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We report here a facile approach to prepare filamentous
supramolecular peptide-drug conjugates with precise
drug/carrier stoichiometry, nearly 100% loading efficiency
and exceptional anti-cancer drug efficacy for chemotherapy.

Control over drug loading, composition and overall morphology of
drug delivery vehicles is crucial for their proper function in
chemotherapy.! Compared to spherical particles, filamentous
nanocarriers demonstrated longer circulating half-life? and improved
vascular targeting.® Organic filamentous particles are mostly formed
through the self-assembly of amphiphilic block-copolymers* and
amphiphilic peptides® with suitable hydrophobic/hydrophilic ratio to
form cylindrical micelles. These micelles have a typical length in the
order of micrometers and have extended circulation half-life under
fluid flow conditions. However, the cellular uptake of the elongated
structures was found to be less efficient compared to that of spheres.®
For systemic therapeutics delivery, there is a great need to develop
cylindrical drug carriers with a smaller dimension to meet the
structural requirements for efficient tumor penetration and cellular
uptake.” Equally important is the control over drug loading capacity
and efficiency. Formulation through physical encapsulation of
hydrophobic drugs unintentionally increases the hydrophobic
volume and may change the molecular packing parameter of the
amphiphile. As a consequence, the morphology of the nanocarriers,
drug loading capacity and efficiency may vary from batch to batch
depending on the formulation methods.

To address these challenges, we set out to prove our design of
covalent drug-peptide-PEG conjugates and their self-assembly into
filamentous  supramolecular  peptide-drug  conjugates.  The
supramolecular scaffold is based on the previously designed
multidomain peptides (MDPs) which form short, soluble nanofibers
through the balance of multiple attractive intermolecular forces and
electrostatic repulsions.® Current work demonstrated that these
supramolecular polymers can be used as scaffolds to append
hydrophobic anticancer drugs without severely affecting the size and
morphology of the nanofibers. Peptide-drug conjugates have been
used for the delivery of anti-cancer drugs. It was until recently that
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Cui’s group reported on the self-assembly of a peptide-drug
conjugate, termed as drug amphiphiles into supramolecular
nanostructured materials.®® ® The hydrophobic interactions between
drug molecules drive the self-assembly of the conjugate into
filamentous supramolecular nanostructures with therapeutic agents
buried inside the nanostructure. Inspired by the concept of
supramolecular anticancer drug assembly, our design provides an
alternative strategy to assemble drugs at more solvent accessible
sites on a filamentous supramolecular polymer. Such architecture
could allow for rapid release of therapeutics from the delivery
vehicles without overcoming significant steric hindrance and
diffusion barrier upon the application of specific stimuli. We will
demonstrate that the overall nanostructure of the assembly is largely
dictated by the peptide-peptide interactions, rather than the physical
and chemical property of the therapeutic agents used in the study. To
certain extent, this will help alleviate the concern of batch-to-batch
structural variation during pharmaceutical formulation where drug-
drug interactions are important factors in terms of structural and
chemical composition control. We will herein demonstrate and prove
such design principles of supramolecular polymer-drug conjugates
and their exceptional in vitro therapeutics delivery efficacy.

In this work, K,(QL)sK, (MDP26), a beta sheet forming peptide,
was selected as the supramolecular polymer precursor to form
soluble nanofibers. PEG (MW=750Da) was attached at the N-
terminus of MDP26 to improve the solubility of the drug-peptide
conjugate in aqueous solution. As demonstrated by circular
dichroism (CD) spectroscopy, both PEGylated and non-PEGylated
peptides showed a characteristic of beta sheet structure with a
minimum absorption at 216 nm. (Fig. S1) Transmission Electron
Microscopy (TEM) clearly showed the formation of short fibers
upon PEG conjugation (Fig. S2a). Solution small angle X-ray
scattering (SAXS) analysis using a simplistic scattering model of
sheets with Gaussian chains on the sides was performed.’® The
results showed that both MDP26 and MDP26-PEG750 form fibers
with inner diameter of 6-7 nm, a height of 4 nm and lengths larger
than ¢=40-50 nm. (Fig. S3) These filaments were covered with PEG
chains at each side (along the c-axis) having dimensions in terms of
the radius of gyration, Rg=0.7 nm.
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Hydroxycamptothecin (HCPT) was used as a model hydrophobic
anticancer drug and conjugated on both MDP26 and MDP26-PEG.
The chemical structure and the self-assembly of the HCPT-MDP26-
PEG conjugate was shown in Fig. 1.

theraeputics
structural scaffold

NH HiN HN

o
o mo{Ho(Ho(H
o) LA N N I N At N N N
CRE RS wolw

linker

Fig. 1 Chemical structure of the drug-peptide-PEG conjugate and its self-
assembly into supramolecular peptide-drug conjugates. Sticks chemical
structure: HCPT. Yellow: PEG shell flanking the peptide-based
supramolecular polymer backbone to protect intermolecular aggregation of
HCPT. Purple: the side chain of the hydrophilic residues. Green: the side
chains of the hydrophobic residues.

Without PEG attachment, the assembly of HCPT-MDP26 could
proceed to form either nanofibers or cylindrical micelles as shown in
Fig. S4. The supramolecular assembly is dictated by an energetic
competition between the formation/rupture of hydrogen bonds in
MDP26 and the exposure/shielding of the hydrophobic HCPT
to/from aqueous solvents. The fiber configuration satisfies the
hydrogen bonds among MDP26 while sacrificing the hydrophobic
packing of HCPT. The cylindrical micelle has HCPT shielded from
aqueous solvents, but disrupts the intermolecular hydrogen bonding
among MDP26. For cylindrical micelles, incorporating charged
lysine residues in the interfacial region can increase the energy
penalty as well. Fibers and cylindrical micelles can be differentiated
through TEM studies where nanofiber has a diameter close to the
length of a single peptide chain in a stretched beta sheet
conformation (~6.8 nm corresponding to 16 aa plus 3 glycine linker),
while the diameter of a cylinder doubles. As shown in Fig. 2a, it is
very rare to observe individual cylinders with diameters above 14
nm. Rather, most of the nanostructures showed a diameter of 7-8 nm
corresponding to the nanofiber configuration. Molecular dynamic
simulations have been performed with 120 HCPT-MDP26 molecules
assembled in the fiber and cylindrical micelle forms, respectively.
Both systems contain 11520 HCPT-MDP26 atoms/beads and
107052 water molecules. Results showed that the potential energy of
fiber is 9866.5 kid/mol lower than that of the cylindrical micelles,
implying that the energetic gain associated with hydrogen bonds
exceeds the energy loss due to water exposure, and packing into
fiber is more energetically favorable for HCPT-MDP26. More
systematic simulation studies are currently underway and will be
reported separately.

The preservation of fibrous structure is quite impressive given the
strong hydrophobicity of HCPT which often leads to instantaneous
nanoprecipitation of drug-polymer conjugates in the form of
spherical nanostructures. Such observation clearly justifies the
strength of the non-covalent inter-molecular interactions among
peptides to maintain the filamentous nanostructure despite the
presence of other competing interactions. Therefore, we believe that
peptide-peptide interaction can be used as another key parameter to
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tune the nanostructure and stability of the supramolecular peptide-
drug conjugates as the size and hydrophobicity of drug molecules
vary. The stabilization effect of PEG on nanostructure is obvious.
Without PEG, large fractions of materials aggregated although fiber
morphology is still visible. The addition of PEG significantly
improved the solubility of HCPT-MDP26 and dramatically
minimized fiber aggregation. TEM showed individually dispersed
fibers with an average diameter of ~8 nm and average length of 50 +
10 nm (Fig. 2b and Fig. S5 for statistical length measurements).
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Fig. 2 Negatively stained TEM images of (a) HCPT-MDP26 and (b) HCPT-
MDP26-PEG. Peptide concentration: 100 uM in Tris buffer (pH 7.4, 20 mM).

When MDP26 and its derivatives self-assemble, positively
charged interfaces are formed due to the presence of lysine residues
at both termini. The cationic nature makes these materials more
susceptible to non-specific serum protein binding."* We set out to
test the serum stability using a fluorescein labelled MDP26-PEG
conjugate, termed as FAM-MDP26-PEG. Fluorescein serves dual
roles as both a fluorescence reporter and a hydrophilic drug analogue.
FAM-MDP26-PEG formed similar fibrous structure to the HCPT
conjugate. (Fig. S6) We have previously established a fluorescence
self-quenching and recovery method for the evaluation of the kinetic
stability of amphiphilic micelles in the presence of bovine serum
albumin (BSA).* The same principle and experimental setup was
used here to quantify the rate of monomer dissociation from the
supramolecular fibrous assembly. Fig. S7 shows the fitting of the
fluorescence recovery data into first-order dissociation Kkinetics,
giving rise to a dissociation rate constant at 0.00317 hr in FBS and
0.0045363 hr! in BSA, corresponding to half-lives of 9 days and 6
days, respectively. Although some approximation in the calculation
of the half-life and of course more complex biological environment
during in vivo blood circulation, the exceptional stability
demonstrated by the supramolecular structured peptide is
unprecedented. The enhanced Kinetic stability is presumably
attributed to the presence of intermolecular hydrogen bonding and
hydrophobic interactions between the beta-sheet forming peptide
backbone which provides exceptional structural integrity and
stability.

Cytotoxicity of peptides and drug-peptide conjugates was assessed
in HepG2 human hepatocellular carcinoma for which HCPT showed
moderate toxicity compared to other cancer cell lines such as breast
cancer cells, MCF-7.%* Peptides and drug-peptide conjugates were
incubated with HepG2 cells for 48 hours followed by CCK8
cytotoxicity assay. Despite the large population of the positive
charges, supramolecular peptides alone demonstrated negligible
cytotoxicity.(Fig. S8) The drug conjugate, HCPT-MDP26-PEG
showed a dose-dependent cytotoxicity with an 1Csy of 1.27 pM,
comparable to the ICs, of free HCPT at ~ 1.3 uM.(Fig. 3a) At high
drug dosage, the drug conjugate is much more potent than free
HCPT. To further understand the enhanced drug efficacy of the
fiber-forming drug conjugates, a control peptide MDP24 (sequence:
K,(QL)4K5) was synthesized as a structural analogue of MDP26, and
used for drug conjugation. HCPT-MDP24-PEG is highly soluble,
but did not self-assemble into supramolecular structures in aqueous
buffer (Tris, pH=7.4, 20mM) as shown by TEM (data not shown)
while CD showed a random coil secondary structure. (Fig. S1) The
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cytotoxicity of HCPT-MDP24-PEG is significantly lower than that
of both HCPT-MDP26-PEG and free HCPT. Two factors may
contribute to the difference of cytotoxicity, i. e. cellular uptake and
drug release kinetics. Fluorescently labelled MDP26-PEG showed
much higher cellular uptake than that of MDP24-PEG as
demonstrated by both confocal microscopy (Fig. 3b and 3d) and
flow cytometry (Fig. 3c). Drug release rate was found to be faster for
the fiber-forming drug conjugates than that of single chain peptide-
drug conjugate. (Fig. S9) Studies have shown that the hydrophilicity
of surrounding drug molecules can be a major driving force to affect
ester hydrolysis rates.’* The difference of drug release kinetics
observed here may be attributed to the difference of drug
microenvironment. A more hydrophilic microenvironment is created
for HCPT-MDP26-PEG nanofiber where drugs are surrounded by
high populations of charged lysine residues and polar glutamine
residues, whereas drug may be less accessible for hydrolysis in
HCPT-MDP24-PEG. It is worth to note that current system serves as
a model system to demonstrate the concept of supramolecular
assembly of MDP-drug conjugates and their in vitro anticancer drug
efficacy. The release kinetics of drug molecules can be further tuned
to suit in vivo applications by using different linker chemistry
between peptides and drug molecules. *°
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Fig. 3 (a) Cell viability of free HCPT, HCPT-MDP26-PEG and HCPT-
MDP24-PEG after 48 hours incubation with HepG2 cells. (b) Cellular uptake
of FAM-MDP26-PEG and (c) FAM-MDP24-PEG examined by confocal
microscopy. The images shown are the overlay of the image under bright
field and fluorescence excited at 488 nm. Scale bar: 30 pm. (d) Cellular
uptake of FAM-MDP26-PEG and FAM-MDP24-PEG evaluated by flow
cytometry.

In conclusion, we have demonstrated a new design of filamentous
supramolecular peptide-drug conjugate which showed desired
properties as therapeutics delivery vehicles, including high drug
density and serum stability, precisely controlled drug/carrier loading
stoichiometry, nearly 100% loading efficiency and exceptional anti-
cancer drug efficacy. Understanding the self-assembly of the
supramolecular peptide-drug conjugate will help build up a solid
foundation for the rational design of supramolecular nanostructured
materials, in particular nanofiber-based materials as long-circulating
nanocarriers for a range of biomedical applications, not limited to
drug delivery. They can be potentially useful for vaccine delivery
and antimicrobial materials design and development, all of which
require advanced control over nanostructure.
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