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Introduction
The use of peptides in therapeutic applications, either as drugs 
themselves[1–3] or as a delivery vector for another bioactive 
agent[4–12], is a widely explored area within the drug delivery 
community, especially now that their synthesis has become 
more facile and cost effective[13, 14].  The versatility in peptide 
design that the twenty naturally occurring amino acids offer, 
coupled with the potential for high affinity associations toward 
target receptors, make their usage highly attractive, especially 
in the creation of bioactive supramolecular nanomaterials[15–30].  
In particular, the attachment of anticancer drugs to small 
peptides is expected to offer a number of advantages, such 
as greater aqueous solubility and improved biodistribution 
through targeting and modified pharmacokinetics.  However, 
while their larger brethren, antibody–drug conjugates, have 

been introduced into clinical use[31–33], and a number of purely 
peptide-based drugs are on the market[34], peptide–drug con-
jugates for cancer therapy are lagging behind with regards to 
FDA approval and are still undergoing assessment in clinical 
trials.  The reasons for this may be that peptide–drug conju-
gates can still suffer from the same pharmacokinetic issues 
that afflict both peptide and small molecule drugs[35–37], that 
of rapid excretion, hepatic metabolism and non-specific, pre-
mature degradation in plasma during circulation and as such 
no clear benefit has been seen.  Polymer-drug conjugates[38–42], 
in which many drug molecules are covalently attached to 
a hydrophilic polymer, offer an alternative approach with 
improved control over the pharmacokinetic profile as the poly-
mer properties (eg, radius of gyration) can be adjusted accord-
ingly to increase circulation time and reduce drug excretion.  
A key issue with this approach, however, concerns polydis-
persity both in the polymer size and the number of drug mol-
ecules successfully conjugated per polymer chain.  The inevi-
table batch-to-batch variability makes it difficult to accurately 
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characterize the individual properties of each polymer-drug 
conjugate as only averaged properties can be obtained.  As a 
means to address the shortcomings of both approaches, the 
use of small molecule prodrugs that can assemble into larger 
aggregate structures is garnering increasing attention[43–53].  
These small molecule prodrugs are designed to assemble into 
larger discrete nanostructures, combining the small molecular 
nature with the controlled pharmacokinetics potential offered 
by larger structures such as polymer-drug conjugates or 
nanoparticle-based drug delivery systems[54–56].  

Herein, we outline the design choices involved in the syn-
thesis of peptide-based drug amphiphiles and demonstrate 
how changes to this design can be used to influence the physi-
cochemical properties and self-assembled morphology.  The 
efficient production of oligo-peptides is best accomplished 
using solid-phase synthesis techniques, but the conditions 
required for their post-synthesis isolation (strong acid and 
scavengers) can be incompatible with many chemotherapeu-
tics and therefore requires that these be introduced using 
solution-phase chemistry.  This dual approach methodology 
is therefore necessary if we are to develop a generic modular 
platform that can be altered to incorporate any peptide or 
anticancer drug of our choosing, allowing the conjugate to be 
tailored to a particular therapeutic application.  Our proof-
of-concept design conjugated the hydrophobic drug, camp-
tothecin[57, 58], onto a β-sheet forming peptide via a reduction-
sensitive disulfide linker that, under physiological conditions, 
assembles into filamentous structures (Figure 1).  We will use 
these and other conjugates to illustrate how the design choices 
influence the resulting nanodrugs.  The great advantage of this 
approach is that their small molecule nature, in comparison to 
macromolecules, means they can be purified to homogeneity 

by conventional reversed-phase HPLC methods, allowing the 
drug content to be precisely controlled through the molecular 
design.

Materials and methods
Materials
Fmoc amino acids (unless otherwise stated) and coupling 
reagents (HBTU or HATU) were purchased from Advanced 
Automated Peptide Protein Technologies (AAPPTEC, Lou-
isville, KY, USA).  Rink Amide MBHA resin and Fmoc-Lys 
(Fmoc)-OH were obtained from Novabiochem (San Diego, CA, 
USA).  Camptothecin was purchased from AvaChem Scientific 
(San Antonio, TX, USA) and all other reagents were sourced 
from Sigma-Aldrich (St Louis, MO, USA) or VWR (Radnor, 
PA, USA).

Instruments and methods
RP-HPLC was performed on a Varian ProStar Model 325 
HPLC (Agilent Technologies, Santa Clara, CA, USA) equipped 
with a fraction collector.  Preparative separations utilized a 
Varian PLRP-S column (100 Å, 10 µm, 150 mm×25 mm), whilst 
analytical HPLC used a Varian Pursuit XRs C18 column (5 µm, 
150 mm×4.6 mm).  Water and acetonitrile containing 0.1% 
v/v TFA were used as the mobile phase.  Purified molecules 
were lyophilized using a FreeZone -105 °C 4.5 L freeze dryer 
(Labconco, Kansas City, MO, USA).  Mass spectrometric data 
for characterization was acquired using either a Finnigan 
LCQ ion trap mass spectrometer (Thermo-Finnigan, Waltham, 
MA, USA) for ESI-MS or Autoflex III Smartbeam (Bruker, 
Billerica, MA, USA) for MALDI-Tof MS using α-cyano-4-
hydroxycinnamic acid as the matrix.  LC-MS analysis was 
performed using a Thermo-Finnigan Surveyor LC-MS system 
equipped with a PDA spectroscopic detector and an LCQ Fleet 
Ion Trap Mass spectrometer.  Chromatographic separation 
was carried out using an Agilent Eclipse Plus C18 column (50 
mm×2.1 mm, 1.8 μm), eluting with a water-acetonitrile gra-
dient containing 0.1% v/v formic acid.  Data was processed 
using Thermo XCaliber software.  Bruker Avance 300 or 400 
MHz FT-NMR spectrometers were used for the acquisition of 

1H and 13C NMR spectra.

Peptide synthesis
The peptides Ac-CGVQIVYKK-NH2 (mCys-Tau), (Ac-C)2‑ 
KGVQIVYKK-NH2 (dCys‑Tau), and [(Ac-C)2K]2KGVQIVYKK-
NH2 (qCys-Tau) were synthesized using a combination of 
automated and manual Fmoc-solid phase synthesis techniques 
(Scheme 1).  A Focus XC automated peptide synthesizer 
(AAPPTEC, Louisville, KY, USA) was used for the synthesis 
of Fmoc-GVQIVYKK-Rink, using 20% 4‑methylpiperidine in 
DMF for Fmoc deprotections and amino acid/HBTU/DIEA 
(4:4:6 relative to the resin) in DMF for couplings (with 2 min 
activation time and 1 h reaction time), further modifications 
were then carried out manually.  For dCys-Tau and qCys-Tau, 
the branching lysines were introduced using Fmoc-Lys(Fmoc)-
OH/HATU/DIEA (4:4:6 relative to each reactive amine), 
coupling until a negative Kaiser test was obtained, requiring 

Figure 1.  Illustration of the drug amphiphile concept.  A hydrophilic 
peptide is conjugated to a hydrophobic drug via a degradable linker.  
Under physiological conditions, the synthesized drug amphiphiles 
described self-assemble into nanofibrous structures with a core micelle 
structure as shown in the representative transmission electron microscopy 
(TEM) image of mCPT-buSS-Tau (scale bar is 100 nm).
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extended reaction times and on occasion repeated reaction 
with fresh reagents.  Cysteine incorporation for all three pep-
tides was achieved using Fmoc-Cys(Trt)-OH/HATU/DIEA 
(4:4:6 relative to each reactive amine).  Acetylation was carried 
out manually using 20% v/v acetic anhydride in DMF after 
N‑terminal Fmoc deprotection.

Peptides were cleaved from the resin using the standard 
cleavage solution of TFA/TIS/H2O (95:2.5:2.5) for 2 h, with 
the exception of dCys-Tau, and qCys-Tau, which used TFA/
TIS/H2O/EDT (90:5:2.5:2.5).  Cleaved peptides were isolated 
by trituration into cold diethyl ether, followed by filtration 
and drying under suction.  All peptides were purified to >95% 
homogeneity by preparative RP-HPLC, with their identity and 

purity confirmed by MALDI-Tof (Figures S2-S4 in Supplemen-
tary Information, SI).  The four cysteine-containing peptides 
were purified by initially dissolving in 1 mL AcOH and then 
diluting with 0.1% v/v aqueous TFA to 20 mL.

4-(Pyridin-2-yldisulfanyl)butanoic acid (HO2C-BuSS-Pyr)
This was synthesized using a modification of a previously 
published method[8].  Briefly, 4-bromobutyric acid (2.0 g, 12.0 
mmol) and thiourea (1.06 g, 14.0 mmol) were refluxed in EtOH 
(50 mL) for 4 h.  NaOH (4.85 g, 121 mmol) in EtOH (50 mL) 
was added and reflux was continued for 16 h.  After cooling 
to room temperature and concentration in vacuo, the residue 
was diluted to 50 mL with water that was extracted twice with 

Scheme 1.  Solid-phase synthesis of the cysteine-functionalized Tau precursor peptides.  Fmoc-GVQIVYKK-Rink was created using an automated 
peptide synthesizer and further modified by manual synthesis techniques.  Reaction conditions: (a) (i) 20% 4-methylpiperidine in DMF, (ii) Fmoc-
Lys(Fmoc)-OH, HATU, DIEA (4:3.98:6 per amine); (b) (i) 20% 4-methylpiperidine in DMF, (ii) Fmoc-Cys(Trt)-OH, HATU, DIEA (4:3.98:6 per amine), (iii) 20% 
4-methylpiperidine in DMF, (iv) 20% acetic anhydride in DMF, DIEA; (c) TFA, TIS, H2O (95:2.5:2.5); (d) TFA, TIS, H2O, EDT (90:5:2.5:2.5).
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Et2O.  The aqueous portion was then acidified to pH 5 with 4 
mol/L HCl, giving a cloudy solution that was extracted with 
Et2O.  The organic extracts were dried over anhydrous Na2SO4 
and concentrated to give 4-sulfanylbutyric acid as a clear oil 
(802 mg, 56%) that was used without further purification.  
4‑Sulfanylbutyric acid (802 mg, 6.7 mmol) was dissolved in 
MeOH (5 mL) and added dropwise to a solution of 2‑aldrithiol 
(3.03 g, 13.8 mmol) in MeOH (5 mL), which developed a yel-
low color.  After 3 h, the mixture was purified by RP-HPLC, 
collecting the major peak and removing the solvents in vacuo.  
The resultant oil was dissolved in CHCl3, dried over Na2SO4 
and solvent removed to give HO2C-BuSS-Pyr as a pale yellow 
viscous oil (1.02 g, 67%).  1H NMR (CDCl3, 400 MHz, 298 K): 
δH (ppm) 8.59 (d, 3JHH=4.6, 1H), 7.91–7.81 (m, 2H), 7.30–7.25 (m, 
1H), 2.88 (t, 3JHH=7.1, 2H), 2.50 (t, 3JHH=7.2, 2H), 2.09-2.00 (m, 
2H).

Camptothecin-4-(pyridin-2-yldisulfanyl)butanoate (CPT-buSS-Pyr)
Camptothecin (200 mg, 574 μmol) was suspended in DCM (32 
mL) and dimethylaminopyridine (44 mg, 360 μmol), HO2C-
BuSS-Pyr (280 mg, 1.22 mmol) and diisopropylcarbodiimide 
(436 μL, 2.80 mmol) were added.  The mixture was stirred for 
36 h, with TLC (3% MeOH in CHCl3) showing complete con-
sumption.  The solution was then filtered, diluted with CHCl3 
(60 mL), extracted with sat.  NaHCO3 (50 mL), brine (50 mL), 
dried over Na2SO4 and concentrated in vacuo.  The residue was 
purified by flash chromatography using EtOAc (500 mL) then 
0.5% MeOH in EtOAc (250 mL).  Product fractions were iden-
tified by TLC, combined and solvent removed in vacuo to give 
CPT-buSS-Pyr as a pale yellow solid (195 mg, 61%); 1H NMR 
(CDCl3, 400 MHz, 298 K): δH (ppm) 8.43 (d, 3JHH=4.2, 1H), 8.40 
(s, 1H), 8.23 (d, 3JHH=8.6, 1H), 7.94 (d, 3JHH=8.2, 1H), 7.84 (m, 
1H), 7.70–7.65 (m, 2H), 7.60 (m, 1H), 7.20 (s, 1H), 7.04 (m, 1H), 
5.67 (d, 2JHH=17.3, 1H), 5.40 (d, 2JHH=17.2, 1H), 5.29 (s, 2H), 2.86 
(t, 3JHH=7.1, 2H), 2.75–2.57 (m, 2H), 2.31–2.03 (m, 4H), 0.97 (t, 
3JHH=7.5); 13C NMR (CDCl3, 100 MHz, 298 K): δC (ppm) 172.1, 
167.7, 160.3, 157.6, 152.6, 149.9, 149.1, 146.6, 146.1, 137.3, 131.5, 
131.4, 130.9, 129.9, 128.63, 128.62, 128.4, 128.3, 120.4, 96.1, 76.2, 
67.4, 50.2, 37.7, 32.4, 32.0, 31.2, 24.0, 7.9; MS (MALDI-TOF): 
560.065 [M+H]+.  

Synthesis of the drug-amphiphiles
All drug amphiphiles were synthesized by reaction of the pep-
tide cysteine thiol(s) with the activated disulfide of CPT-buSS-
Pyr in N2-purged DMSO (Scheme 2), followed by RP-HPLC 
purification as described below in more detail.

mCPT-buSS-Tau
mCys-Tau (14.6 mg, 13.5 μmol) was dissolved in an N2-purged 
DMSO solution CPT-buSS-Pyr (10 mg in 1.50 mL, 17.8 μmol) 
and shaken overnight.  The reaction was diluted to 30 mL 
with 0.1% v/v aqueous TFA, giving a slightly viscous solution 
that was then purified by RP‑HPLC.  Product fractions were 
combined and immediately lyophilized.  The pale yellow solid 
obtained was dissolved in 25 mL nanopure water and the 
product concentration was determined by DTT calibration to 

be 233 μmol/L (8.9 mg, 43%).  The solution was then aliquot-
ted into cryo-vials, lyophilized and stored at -30 °C.

dCPT-buSS-Tau
dCys-Tau (10.8 mg, 5.0 mmol) was dissolved in an N2-purged 
DMSO solution of CPT-buSS-Pyr (9 mg in 500 μL, 16.1 μmol) 
and allowed to react for 3 d.  The solution was diluted to 10 
mL with 0.1% v/v aqueous TFA and purified by RP-HPLC.  
Product fractions were combined and immediately lyophi-
lized.  The pale yellow solid obtained was dissolved in 15 mL 
nanopure water containing 0.1% TFA and 8% acetonitrile and 
the product concentration was determined by DTT calibration 
to be 72.9 μmol/L (2.5 mg, 22%).  The solution was then ali-
quotted into cryo-vials, lyophilized and stored at -30 °C.

qCPT-buSS-Tau
qCys-Tau (3.5 mg, 1.91 μmol) was dissolved in an N2-purged 
DMSO solution of CPT-buSS-Pyr (10 mg in 500 μL, 17.8 μmol) 
and allowed to react for 8 d.  The solution was diluted to 10 
mL with 0.1% v/v aqueous TFA and purified by RP-HPLC.  
Product fractions were combined and immediately lyophi-
lized.  The pale yellow solid obtained was dissolved in 19.5 
mL nanopure water containing 0.05% TFA and 25% acetoni-
trile and the product concentration was determined by DTT 
calibration to be 14.2 μmol/L (1.0 mg, 15%).  The solution 
was then aliquotted into cryo-vials, lyophilized and stored at 
-30 °C.

Concentration calibration 
To determine the CPT concentration of the purified drug 
amphiphiles, a dithiothreitol (DTT) reduction assay was devel-
oped.  Briefly, a solution of the conjugate with an approximate 
concentration in the range 5 to 500 μmol/L was adjusted to pH 
7 with a known amount of 0.1 mol/L NaOH.  10 μL of freshly 
prepared 3 mol/L aqueous DTT was added to 90 μL of the 
conjugate solution and allowed to stand for 3 h with periodic 
vortexing.  30 μL of this sample was then mixed with 20 μL 
of DMSO and analyzed by RP-HPLC (injecting 50 μL so as to 
completely fill the 20 μL sample loop), measuring the area of 
the peak due to CPT-buSH.  The CPT concentration of the ana-
lyzed solution in μmol/L is given by (peak area)/0.2964 (as 
determined by a calibration curve study of DTT-reduced CPT-
buSS-Pyr, section S1.4 in SI).  The conjugate concentration of 
the original solution was calculated based on the applied dilu-
tions and number of CPT molecules the conjugate possesses.

Transmission electron microscopy (TEM) imaging
A 100 μmol/L aqueous solution of drug amphiphile was pre-
pared from a stock solution of 1 mmol/L conjugate in water.  
Samples were aged overnight prior to sample preparation.  A 
sample for imaging was prepared by depositing 7 μL of the 
solution onto a carbon-coated copper grid (Electron Micros-
copy Services, Hatfield, PA, USA), wicking away the excess 
solution with a small piece of filter paper.  Next, 7 μL of a 2% 
(wt) aqueous uranyl acetate solution was deposited and the 
excess solution was carefully removed as above to leave a very 
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thin layer.  The sample grid was then allowed to dry at room 
temperature prior to imaging.  Bright-field TEM imaging was 
performed on a FEI Tecnai 12 TWIN Transmission Electron 
Microscope operated at an acceleration voltage of 100 kV.  All 
TEM images were recorded by a SIS Megaview III wide-angle 
CCD camera.

Cryogenic-TEM (Cryo-TEM) imaging 
3–5 µL of the sample solution was placed on a holey carbon 
film supported on a TEM copper grid (Electron Microscopy 
Services, Hatfield, PA, USA) that had been pre-treated with 
plasma air to render the film hydrophilic.  A thin film of the 

sample solution was produced using a Vitrobot with a con-
trolled humidity chamber (FEI).  After loading of the sample 
solution, the lacey carbon grid was blotted using preset 
parameters and plunged instantly into a liquid ethane reser-
voir precooled by liquid nitrogen.  Vitrified samples were then 
transferred to a cryo-holder and cryo-transfer stage that was 
cooled by liquid nitrogen.  To prevent sublimation of vitreous 
water, the cryo-holder temperature was maintained below 
-170 °C during the imaging process.  Imaging was performed 
on the FEI Tecnai 12 TWIN Transmission Electron Microscope, 
operating at 80 kV.  All images were recorded by a 16 bit 
2K×2K FEI Eagle bottom mount camera.

Scheme 2.  (A) Directed disulfide formation method used to synthesize the described drug amphiphiles and (B) molecular structures of the three drug 
amphiphiles mCPT-buSS-Tau, dCPT-buSS-Tau and qCPT-buSS-Tau and their respective drug loadings.
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Circular dichroism (CD)
The CD spectra were recorded on a Jasco J-710 spectropolar-
imeter (JASCO, Easton, MD, USA) using a 1 mm path length 
quartz UV-Vis absorption cell (Thermo Fisher Scientific, Pitts-
burgh, PA, USA).  A background spectrum of the solvent was 
acquired and subtracted from the sample spectrum.  Collected 
data were normalized with respect to sample concentration 
and β-sheet forming residues.

Results
Peptide synthesis 
The peptides used in this study were synthesized using stan-
dard Fmoc solid-phase peptide synthesis techniques (Scheme 
1), employing an automated synthesizer to make the backbone 
of the sequence –GVQIVYKK-Rink– and manual synthesis 
techniques to add the requisite cysteine residues.  For the 
mono-Cys peptide, no issues were observed for the coupling 
of cysteine or during cleavage from the resin when using 
standard protocols.  For both the di- and quad-Cys peptides, 
however, extended reaction time or double couplings were 
required for complete reaction to occur.  Cleavage also pre-
sented a problem and a solution containing a greater amount 
of the scavenger triisopropylsilane (5% compared to 2.5%), in 
addition to ethane-1,2-diol (2.5%), was required to obtain the 
product, otherwise significant degradation to unidentifiable 
species was found to occur.  Purification of these peptides 
required initial dissolution in acetic acid to avoid the forma-
tion of a gelatinous solid that would result upon addition of 

acidic water to the crude solids.

Prodrug linker synthesis 
The activated disulfide prodrug, CPT-buSS-Pyr, was synthe-
sized by adapting a procedure used to create a similar pacli-
taxel prodrug[8].  CPT was esterified by reaction with 4-(pyr-
idin-2-yldisulfanyl)butanoic acid in the presence of DIC and 
DMAP, giving CPT-buSS-Pyr in 61% yield after purification.

Synthesis of mCPT-buSS-Tau
Reaction of mCys-Tau with an excess of the activated disulfide 
CPT-buSS-Pyr in N2-purged DMSO was found to give rapid 
conversion to the desired conjugate, mCPT-buSS-Tau, by 
both ESI-MS and HPLC analysis (Figures 2A and 3A).  After 
overnight agitation to allow the reaction to go to completion, 
purification by reversed phase HPLC and subsequent lyophili-
zation of product fractions gave mCPT-buSS-Tau in 43% yield, 
with >99% homogeneity (by HPLC).

Synthesis of dCPT-buSS-Tau
The synthesis of the di-conjugate was performed in a similar 
manner to that of mCPT-buSS-Tau, though a longer reaction 
time was required to achieve near complete reaction.  The 
formation of the semi-reacted conjugate containing one CPT 
moiety could be clearly seen (Figures 2B and 3B), with HPLC 
analysis indicating the formation of the two isomeric forms.  
Purification as above gave dCPT-buSS-Tau in 22% yield, with 
>99% homogeneity (by HPLC).

Figure 2.  ESI-MS analysis of the reaction solutions during drug amphiphile synthesis.  mCPT-buSS-Tau after 1 h (A), dCPT-buSS-Tau after 3 h (B), and 
qCPT-buSS-Tau after 18 h (C).  1×, 2×, and 3× CPT indicate singly, doubly and triply reacted products, respectively.
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Synthesis of qCPT-buSS-Tau 
The formation of the quad-conjugate was observed to take 
much longer to occur, even with a larger excess of CPT-buSS-
Pyr, ESI-MS analysis (Figure 2C) clearly showed the formation 
of mono-, di- tri- and quad-reacted species after overnight 
agitation.  Despite the decreased rate of reaction, the cysteine 
thiols remained reactive and after 8 d significant conversion 
had been achieved (Figure 3C).  Purification was therefore per-
formed as before, giving qCPT-buSS-Tau in 15% yield, with 
>99% homogeneity (by HPLC).

Discussion
Drug amphiphile design and synthesis
Our approach for the synthesis of peptide-based amphiphilic 
drug conjugates is the attachment of the hydrophobic che-
motherapeutic agent to a peptide with overall hydrophilicity 
via a biodegradable linker (Figure 1).  When designing such a 
conjugate, there are a number of important points that must be 
considered.  First, the peptide can be chosen so as to influence 
both the assembly properties of the conjugate and the surface 
chemistry of the assembled nanostructure[59].  The preferred 
secondary structure that the peptide adopts can strongly influ-
ence the final assembly morphology, with β-sheet-forming 
peptides preferentially giving one-dimensional (1D) fibrous 
structures[60, 61], whereas other secondary structures could 
give rise to micelles or vesicles[62, 63].  Peptide-based epitopes 
or other moieties could also be incorporated so as to bestow 
further functionality upon the drug nanostructures, such as 
targeting[18, 64–66] and stealth capabilities[67, 68].  

Second, the linker choice is important as release of the free 
drug is essential if a cytotoxic effect is to be induced.  The 

development of degradable linker groups has been ongoing 
for several decades and there are many examples in the litera-
ture that can be utilized, including acid-sensitive[69], enzyme-
cleavable[70, 71], and reducible[72, 73].

Third, since many chemotherapeutics can be sensitive to 
strongly acidic conditions, the use of conjugation methods 
for post-cleavage attachment to the peptide is often required 
since the coupling cannot be performed on-resin.  These con-
jugation methods necessitate reaction mechanisms that must 
be selective and efficient so as to minimize side-reactions.  A 
multitude of reactions for the conjugation of synthetic entities 
to proteins have been developed that satisfy these conditions 
and can be readily applied for the purpose of peptide–drug 
conjugation.  Examples of these include directed disulfide for-
mation[74], thiolene reaction[75] or copper-assisted azide-alkyne 
cycloaddition (CuAAC)[76].  Amide and ester bond formation 
are also possibilities, but given the drug amphiphile requires 
a charged head-group (eg, lysine, glutamic or aspartic acids) 
there is a greater potential for unwanted side-reactions.

Last, the conditions required for purification of the final con-
jugate must not only be compatible with both the drug and the 
chosen linker group, but must also disfavor self-assembly of 
the conjugate since large aggregates will have poorer retention 
characteristics on reverse-phased silica when compared with 
the monomer.

To create a self-assembling drug amphiphile, we conjugated 
the DNA topoisomerase I inhibitor, camptothecin (Pom-
mier, 2006 #4) to a β-sheet forming peptide derived from the 
Tau protein[77] –“C”GVQIVYKK (“C” indicates a cysteine-
containing segment) (Scheme 1).  The reducible disulfylbutyr-
ate[8] moiety was chosen to link the two segments of the drug 

Figure 3.  Preparative HPLC chromatograms of mCPT-buSS-Tau (A), dCPT-buSS-Tau (B), and qCPT-buSS-Tau (C) showing the reaction products formed 
during the synthesis of the drug amphiphiles.  1×, 2× and 3× CPT indicate incomplete reaction products.
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amphiphile, employing the activated disulfide CPT-buSS-Pyr 
to direct disulfide bond formation with a cysteine-thiol of the 
peptide to form the conjugate (Scheme 2A).  This linker can 
undergo reduction in the intracellular environment, breaking 
down to release the free drug.  The two lysine residues at the 
C-terminal of the peptide serve as a hydrophilic head group to 
promote solubility and enable purification under acidic condi-
tions, where assembly would be disrupted due to electrostatic 
repulsions[78].  The loading of the drug amphiphile can be pre-
cisely controlled by simply modifying the peptide design to 
incorporate multiple attachment sites.  In our design, we used 
the two amine functionalities of lysine to introduce branching 
points at the N-terminal that were then functionalized with 
cysteine, allowing access to drug amphiphiles with 1, 2 or 4 
drug molecules per conjugate (23%, 31% and 38% loadings, 
respectively, Scheme 2B).

From a practical standpoint, the branched peptides can be 
synthesized through conventional Fmoc solid-phase peptide 
synthesis procedures (Scheme 1).  The only caveat to this, 
however, is that as the extent of branching increases (from one 
to four Cys attachment points), so too does the relative dif-
ficulty of achieving complete coupling.  This can be attributed 
to the bulky Fmoc-Cys(tBu)-OH units being coupled to the 
branching lysines, with each subsequent addition increasing 
the steric bulk around the resin-bound peptide and hindering 
the approach of the next activated Cys residue to be added.  
Complete coupling was achieved through longer reaction 
times and repeated coupling with fresh reagents.  Similar 
issues also arose when conjugating the CPT prodrug, as each 
addition will add a bulky CPT unit that can hinder further 
reaction for the di- and quad-substituted conjugates.  Again, 

longer reaction time and a greater reagent excess were found 
to promote more complete conjugation.

Effect of peptide segment on stability
One property of the Tau conjugates described above that 
became apparent was how the solubility of the resultant conju-
gate is reduced with the increasing number of CPT molecules 
attached.  mCPT-buSS-Tau was found to be very soluble, 
with solutions above 2 mol/L remaining clear, albeit with an 
increase in viscosity that led to gel formation.  dCPT-buSS-Tau 
remained soluble up to 1 mol/L, becoming cloudy thereaf-
ter.  qCPT-buSS-Tau on the other hand was sparingly soluble, 
giving a turbid solution even at 100 µmol/L.  This observa-
tion may explain why only relatively short nanotubes were 
observed by TEM, as the availability of soluble monomers 
may reduce the likelihood of long nanotubes being formed, 
leading to formation of kinetically trapped short nanotubes.

One method to improve solubility is to incorporate a more 
hydrophilic peptide sequence.  The Tau peptide is dominated 
by hydrophobic residues (Val and Ile) and as such may con-
tribute to the poor solubility characteristics.  We have synthe-
sized analogues of dCPT-buSS-Tau and qCPT-buSS-Tau using 
a more hydrophilic β-sheet forming peptide derived from 
the Sup35 yeast prion, NNQQNY (Figure 4A)[79, 80], allowing 
a direct comparison of their properties.  In the case of dCPT-
buSS-Sup35[79], we saw little difference in the morphology 
formed with that of dCPT-buSS-Tau, giving nanofilamentous 
structures with widths of 8.9±1.3 nm—slightly wider than 
those of the Tau analogue.  However, a clear difference was 
seen in the contour length, with the Sup35 conjugate forming 
fibrous nanostructures that were typically longer than 1 µm 

Figure 4.  Comparison of CPT conjugates with Tau and Sup35 peptide segments.  (A) Chemical structures of dCPT-buSS-Sup35 and qCPT-buSS-Sup35.  
Representative TEM images of dCPT-buSS-Sup35 (B), dCPT-buSS-Tau (C), qCPT-buSS-Sup35 (D) and qCPT-buSS-Tau (E).  All samples are 100 µmol/L in 
H2O, except for dCPT-buSS-Tau which is 200 µmol/L.  Scale bars are 100 nm.



882
www.nature.com/aps

Cheetham AG et al

Acta Pharmacologica Sinica

(Figure 4B), while the Tau conjugate formed predominantly 
shorter filaments (Figure 4C).  Cryo-TEM imaging confirmed 
that these observations were not an artifact of the drying pro-
cess involved in sample preparation (Supplementary Figure 
S9).  A further effect of the more hydrophilic peptide was 
found in the apparent critical micellization concentrations 
(CMC), with that of dCPT-buSS-Sup35 being around 20–30 
µmol/L in comparison to submicromolar for dCPT-buSS-Tau.  
This is borne out by the circular dichroism (CD) spectra of the 
two drug amphiphiles (Supplementary Figure S10), in which 
it can be clearly seen that the β-sheet signal of the Sup35 ana-
logue is no longer apparent at 5 µmol/L, whereas that of the 
Tau conjugate is still present below 1 µmol/L.  It is evident 
that the greater hydrophilicity of the Sup35 sequence lends 
a greater solubility to the resulting conjugate at the cost of a 
reduction in its propensity for self-assembly.  Importantly, 
this effect on monomer solubility may provide a pathway for 
exerting some degree of control over the contour length of the 
one-dimensional nanostructures.  This ability would be useful 
in tailoring the drug amphiphiles toward a particular applica-
tion.  Longer fibers are able to more effectively entangle than 
shorter fibers and would be ideal candidates for the formation 
of hydrogels, which can be utilized for local and sustained 
delivery of therapeutics[81–83].  On the other hand, shorter nano-
structures would be more suitable for systemic delivery as 
they may fare better during circulation, being less likely to get 
trapped by the body’s filtration mechanisms or in smaller cap-
illary blood vessels.

Incorporation of the Sup35 peptide into the quad-CPT con-
jugate results in a marked improvement in the solubility[80], 
as clear solutions of the qCPT-buSS-Sup35 conjugate can be 
prepared that are above 1 mol/L in concentration.  These 
solutions also exhibit greater viscosity, indicating the pres-
ence of longer nanostructures that can entangle.  TEM imag-
ing confirms the formation of nanotubes of widths 9.9±1.1 nm 
(Figure 4D), similar to those of qCPT-buSS-Tau (9.5±1.0 nm, 
Figure 4E), though a larger proportion were greater than 1 µm 
in length.  The increased solubility the Sup35 peptide allows 
the nanotubes to further elongate during self-assembly.  The 
hydrophobicity of the four CPT molecules clearly still plays an 
important role in the self-assembly, but the incorporation of 
the Sup35 peptide bestows a greater hydrophobic-hydrophilic 
balance to the conjugate that increases its solubility without 
compromising its stability.

Two concerns associated with β-sheet-based peptide assem-
blies are their potential toxicity and degradability for body 
clearance.  In the case reported here, the two β-sheet segments 
we chose, Tau and Sup35, are derived from natural proteins 
known to form amyloid plaques.  After conjugation with ther-
apeutic agents and modification with charged amino acids, 
it is likely that their potential to induce formation of amyloid 
plaques is altered.  In our in vitro studies with cells, although 
all the synthesized drug amphiphiles demonstrated effective 
toxicities against a number of cancer cell lines, no adverse 
effects were observed for filaments formed by self-assembly of 
the peptides conjugated with a linear hydrocarbon, suggesting 

the potential biocompatibility of the chosen peptide segments.  
However, for using these materials in an in vivo setting, 
more comprehensive studies are necessary to evaluate their 
unwanted toxicities in interfacing with other biomolecules.  
Further design of self-assembling drug amphiphiles should 
avoid using amyloid disease-related sequences as the auxiliary 
segment.  Given the supramolecular nature of these filamen-
tous assemblies, the concern related to their biodegradability 
is less an issue here, as we have demonstrated that these nano-
structures can effectively release the incorporated therapeutic 
agents.  

Conclusion
In summary, we have detailed the guiding principles for the 
synthesis of anticancer drug amphiphiles, utilizing an estab-
lished bioconjugation technique to create peptide-based pro-
drugs that can self-assemble into nanofibrous structures.  The 
sequence of the conjugated peptide segment can not only be 
used to direct the self-assembly, but can also be utilized to 
control the solubility characteristics and influence the physico-
chemical properties of the resulting nanostructures.  Given the 
range of hydrophobic anticancer drugs in current clinical use 
and the versatility present in peptide design, the approach we 
are developing has enormous potential as the basis for a future 
drug delivery platform.
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