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Abstract

The rational design of materials with cell-selective membrane activity is an effective strategy 

for the development of targeted molecular imaging and therapy. Here we report a new 

class of cationic multidomain peptides (MDPs) that can undergo enzyme-mediated molecular 

transformation followed by supramolecular assembly to form nanofibers in which cationic clusters 

are presented on a rigid β-sheet backbone. This structural transformation, which is induced by 

cells overexpressing the specific enzymes, led to a shift in the membrane perturbation potential 

of the MDPs, and consequently enhanced cell uptake and drug delivery efficacy. We envision 

the directed self-assembly based on modularly designed MDPs is a highly promising approach to 

generate dynamic supramolecular nanomaterials with emerging membrane activity for a range of 

disease targeted molecular imaging and therapy applications.
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Molecularly designed cationic peptides having low membrane activity undergo cell-specific 

enzyme triggered chemical transformation and self-assembly to form supramolecular cationic 

clusters with enhanced membrane activity. The cell-selective mebrane activity by in situ formed 

peptide assembly is a highly desirable feature for targeted molecular imaging and therapy.
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Membrane-active peptides are an important class of materials that function by interacting 

with the cell membrane to cause membrane disruption or direct translocation for cargo 

delivery.[1] The majority of these peptides adopt a global amphiphilic conformation upon 

membrane binding in which cationic and hydrophobic amino acids are segregated into 

clusters on the opposite faces of a peptide secondary structure, commonly an α-helix or 

β-sheet. While global amphiphiles are a common motif for the design of membrane-active 

molecules and polymers, recent efforts suggested preorganization of locally clustered facial 

or linear amphiphiles on a macromolecular backbone prior to membrane binding can be 

an effective approach to further increase membrane activity.[2] This is largely due to the 

reduced entropic loss associated with a membrane-induced conformational change of pre-

assembled amphiphilic clusters. It was shown that a rigid backbone, such as a long α-helix 

forming polypeptide, is more favorable for inducing an ordered global arrangement of the 

amphiphilic clusters while maintaining sufficient local conformational flexibility needed for 

effective membrane interactions. Using the approach of supramolecular peptide assembly, 

our group reported a library of membrane-active nanofibers in which local amphiphilic 

clusters are presented on a rigid self-assembled β-sheet peptide nanofibers to induce potent 

membrane activity.[3]

A general strategy for the construction of membrane-active nanofibers involves self-

assembly of a de novo designed cationic multidomain peptide (MDP) which has the 
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tendency to form supramolecular β-sheet nanofibers. As demonstrated in our previous 

studies, the emerging membrane activity is largely attributed to the formation of 

supramolecular nanofibers as constitutional peptide isomers which have the same secondary 

structures but exist as monomers or small oligomers had much lower membrane activity.[3a, 

3e] Upon self-assembly, supramolecular ionic clusters are displayed on the rigid nanofiber 

backbone and their conformational flexibility can be further tuned by changing the numbers 

of cationic and anionic amino acids on MDPs to enhance the membrane activity.

Inspired by the work on proteolytically activated cell penetrating peptides and recent 

advances in trigger-responsive peptide self-assembly,[4] in this report we aim to explore 

a trigger-responsive mechanism to fabricate nanofibers with control over membrane activity 

in a cell-selective manner. The ability of these nanofibers to perturb cell membranes 

is achieved through enzymatic-mediated molecular transformation and supramolecular 

assembly of modularly designed MDPs to form membrane-active supramolecular 

nanofibers. It is worth mentioning that our approach to achieving cell selective membrane 

activity is different from that of conjugation of a shielded natural cell penetrating peptide 

on a nanoparticle surface which is re-activated upon reaching the target site.[5] Rather, we 

used a modular self-assembly approach in which monomeric peptides with low membrane 

activity undergo enzyme-triggered chemical transformation followed by self-assembly to 

form supramolecular nanofibers with enhanced membrane activity.

Fig. 1 shows the chemical structure of a modularly designed MDP which can undergo a 

selective chemical transformation and supramolecular assembly to form membrane-active 

nanofibers. The MDP is designed to have three modules. A key module is the membrane-
active self-assembling (SA) module, the sequence of which was optimized through our 

previous screening studies.[3e] In this work, we selected K10(QW)6E3 as the membrane-

active SA module in which the subscript represents the numbers of repeating units for lysine 

(K), glutamic acid (E) and the alternating glutamine (Q) and tryptophan (W). A cationic 
capping (CC) module consisting of oligolysines is attached to the C-terminus of the SA 

module through a labile linker (LL) module. The hypothesis is in the presence of the 

cationic CC domain, due to the abundance of the cationic charges and increased electrostatic 

repulsion, MDPs do not self-assemble and therefore have weak membrane activity. When 

the external stimulus is applied under specific cellular condition, the LL domain is cleaved 

to release the CC domain. Consequently, the ability of MDPs to self-assemble is restored to 

form nanofibers with improved membrane activity. As a proof-of-concept study, we chose 

matrix metalloproteinase 2, MMP-2 as our initial cellular target due to its overexpression 

by cancer cells.[6] MMPs have also been used as a model enzyme for the development 

of various targeted biomaterials.[7] We synthesized an MDP consisting of an MMP-2 

responsive substrate (PLGLAG) as the linker, termed as CS-MDP and a control MDP with 

a scrambled linker sequence of LALGPG but otherwise identical, termed as NS-MDP. Both 

peptides were investigated for their enzymatic-dependent self-assembly in aqueous buffer 

solution and membrane activity in cancer cell lines with high and low levels of MMP-2.

As expected, the CS-MDP is susceptible to MMP-2 cleavage and the mass of the peptide 

fragments confirms the cleavage reaction occurs between glycine and leucine in the LL 

domain (Fig. S2). Using high performance liquid chromatography, the MMP-2 cleavage 
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efficiency was determined to be 75% after 4 h of enzymatic treatment, which further 

increased to 91% upon 24 h of incubation (Fig. S3). Circular dichroism (CD) spectroscopy 

shows a secondary structural transition from a random coil to a predominant β-sheet 

conformation upon MMP-2 treatment (Fig. 2A). The minimum absorption at 215 nm 

became more intense and narrower with the incubation time, suggesting a time-dependent 

structural transition process. In comparison, peptides with a scrambled MMP-2 linker, 

NS-MDPs adopted a random coil regardless of MMP-2 treatment (Fig. S4). The change 

of the molecular structure was accompanied by the formation of larger macromolecular 

species, which were identified through analytical ultracentrifugation (AUC) experiments. 

Specifically, we performed a sedimentation velocity (SV) experiment to estimate the 

apparent molecular weight and weight distribution for both CS-MDPs and NS-MDPs in 

the presence and absence of MMP-2 (Fig. 2B and Fig. S5). Without MMP-2, both peptides 

exist as monomers with an MW at ~5.1 kDa. This result validates our hypothesis that 

the electrostatic repulsion among the CC domain is sufficiently strong to prevent peptides 

from self-assembling. Upon MMP-2 treatment, while NS-MDP still adopted monomers, new 

species with larger molecular weights were observed for CS-MDPs at ~ 3.4 MDa and ~ 

4.9 MDa after 4 h of incubation with MMP-2. The molecular weight further increases upon 

extended incubation showing the major population at ~ 4.9 MDa and ~ 5.6 MDa after 24 h 

of enzymatic treatment. Based on our design principle, detaching the CC domain from the 

SA domain causes a reduction of the repulsive forces and therefore shifts the equilibrium 

toward self-assembly.

Negatively stained transmission electron microscopy (TEM) was further used to examine the 

self-assembled nanostructures of CS-MDP upon MMP-2 treatment. TEM shows spherical 

aggregates for both NS-MDP and CS-MDP without MMP-2 (Fig. 3A and Fig. S6), which 

is likely due to non-specific aggregation of the monomeric peptides (as confirmed by the 

solution-state AUC analysis) under the drying condition used to prepare negatively stained 

TEM samples. Upon MMP-2 treatment, while NS-MDPs still adopted spherical aggregates 

(Fig. S6), nanofibers were observed for CS-MDP (Fig. 3B and 3C). Extended incubation 

of CS-MDP with the enzyme led to an increase of fiber length from an average of 122 

nm at 4 h to 268 nm at 24 h (Fig. 3D), indicating a time-dependent self-assembly process, 

which is also consistent with the trend of secondary structure change observed by CD 

spectroscopy. These long nanofibers are composed of cleaved fragments of the cationic 

SA domain. They are arranged perpendicular to the long fiber axis to form pre-organized 

supramolecular cationic clusters to interact with the negatively charged cell membrane. 

Based on the established structural repeats of cross-β sheets at 4.7 Å along the fiber axis,[8] 

we can then calculate the number of peptide chains in a single nanofiber using the formula 

of “2 x (average length of a fiber (nm) / 0.47 nm)” where the factor of 2 reflects the bilayer, 

sandwich-like cross-β sheets packing. Given the average length of the fiber at 268 nm, 

approximately 1140 peptide chains were estimated in a single nanofiber. Meanwhile, AUC 

results showed the average MW of peptide nanofiber upon MMP-2 treatment for 24 h is 

at 5.3 MDa. Considering the MW of a single peptide chain at 4935 Da, the number of 

peptide chains within a nanofiber would be 5.3 × 106 Da/4935 Da = 1070, which is in good 

agreement with the TEM analysis.
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The formation of enzymatic-triggered supramolecular cationic clusters was further 

harnessed to design nanofibers with cell-selective membrane activity. Cell selectivity is 

largely controlled by the endogenous enzyme secreted by cells. Three cancer cell lines, 

i.e. esophageal cancer cells (KYSE-30), lung cancer cells (A549) and cervical cancer cells 

(HeLa), which are known to have different levels of endogenous MMP-2, were used to 

investigate cell-selective membrane activity. The MMP-2 enzymatic activity was quantified 

through the SensoLyte MMP-2 assay (Fig. S7) and the results are consistent with the 

relative activity trend reported in the literature,[9] namely KYSE-30 and A549 cells have 

higher levels of MMP-2 than HeLa cells. It should be noted that the MMP-2 concentration 

determined in the KYSE-30 and A549 cell culture was ~ 10-fold lower than what is 

reported in vivo at the diseased issues.[10] However, despite the reduced MMP-2 activity 

in vitro, induced membrane activity of CS-MDPs was observed. We used confocal laser 

scanning microscopy (CLSM) to monitor cell uptake of fluorescently labelled CS-MDPs 

and NS-MDPs in which an NBD fluorescence dye was appended at the N-terminus of 

the SA domain, denoted as NBD-CS-MDP and NBD-NS-MDP (Table S1, Fig. S1(3) and 

Fig. S1(4)). Peptides were incubated with cells for 24 h followed by thorough washing 

before CLSM imaging. As shown in Fig. 4, upon incubation with CS-MDPs, MMP-2 

overexpressed KYSE-10 and A549 cells show much higher fluorescence intensity than HeLa 

cells which have a low level of endogenous MMP-2. The addition of exogenous MMP-2 

to HeLa cell culture dramatically enhanced the fluorescence intensity, further confirming 

the important role of MMP-2 in activating the membrane activity (Fig. S8). As shown in 

Fig. 4A, much stronger fluorescence is observed for KYSE-10 and A549 cells treated with 

CS-MDP than those treated with NS-MDP. In contrast, fluorescence intensity is comparable 

between CS-MDP and NS-MDP treated HeLa cells with a low level of endogenous 

MMP-2. CS-MDP and NS-MDP have the same amino acid composition but differ in their 

MMP-2 susceptibility. The enhanced membrane activity of CS-MDP toward KYSE-10 

and A549 cells is mostly attributed to MMP-2 mediated cleavage and self-assembly to 

form supramolecular cationic clusters. NS-MDP do not respond to enzymes and therefore 

remain intact as monomers with low membrane activity. Flow cytometry results show the 

same trend of fluorescence change, further supporting the role of MMP-2 in the molecular 

transformation and supramolecular cationic clusters with induced membrane activity (Fig. 

4B). It is notable that although CS-MDP seem to be mostly localized in the pericellular 

region of KYSE-30 or A549 cells, they are effective to perturb cell membranes for enhanced 

drug delivery. To further correlate the membrane activity with β-sheet nanofiber formation, 

we performed a Congo Red (CR) staining assay in which CR is used to selectively stain 

cross β-sheet nanofibers.[11] As shown in Fig. S9, increased CR fluorescence is observed 

for NBD-CS-MDP treated A549 than NBD-NS-MDP treated cells, suggesting the formation 

of nanofiber by CS-MDP and the correlation between supramolecular nanofibers and their 

membrane activity.

A preliminary study of in vitro drug efficacy was performed using doxorubicin (DOX) as a 

model anticancer drug molecule. A disulfide linker was introduced between DOX and the 

SA domain in order to release drugs in the reducing cellular microenvironment upon cell 

uptake.[3d, 11d, 12] DOX conjugated CS-MDP and NS-MDP termed as DOX-CS-MDP and 

DOX-NS-MDP (Table S1) were synthesized through an established procedure using a thiol-
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disulfide exchange reaction (Fig. S10).[13] The disulfide DOX derivative compound used for 

peptide conjugation was confirmed by one- and two-dimensional 1H-NMR and electrospray 

ionization mass spectrometry (ESI-MS) (Fig. S11). DOX peptide conjugates were confirmed 

by ESI-MS (Fig. S1(5) and Fig. S1(6)). Intracellular DOX cleavage and release were 

confirmed by CLSM showing minimum co-localization of green and red fluorescence in 

KYSE-30 and A549 cells treated with dual NBD and DOX labeled CS-MDPs, named as 

DOX-(NBD)CS-MDP (Table S1 and Fig. S1(7)) in which NBD was covalently linked at 

the N-terminus of CS-MDP (Fig. S12). Cytotoxicity of free DOX, DOX-CS-MDP and 

DOX-NS-MDP were evaluated against all three cell lines. As shown in Fig. S13A, while 

DOX alone elicits moderate cytotoxicity toward three cell lines, DOX-CS-MDP had much 

higher toxicity toward MMP-2 overexpressed cell lines than low-expression cells, showing 

cell viability at 23% toward A549, 20% toward KYSE-30 but 90% toward HeLa cells, 

respectively. In contrast, no prominent selectivity was achieved for DOX-NS-MDP. Notably, 

CS-MDP and NS-MDP alone show comparable cell viability against all three cells (Fig. 

S13B) at ~70%−80%. The cell-selective drug efficacy/toxicity is largely attributed to the 

enhanced membrane activity of CS-MDPs upon enzyme-mediated supramolecular assembly 

that can facilitate the transport and release of DOX to the cytoplasm as confirmed by 

flow cytometry showing much higher intracellular DOX fluorescence for cells treated with 

DOX-CS-MDP than those treated with DOX-NS-MDP (Fig. S14).

We demonstrated a modular design approach to the fabrication of supramolecular peptide 

assembly with cell-selective membrane activity. The approach is driven by our recent 

discovery that supramolecular ionic clusters on a β-sheet nanofiber scaffold can effectively 

perturb the cell membrane compared to their monomeric counterparts. In this work, cell 

selectivity is achieved through the rational design of MDPs that can undergo cell-specific 

enzyme-mediated molecular and supramolecular transformation converting a monomeric 

peptide with low membrane activity to nanofibers with enhanced membrane activity. 

Because the design of MDP building blocks is highly modular, we can readily change the 

labile linker domain in the linear peptide sequence to respond to different disease-specific 

physiological conditions.
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Figure 1. 
Color-coded chemical structure (A) and self-assembly (B) of a modularly designed CS-

MDP to form supramolecular cationic nanofibers. Blue: self-assembling (SA) module, 

K10(QW)6E3 which has the intrinsic membrane activity upon self-assembly. Green: MMP-2 

labile linker, PLGLAG. Red: Cationic capping (CC) module consisting of five lysine 

residues. Black: Three glycines were included between the SA module and MMP-2 linker. 

The hypothesis is in the presence of the CC domain, due to the abundance of the cationic 

charges and electrostatic repulsion, CS-MDPs do not self-assemble and therefore have weak 

membrane activity. When the external stimulus is applied to remove the CC domain, the 

self-assembling capability of K10(QW)6E3 is restored to form supramolecular nanofibers 

with enhanced membrane activity.
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Figure 2. 
(A) CD spectra of CS-MDPs with and without MMP-2 showing enzyme-induced structural 

transition to β-sheets. (B) Continuous sedimentation coefficient distribution, c(s) curve 

showing the formation of larger species upon MMP-2 treatment. Peptides were prepared in 

Tris buffer (20 mM, pH=7.4) containing 5 mM CaCl2 and 20 mM ZnCl2 with a final peptide 

concentration at 20 μM.
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Figure 3. 
TEM images of (A) CS-MDPs in the absence of MMP-2; (B) CS-MDPs treated with 

MMP-2 for 4 h; (C) CS-MDPs treated with MMP-2 for 24 h showing MMP-2 triggered 

self-assembly to form nanofibers; (D) Quantification of the average fiber length by Gaussian 

fitting. The measurements were based on a total number of 100 fibers formed by CS-MDPs 

upon treatment with MMP-2 for 4 h and 24 h. Peptides were prepared in Tris buffer (20 mM, 

pH=7.4) containing 5 mM CaCl2 and 20 mM ZnCl2 with a final peptide concentration at 100 

μM.
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Figure 4. 
(A) CLSM images of cells upon incubation with NBD labeled CS-MDP and NS-MDP 

showing induced membrane activity of CS-MDP toward MMP-2 overexpressed KYSE-30 

and A549 cells in comparison to HeLa cells with a low endogenous level of MMP-2. (B) 

Flow cytometry measurement of different cells treated with NBD-labeled CS-MDP and 

NS-MDP. Incubation time: 24 h. The final peptide concentration in the culture medium is 20 

μM. Scale bar: 50 μm. Statistic significant difference is indicated by ***p < 0.001.
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