligomers consisting of 12 subunits. Adding glutamic acids on

K10 increased the percentage of the oligomeric species. For

example, both K10 and K10-E2 formed oligomers of a similar

Table 1 Sequences of cationic MDPs used in the study to probe the

supramolecular structural and structure-dependent membrane

activity

Abbreviation Sequences

K10 KKKKKKKKKKQWQWQWQWQWQW
K10-E2 KKKKKKKKKKQWQWQWQWQWQWEE

K10-E3 KKKKKKKKKKQWQWQWQWQWQWEEE

K12-E3 KKKKKKKKKKKKQWQWQWQWQWQWEEE

Fig. 1 AUC-sedimentation velocity data of (A) K10, (B) K10-E2, (C)

K12-E3 and (D) K10-E3 as a semi-quantitative measure of the assembly

states. Continuous sedimentation coefficient distribution, c(s) curve,

obtained with a regularization procedure. Peptide concentration: 20

mM in Tris buffer (20 mM, pH ¼ 7.4).
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size, but the percentage of oligomers in K10-E2 (37%) was much

higher than that of K10 (22%) (Fig. 1B). Further increasing the

number of glutamic acids drove the equilibrium toward self-

assembly and led to the formation of larger assemblies

composed of more than 30 subunits (Fig. 1D). The larger scale

supramolecular assemblies are more heterogeneous than small

oligomers formed by K10 and K10-E2. This observation is

consistent with what is commonly found in amyloid-like brous

peptide assembly.38 It is also worth noting that these assemblies

formed by K10-E3 were in equilibrium with dimers rather than

monomers as found with K10 and K10-E2. Compared to K10-E3,

K12-E3 formed small oligomers in equilibrium with monomers,

which was consistent with the sequence-structure design rule

for MDP self-assembly (Fig. 1C). Additional glutamic acids are

needed to compensate the higher repulsive interactions among

the twelve lysine residues in order to drive the equilibrium

toward supramolecular assembly. These results showed that by

using this small library of MDPs with varying numbers of lysine

and glutamic acid, we can generate cationic supramolecular

peptide nanostructures with tunable size, morphology and

potentially molecular packing in order to probe supramolecular

structure-dependent cell penetrating activity.

The supramolecular structure of peptide assembly was

examined by negatively stained transmission electron micros-

copy (TEM). As shown in Fig. 2A, K10 was invisible under TEM

likely due to the fact that K10 largely existed as a monomer.

With additional glutamic acids to promote self-assembly, K10-

E2 and K12-E3 formed spherical micellar nanostructures

while K10-E3 formed nanobers mixed with a small fraction of

micelles (Fig. 2B–D). Based on the AUC and TEM results, we

propose that MDPs may follow different self-assembly routes to

form either spherical micelles or nanobers (Scheme 1).

The self-assembly product is dictated by the energetic

balance between the hydrophobic interactions among the (QW)

repeating units, the repulsive interactions among the lysine

residues and the attractive ionic interactions between lysines

and glutamic acids. By varying the numbers of lysine and glu-

tamic acids, we expect to change the energetic balance and

therefore the self-assembly pathway and product. For K10-E2

and K12-E3, AUC conrmed the presence of peptide

monomers in equilibrium with oligomers (Fig. 1B and C). The

monomers are likely to fold into a pseudo b-hairpin confor-

mation as driven by the intramolecular ionic interactions

between the lysine and glutamic acids. Although these MDPs

were not designed to form a b-hairpin, studies showed that

appending oppositely charge amino acids at the peptide termini

could drive the formation of b-hairpin conformation.39–41

Indeed, the b-strand conformation of K10-E2 and K12-E3 was

conrmed by circular dichroism (CD) spectroscopy (Fig. S5†).

These monomers, due to their amphiphilicity can further pack

into oligomers and form spherical micelles as observed by TEM.

For K10-E3 with an increased portion of glutamic acids with

respect to the lysine domain, dimers were found to be in equi-

librium with higher ordered assemblies (Fig. 1D). These dimers

were possibly formed through combined hydrophobic interac-

tion and intermolecular attractive ionic interactions. The

dimers adopted a b-strand conformation as shown by the CD

spectroscopy (Fig. S5†), which could further self-assemble into

nanobers as driven by the intermolecular hydrogen bonding.

It is important to note that the formation of monomers versus

dimers, and micelles versus nanobers can be achieved by

a slight variation of the relative numbers of lysine and glutamic

acid in the peptide sequence. This suggests a ne energetic

balance exists between the attractive and repulsive interactions

on these MDPs, which in turn can be used to manipulate the

self-assembly pathways and products.

Evaluation of the cell penetrating activity by in vitro

uorescence cell imaging

In vitro cell uptake experiment was performed to evaluate the

cell penetrating activity of different MDPs. For the cell uptake

experiment, rather than using 100% of FITC-labeled MDPs, we

prepared co-assembled MDPs which consist of a small fraction

of FITC to alleviate the potential effect of the bulky, hydro-

phobic uorescent moiety on non-specic cell uptake. As

demonstrated in our earlier work,42 the co-assembled peptides

can be prepared by physically mixing 5% of uorescein (FITC)

labeled MDPs with 95% of non-labeled MDPs in an organic

solvent, such as acetonitrile followed by lyophilization and

dissolution of MDP powders in Tris buffer. Notably, for the
Fig. 2 Negatively stained TEM images of (A) K10, (B) K10-E2, (C) K12-

E3 and (D) K10-E3. Scale bar ¼ 50 nm.

Scheme 1 Color-coded schematic representation of Kx(QW)6Ey and

their self-assembly routes to form spherical particles and nanofibers.

Red: Kx as the cationic domain; black: (QW)6 to drive the supramo-

lecular packing of the b-sheet nanofibers; blue: Ey as the anionic

domain.
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preparation of the co-assembled samples, each peptide was

mixed and co-assembled with FITC-labeled K10, rather than

using FITC-labeled peptides of their own sequences. Given the

consensus (QW)6 domain, FITC-labeled K10 (5% in total) is

expected to co-assemble with the other three peptides. The use

of a common imaging probe will minimize the variation of

uorescence intensity due to the use of imaging probes with

different molecular composition. As a result, the uorescence

intensity observed for cells treated with different peptides is

largely attributed to their cell penetrating activities. The co-

assembled MDPs were added to HeLa cell culture to reach

a nal concentration of 20 mM and incubated for 2 h and 24 h

for uorescence imaging and ow cytometry quantication. As

shown in Fig. S6,† aer 2 h of incubation with HeLa cells, the

micelle and ber forming MDPs showed much higher uores-

cence intensity than monomeric K10 although no signicant

difference was observed among the self-assembling MDPs. It is

also noticeable that MDPs mostly localized on the cell

membrane upon incubation with cells for 2 h. Fig. 3A–D showed

the uorescence images of HeLa cells upon incubation with

different MDPs for 24 h. While K10 still had minimal uores-

cence, the intracellular uorescence was signicantly enhanced

for micelle and ber-forming MDPs, suggesting a time-

dependent cell penetrating activity. K10-E3 exhibited the high-

est uorescence among all MDPs. Flow cytometry was used to

qualitatively compare the cell uptake and their cell penetrating

activity by measuring the mean uorescence intensity of HeLa

cells incubated with different MDPs for 24 h (Fig. S7†).

Consistent with the uorescence imaging results, HeLa cells

treated with K10-E3 showed the highest uorescence intensity,

followed by K10-E2 and K12-E3 which have comparable uo-

rescence. All self-assembling MDPs demonstrated much higher

cell uptake than K10 which mostly formed monomers. Notably,

the four peptides have different charge density and therefore

different amphiphilicity. To investigate whether amphiphilicity

caused the increased cell penetrating activity of K10-E3, we

synthesized another multidomain peptide, K7(QW)6 (abbrevi-

ated as K7) which has the same net positive charges as K10-E3

but forming different supramolecular structure. Based on the

physical characterization results (Fig. S8A–C†), K7 exhibited

similar self-assembly behavior as K10-E2 and K12-E3 by forming

b-sheet spherical micelles which were composed of 14 mers.

Cell uptake imaging showed much less uorescence (Fig. S8D†)

compared to that of K10-E3 (Fig. 3D), further supporting the

important role of supramolecular structure on cell penetrating

activity.

Based on the above results, we believe supramolecular

assembly can enhance the cell penetrating activity of MDPs.

However, we also found that the activity of different self-

assembled MDPs varied signicantly and seemed to be depen-

dent on the supramolecular structures and possibly the inter-

molecular packing of MDPs within the assembly. First of all,

compared with a spherical micellar structure, a nanober can

accommodate a larger number of cationic building blocks. This

leads to an increase in cationic charge multi-valency to the

multivalent interactions with the negatively charged cell

membrane. Secondly, in a nanober, MDPs are organized into

brush-like nanostructures in which the cationic charges are

more structurally conned at the ber–solvent interface. Such

an organization could enhance the availability of the cationic

clusters for corporative membrane binding. Thirdly, we expect

nanobers are more kinetically stable than spherical micelles

because of the highly cooperative non-covalent interactions

involved in the formation and stabilization of supramolecular

nanobers. For example, nanobers are stabilized by the

directional hydrogen bonding along the long ber axis while it

does not exist or relatively weak in spherical micelles. These

interactions could help improve the kinetic stability of nano-

bers in a cellular environment and increase their biological

availability. As part of future endeavors, experiments about

quantitative kinetic stability measurement will be rationally

designed and explored for these supramolecular assemblies.

Fig. 3 Fluorescence microscopic images of HeLa cells incubated with

(A) K10, (B) K10-E2, (C) K12-E3 and (D) K10-E3 for 24 h. Green: FITC

labeled peptide, blue: nucleus staining. Scale bar ¼ 25 mm.

Fig. 4 Fluorescence microscopic images of HeLa cells pre-incubated

with (A) amiloride, (B) filipin III and (C) MbCD followed by the addition

of FITC-labeled K10-E3 for fluorescence cell imaging. Green: FITC

labeled K10-E3, blue: nucleus staining. Scale bar ¼ 25 mm. Peptide

concentration: 20 mM. (D) Fluorescence intensity of HeLa cells pre-

incubated with different endocytosis inhibitors followed by the addi-

tion of FITC-labeled K10-E3 as quantified by flow cytometry. Statisti-

cally significant differences are indicated by **p < 0.01, ***p < 0.001.
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Evaluation of the cytotoxicity and cell uptake mechanism

Cytotoxicity of cell penetrating macromolecules has been

a major concern for their widespread use in biomedical and

medical applications. Engineering polymer degradability has

been used as an effective method to improve the cytocompati-

bility of cell penetrating polymers.43–46 The cytotoxicity of these

supramolecular peptides was evaluated in HeLa cell culture and

the cell viability was quantied by the CCK8 assay aer 24 h of

incubation of cells with each peptide. As shown in Fig. S9,† all

MDPs showed cell viability at >70% up to 80 mM, suggesting

good cytocompatibility. The low cytotoxicity is of great interest,

which is presumably related to the internalization mechanism

employed by these supramolecular assemblies. Endocytosis is

a much more preferred route for cell penetrating macromole-

cules to be internalized because it imposes less physical

disruption on the cell membrane.47,48 To investigate the inter-

nalization mechanism employed by these supramolecular

peptides, we pre-incubated HeLa cells for 2 h using three

common endocytosis inhibitors including methyl-b-cyclodex-

trin (MbCD) for clathrin-mediated endocytosis, lipin III for

caveolae-dependent endocytosis, and amiloride for macro-

pinocytosis.49,50 Aer removing the inhibitors, K10-E3 (the most

active cell penetrating assembly) was added to the cell culture

and incubated for 24 h for uorescence imaging. As shown in

Fig. 4 (compared with Fig. 3D), while MbCD had no inhibitory

effect on the cell uptake of K10-E3, both lipin III and amiloride

caused uorescence reduction of HeLa cells upon K10-E3

treatment, suggesting endocytosis to be the predominant cell

uptake mechanism. In particular, signicant uorescence

reduction was found for amiloride treated cells, supporting that

cell uptake was mostly mediated through macropinocytosis.

More interestingly, we observed diffuse intracellular distribu-

tion for the internalized K10-E3, rather than the punctate

pattern commonly observed for materials trapped within the

endosome or lysosome. Indeed, the majority of internalized

K10-E3 did not co-localize with the Lysotracker (Fig. S10†),

indicating the ability of these supramolecular peptides to

escape from the lysosome to reach cytoplasm, which was an

important attribute for the design of highly effective intracel-

lular therapeutic delivery vehicles. It is also worth noting that

the current work aims to establish a rationale for a fundamental

peptide self-assembly mechanism by which cytocompatible

SPCNs can be generated. For future practical biomedical and

medical applications, we can readily modify these MDPs by

introducing various chemical functionalities in response to

a range of disease-specic microenvironment to turn on and off

the cell penetrating activity. Such efforts would be greatly

benecial for the development of smart SPCNs as disease-

specic molecular therapy and imaging agents.

Conclusions

In conclusion, supramolecular peptides with different cell

penetrating activity were demonstrated using modularly

designed MDPs as the molecular building block. The supramo-

lecular nanostructure is mediated by the relative length of the

cationic and anion domain on MDPs to control the energetic

balance between the attractive and repulsive interactions

involved in the self-assembly. AUC and TEM conrmed the

formation of nanobers and spherical micelles for different

MDPs and both supramolecular assemblies exhibit much higher

cell penetrating activity thanmonomericMDPs. It was found that

supramolecular nanobers could further enhance the cell pene-

trating activity of MDPs while showing excellent cytocompati-

bility. Through these preliminary ndings, we have established

a rationale for a peptide self-assembly mechanism by which

SPCNs can be generated. Future efforts will focus on expanding

the library of MDPs with diverse chemical functionality for

further activity optimization as well as the development of

disease-responsive SPCNs for targeted molecular imaging and

therapy applications.
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