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Elongated micelles have many desirable characteristics for cancer-drug delivery, but they are difficult
to obtain since amphiphilic polymers form such nanostructures only within narrow composition
ranges depending on their own structures. Herein, we demonstrated a facile fabrication of different
nanostructures via drug content-controlled self-assembly of amphiphilic linear-dendritic drug conju-
gates e using the number of the conjugated hydrophobic drug molecule camptothecin (CPT) to tailor the
hydrophobicity of amphiphilic PEG-block-dendritic polylysineeCPT (PEGexCPT) conjugates and thereby
control their self-assembled nanostructures e nanospheres or nanorods of different diameters and
lengths. The shape and size of the nanostructures were found to strongly affect their in vitro and in vivo
properties, particularly the blood clearance kinetics, biodistribution and tumor targeting. The nanorods
with medium lengths (<500 nm) had amuch longer blood circulation and faster cellular uptake than the
nanospheres or long nanorods. Thus, polymeric nanorods with proper lengths may be ideal nanocarriers
capable of uniting the opposite requirements in cancer-drug delivery.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Spherical [1e4] or wormlike micelles [5e7] and vesicles [8e10]
from self-assembly of amphiphilic polymers have been extensively
explored as nanocarriers for cancer-drug and gene delivery. These
polymeric nanocarriers significantly improve drugs’ solubility and
promote their accumulation in tumor tissues via the enhanced
permeability and retention (EPR) effect [11], in which the nano-
carriers extravasate through the tumor’s highly permeable blood
vessels into tumor tissue and are trapped there due to its lack of
lymphatic drainage [12,13]. Prolonging the nanocarriers’ blood
circulation increases their opportunity to pass through the leaky
vasculature, and thereby their extravagation into tumor tissue [14].
Surface properties and nanocarrier size are the two important
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factors affecting their blood circulation times [15e19]. Recently, the
nanocarrier shape has been recognized as an another important
parameter [5e7,20e22]. For instance, Discher et al. found that
flexible worm-like micelles could circulate in the blood for a week
[5e7], much longer than their spherical counterparts. Dai et al.
found that carbon nanotubes pegylated with long PEG chains had a
long circulation (t1/2 ¼ 22.1 h) in mice [21].

The drug retention, cellular uptake ability, and intracellular
release profile of the nanocarrier, however, are equally important
for effective tumor drug accumulation [23]. Most micellar or par-
ticulate nanocarriers, which are loaded with drugs by hydrophobic
interaction-based physical trapping, suffer a premature-burst
release problem: A large fraction of the carried drugs (up to 40e
60%) is quickly released once in the medium. For instance, PCL
worm micelles released w40% of their drug in the first few hours
[24]. Thus, after the initial burst drug release such nanocarriers
carry little drugs to the tumor even if they circulate very long in the
bloodstream and finally accumulate in the tumor. On the other
hand, once in the tumor, the nanocarriers must be quickly taken up
by tumor cells and quickly release their drugs intracellularly to
exert pharmaceutical actions [25]. The properties endowing the
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nanocarriers with stealth and long circulation now slow their
cellular uptake by tumor cells. For instance, the cellular uptake of
wormlike particles was found to be much slower than that of
spherical nanoparticles due to their shape-induced inhibition of
phagocytosis [26e28]. Thus, a nanocarrier must simultaneously
meet disparate requirements to achieve high therapeutic efficacy:
good stealth property and strong drug retention while in the blood
circulation, but fast cellular uptake and intracellular release once in
tumor tissue [23,29].

PEGylated metallic and inorganic nanorods [30,31] as models
were demonstrated to have long circulation times like wormlike
micelles [5e7] and the ability to penetrate tumor efficiently via the
enhanced pore transportation [32] and fast cellular uptake [33e35]
compared to nanospheres. However, they cannot be used clinically
for intravenous drug delivery. Biodegradable polymeric nanorods
may also possess these essential characteristics and would be
suitable for in vivo drug delivery. Unfortunately, like wormlike
micelles, amphiphilic copolymers form rod-like morphology
only within very narrow composition ranges (i.e., hydrophilic/hy-
drophobic ratios), and also depend on the nature of the polymers
[36,37]. For instance, flexible linear PEG-block copolymers such
as PEGePCL and PEGePLA formed flexible worm-like micelles
at certain hydrophilic/hydrophobic ratios [36,38e40] due to their
fluid cores [41,42]. Furthermore, even if an amphiphilic polymer
itself can form such a rod nanostructure, drug loading or
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Fig. 1. Self-assembly of PEG-dendritic polylysineecamptothecin (PEGexCPT) conjugates into
morphologies was determined by the generation of the dendritic polylysine and the numbe
long blood circulating, fast cellular internalization, and intracellular drug release.
conjugation may disrupt the nanostructure formation because it
changes the polymer composition or amphiphilicity. Thus, an
extensive fine-tuning of those parameters, including the polymer
structure, composition and the drug content, would be required to
obtain a polymer to form drug-loaded nanorods. To date, there are
no reports on the fabrication of polymeric nanorods for drug
delivery.

Now that many anticancer drugs are hydrophobic, we proposed
to directly use the hydrophobic drugs as the hydrophobic moiety of
amphiphilic polymers, and thus we could simply tune their drug
contents to control the self-assembled nanostructures of the
resulting amphiphilic polymers. Another advantage of this
approach is that the resulting nanocarriers would have high drug
loading contents and be free of premature drug release. The di-
sulfide linker used for drug conjugationwould enable the nanorods
to retain the drug tightly in the circulation but quickly release the
drug once in cancer cells by responding to the intracellular gluta-
thione [43]. Herein, we demonstrate such a hydrophobic drug
content-controlled self-assembly of linear-dendritic drug conju-
gates to fabricate polymeric nanostructures. By directly using the
conjugated hydrophobic drug molecule (camptothecin, CPT) to
tailor the amphiphilicity of PEG-block-dendritic polylysineeCPT
(PEGexCPT) conjugates and thereby control their self-assembly,
nanostructuresdnanospheres or nanorods of different diameters
and lengths were obtained (Fig. 1).
g
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biodegradable nanospheres or nanorods with high drug loading: The formation of the
r of the conjugated CPT. Nanorods with short length (<500 nm) have characteristics of
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2. Materials and methods

2.1. Materials

Poly(ethylene glycol) methyl ether (Mn ¼ 2000), N-(tert-butoxycarbonyl)glycine
(Boc-Gly-OH), N,N-dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine
(DMAP), N,N-diisopropylethylamine (DIEA), (S)-(þ)-camptothecin (CPT) were pur-
chased from SigmaeAldrich, USA. Boc-Lys(Boc)-OH was purchased from Fisher
Scientific Inc. 2,3,4,5,6-Pentafluorophenol (PFP), N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDC) and trifluoroacetic acid (TFA) were pur-
chased from Oakwood Products Inc., USA. All the chemicals were used as received.
N-Succinimidyl 3-(2-pyridyldithio) propionate (SPDP) was synthesized according to
the literature [44].

2.2. Synthesis of linear-dendritic PEGeDPLLecamptothecin conjugates (PEGexCPT)

2.2.1. Synthesis of PEG45edendritic polylysines (PEGeDPLL)
PEG45edendritic polylysines of different generations were synthesized using a

reported method [45]. Briefly, H3CO-PEG-OH (Mn ¼ 2000) was coupling with Boc-
Gly-OH by DCC in dichloromethane. The protecting group was removed with
CH2Cl2 and TFA (1:1) to obtain PEG45eNH2$TFA (PEG45eDPLL G0). The active ester
Boc-Lys(Boc)-OPFP was prepared via the reaction of Boc-Lys(Boc)-OH and PFP with
DCC in dioxane. PEG45eDPLL G1 was generated by PEG45eNH2$TFA coupling with
Boc-Lys(Boc)-OPFP followed by deprotection with CH2Cl2/TFA (1:1). PEG45eDPLL G2

and PEG45eDPLL G3 were obtained by repeated coupling with Boc-Lys(Boc)-OPFP
and deprotection.

2.2.2. Preparation of CPTePDP
CPT-SH was synthesized as we reported previously [43]. CPT-SH (1 g, 2.3 mmol)

was dissolved in dichloromethane (30 mL) followed by the addition of SPDP (1.04 g,
3.4 mmol). The mixture was stirred at room temperature for 3 h, and some CPTePDP
precipitatedout fromthe solution. Thin-layer chromatography (CHCl3:MeOH¼ 1:0.05)
was used to confirm all CPT-SH was reacted. The mixture was then concentrated and
poured into ethyl ether. The precipitate was isolated and dried in vacuum to obtain a
light yellow solid, yielding 93%. 1H NMR (400 MHz, CDCl3, d) of CPTePDP: 8.42 (s, 1H),
8.26 (d, 1H), 7.97 (d, 1H), 7.88 (m, 1H), 7.69 (m, 1H), 5.73 and 5.45 (m, 2H), 5.32 (s, 2H),
3.02 (m, 4H), 2.89 (m, 4H), 2.33 and 2.22 (m, 2H), 1.01 (t, 3H).

2.2.3. Preparation of PEG45eOctaCPT (Fig. 2)
PEG45-G3 (100 mg, 0.2 mmol NH2) and DIEA (52 mL, 0.3 mmol) were dissolved in

DMSO (4 mL) under N2. CPTePDP (133 mg, 0.21 mmol) dissolved in DMSO (4 mL)
was then added to the solution under N2. The mixture was stirred for 4 h and then
dialyzed (Spectra/Pro MWCO ¼ 1000) against acetonitrile (100 mL). The precipitate
was collected and washed with acetonitrile (10 mL � 3) until no free CPT was found
in thin-layer chromatography (TLC) (CHCl3:MeOH ¼ 1:0.1). The solid was dried in
vacuum to give PEG45eOctaCPT, yielding 85%. PEG45eCPT, PEG45eDiCPT, and
PEG45eTetraCPT were synthesized similarly. For PEG45eCPTand PEG45eDiCPT, there
was no precipitation during the dialysis step. The yield of PEG45eCPT, PEG45eDiCPT,
and PEG45eTetraCPT was 90%, 88%, and 78%, respectively.

2.3. Reverse-phase HPLC

Ion-pairing reverse-phase HPLC (RP-HPLC) was performed on an RP-C18 HPLC
column (250 � 4.6 mm2, 5 mm). Isocratic elution characterized the products and the
drug biodistribution in vivo. Eluant A was water containing 0.05% TFA and B was
acetonitrile containing 0.05% TFA. The mobile phase for isocratic elution was run
with 50% A and 50% B at a flow rate of 1.3 mL/min for 20 min. The volume of each
injectionwas 100 mL, and the detection of eluted samples was performed at 360 nm.
A CPT standard curve was generated using CPT solutions ranging from 6.25 to 50 mg/
mL with good linearity and a correlation coefficient of 0.9999.

2.4. Preparation of the spherical- and rod-like nanoparticles

PEGexCPT conjugates were dissolved in DMF (0.5 mL) at a designed concen-
tration. The solution was filtered through a PTFE filter (pore size 0.45 mm). Milli-Q
deionized water (1 mL) was slowly added dropwise to the solution with stirring.
The solution was then dialyzed against water or PBS (Spectra/Por, MWCO ¼ 3500,
24 h, 1 L � 4) to remove DMF. The DOX-loaded spherical- and rod-like nanoparticles
were fabricated using the same procedure except for adding DOX$HCl (0.5 mg) and
DIEA (2 mL) to the solution. The DOX-loading content was determined by measuring
its UV absorbance at 486 nm in DMSO/methanol.

2.5. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOF MS)

a-Cyano-4-hydroxycinnamic acid was used as the matrix for MALDI-TOF MS
measurements. The matrix was prepared at a concentration of 10 mg/mL in THF. The
sample solution (1 mL) was applied to the MALDI sample plate and dried. The matrix
solution (1 mL) was then added to the plate and dried. The instrument was operated
in a linear mode. A N2 laser operating at 337 nmwith 3 ns pulses was used. The ions
generated by the laser pulses were accelerated to 20 kV.

2.6. Dynamic laser light scattering (DLS)

The sizes (diameters) of the CPT-conjugated nanoparticles were determined
using a Nano-ZS Zetasizer (Malvern Instrument Ltd., UK) with a laser light wave-
length of 632.8 nm and a scattering angle at 173� . The nanoparticles were prepared
as described above. The zetasizer was routinely calibrated with a 60 nm nano-
sphere� standard (Duke Scientific Corp., CA). Each measurement was performed in
triplicate, and the results were processed with DTS software version 3.32.

2.7. Transmission electron microscopy (TEM) of the nanoparticles

The nanoparticle solution (1 mg/mL, 10 mL) was applied onto a 150-mesh
carbon-coated copper grid. The excess solution was wicked off with filter paper. A
droplet of 1% (w/v) aqueous uranyl acetate solution was then deposited onto the
dried samples. The excess solution of the staining agent was sucked away using filter
paper from the edge of the TEM grids. Images were recorded using a transmission
electron microscope (HITACHI H-7000 TEM) operated at a voltage of 75 kV.

2.8. Observing the nanoparticles by confocal laser scanning fluorescence microscopy

The nanoparticles were visualized with confocal microscopy using nile red as
the fluorescent dye. PEGexCPT (2 mg/mL) containing nile red (20 mg/mL) in DMF
was dialyzed against (Spectra/Por, MWCO ¼ 3500) water (24 h, 1 L � 4), producing
nanoparticles loadedwith nile red. The images were taken using a Zeiss 710 confocal
microscope. Nile red was excited using a 561-nm laser, and the emissionwavelength
was read from 590 to 610 nm and expressed as red.

2.9. Critical micelle concentration (CMC) determination

The CMC of PEGexCPT was determined using a method reported before [46]: A
stock solution of the PEGexCPT (2 mg/mL) was prepared in 10 mM pH 7.4 phosphate
buffer. Nile red in CH2Cl2 (10 mL, 0.5 mg/mL) was added to a series of vials and the
CH2Cl2 was evaporated. The polymer solution and 10 mM pH 7.4 phosphate buffer
were added to vials to obtain the polymer concentrations ranging from 0.00195 to
2 mg/mL. The vials were then stirred at room temperature for 6 h for equilibration.
The fluorescence emission of each solutionwas measured. The CMCwas determined
as the intersection of the tangents to the two linear portions of the plot of the
emission intensity as a function of the polymer concentration.

2.10. Cell culture

MCF-7 and MCF-7/ADR breast cancer cells were purchased from American Type
Culture Collection (ATCC, Manassas, VA). Cells were cultured in RPMI-1640 medium
containing 10% fetal bovine serum (FBS), 10 mg/mL insulin, and 1% antibiotic/anti-
mycotic solution (Sigma A9909) at 37 �C in 5% CO2 environment.

2.11. Cellular uptake of the nanoparticle

Cellular uptake of the DOX-loaded nanoparticles was observed using confocal
fluorescence microscopy. Cells were incubated with the free DOX or DOX-loaded
nanoparticles (DOX concentration: 4 mg/mL) at 37 �C and 5% CO2 for 1, 4 or 8 h.
The cells were then thoroughly washed with PBS at 4 �C three times. Images were
obtained using a Leica TCS SP2microscope. DOXwas observed using an Ar/ArKr 458/
488 nm laser and the emission wavelength was read from 560 to 610 nm and
expressed as red. Images were produced using the lasers sequentially with a 40�
objective lens. Cells were kept at 37 �C and 5% CO2 except when being observed on
the microscope. Images were processed with NIH ImageJ.

2.12. Flow cytometry

Cells were seeded onto twelve-well plates (2.0 mL of cell suspension per well) at
2� 105 cells mL�1 and allowed to grow for 24 h. DOX and DOX-loaded nanoparticles
were added to each well and incubated with cells for 1, 4, or 8 h. The cells were then
washed with cold PBS twice, harvested by 0.005% trypsineEDTA, pelleted in
eppendorfs and centrifuged at 1000 g for 4 min at 4 �C, and then resuspended in PBS
with 2% FBS and filtered through cell strainers. Each sample was quickly analyzed on
a BD LSRII flow cytometer (BD Biosciences, San Jose, CA) using the 488 laser for
excitation and the emitted 525/50 fluorescence for detection. Files were collected of
10,000 gated events and analyzed with Flowjo 7.6.5 software.

2.13. In vitro cytotoxicity assay

The cytotoxicity assay was carried out using the MTT cell proliferation assay kit
(ATCC, Manassas, VA) according to the modified manufacturer’s protocol. MCF-7 or
MCF-7/ADR cells were seeded onto 96-well plates and incubated for 24 h. The
original medium (200 mL) was removed and replaced with the PEGexCPTor free CPT



Fig. 2. Synthesis of linear-dendritic PEGeDPLLecamptothecin conjugates (PEGexCPT) via a disulfide linker.
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solutions at different concentrations and incubated for 72 h. The medium in each
well was then replaced with 100 mL fresh cell culture medium. MTT reagent (10 mL)
was then added to each well and incubated for 6 h until purple precipitates were
visible. Finally, the detergent reagent (100 mL) was added to each well, and the plates
were incubated at 37 �C for 18 h or until all the crystals were dissolved. The
absorbance intensity at 570 nmwas recorded and the cytotoxicity was expressed as
a percentage of the control.

2.14. Animals

BALB/c mice (Charles River Laboratories, Wilmington, MA, USA) were main-
tained in compliance with the policy on animal care expressed in the National
Research Council guidelines and all experiments were approved and supervised by
the Institutional Animal Care and Use Committee (IACUC) at the University of
Wyoming (WY, USA). Mice were maintained in a pathogen-free environment under
controlled temperature (24 �C) and lighting (12 L:12 D) conditions. Autoclaved ro-
dent chow and sterilized water were supplied ad libitum.

2.15. Blood circulation and biodistribution studies in Balb/C mice

Mice were injected intravenously via the tail vein (four mice per group) with
PEGexCPT (PEG45eDiCPT, PEG45eTetraCPT or PEG45eOctaCPT, 10 mg CPT-eq./kg) in
100 mL PBS solution. 100 mL of blood was collected (5 min, 1 h, 4 h, and 8 h) and the
blood was mixed with heparin in eppendorfs. After 4 or 24 h, the mice were
sacrificed and the blood (collected via the orbital sinus), liver, kidney, muscle, gut,
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spleen, heart, lung, and brain tissues were collected for analyses. Tissues were
weighed (100e200 mg) and homogenized in 0.5 mL PBS. DTT (10 mM) was then
added to the collected blood or homogenized tissues and then incubated at 4 �C
overnight. All samples were stored at �80 �C until measurements could be made. At
measurement time, the samples were thawed, and 400 mL acetonitrile was added to
the blood or homogenized tissue solutions (100 mL) in PBS. The mixtures were
vortexed and kept at RT for 1 h followed by centrifuging for 5 min at 14,000 rpm.
Finally, 200 mL of the supernatant was then analyzed by HPLC. The CPT content was
calculated according to the standard curve.

2.16. In vivo fluorescence imaging

The mice were implanted in the mammary pat pad with 5 �105 4T1-Luc cells in
50 mL PBS. To monitor the growth of the 4T1-Luc breast tumors, the mice were
intraperitoneally injected with D-luciferin (200 mL in PBS, 15 mg/mL). Ten minutes
following the injection, mice were anesthetized with 2% isoflurane and imaged on a
Xenogen IVIS Lumina system (Caliper Life Sciences, Hopkinton, MA). The study was
performedwhen the tumor size reached 0.5e1.0 cm in diameter in about twoweeks.
DOX-loaded nanoparticles in PBSwere injectedvia the tail vein at a dose of 5mgDOX-
equiv./kg. The mice were sacrificed at 8 h post-injection. Tumors and major organs,
including liver, heart, spleen, kidney, and lung were dissected, washed with PBS and
imaged on the Maestro FLEX In Vivo imaging system (blue: excitation, 500e720 nm;
exposure time 600 ms). The DOX signal was spectrally extracted from the multi-
spectral fluorescence images with Maestro software (Cambridge Research & Instru-
mentation, Inc., Woburn, MA) after subtracting the background auto-fluorescence.
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Fig. 5. (A) The HPLC traces of CPTePDP, PEG45eCPT, PEG45eDiCPT and PEG45eTet-
raCPT. Conditions: Eluant A was water containing 0.05% TFA and B was acetonitrile
containing 0.05% TFA. The mobile phase for isocratic elution was run with 50% A and
50% B at a flow rate of 1.3 mL/min for 20 min. (B) The GPC trace of PEG45eOctaCPT. GPC
conditions: DMF as a solvent; column temperature 50 �C.
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3. Results

3.1. Synthesis and characterization of PEGexCPT conjugates

The synthesis of PEGexCPTconjugates is shown inFig. 2. CPTePDP
containing a disulfide bond and an NHS active ester group was first
synthesized. PEG-block-dendritic PLL (DPLL) of different generations
waspreparedand then reactedwitha correspondingamountof CPTe
PDP to obtain PEGeDPLL conjugated with 1, 2, 4, or 8 CPT molecules.
The structures of the conjugates were characterized by 1H NMR
spectra (Fig. 3),MALDI-TOFMSspectra (Fig. 4),HPLC (Fig. 5A) andGPC
(Fig. 5B). Themolecularweightsmeasured byMALDI-TOFMS spectra
were 2605, 3215, and 4386 Da for PEG45eCPT, PEG45eDiCPT, and
PEG45eTetraCPT, respectively, agreeable with their theoretical
values. The MALDI-TOF MS spectrum of PEG45eOctaCPT was not
obtained due to its decomposition at high voltages. Its molecular
weight measured by GPC was 6853 (theoretical value: 7143).
The number of CPT molecules in each conjugate, calculated from its
1H NMR spectrum from the integration ratio of the peaks at
3.58 ppm (eCH2CH2Oe, PEG) and 1.01 ppm (eCH3, CPT), was 1.05 for
Table 1
Summary of the characterizations and properties of PEG-xCPT conjugates.

PEGexCPT Mn CPT contentb PEG contentb

Cal. Founda

PEG45eCPT 2593 2605 13.4% 77.1%
PEG45eDiCPT 3243 3215 21.4% 61.7%
PEG45eTetraCPT 4543 4386 30.6% 44.0%
PEG45eOctaCPT 7143 6853 38.9% 28.0%

a Mn of PEG45eCPT, PEG45eDiCPT and PEG45eTetraCPT was estimated by MALDI-TOF
b Calculated according to the molecular formula.
c Determined by MTT assays (72 h of culture).
PEG45eCPT, 2.12 for PEG45eDiCPT, 3.83 for PEG45eTetraCPT, and 8.57
for PEG45eOctaCPT. The conjugates contained no free CPT, as
confirmed by HPLC and TLC. All these results confirmed their
structures (Fig. 2). Table 1 summarizes the characterizations and
the properties of these conjugates. Notably, the CPT contents of
PEG45eCPT, PEG45eDiCPT, PEG45eTetraCPT and PEG45eOctaCPT
were 13.4%, 21.4%, 30.6%, and 38.9% by weight, respectively.

3.2. Self-assembly of PEGexCPT conjugates

The PEGexCPT formed nanoparticles at concentrations higher
than their CMCs (Table 1; Fig. 6). The morphologies of the nano-
particles in the aqueous solution were observed using TEM
(Fig. 7AeD). PEG45eCPT and PEG45eDiCPT formed uniform
w100 nm nanospheres (Fig. 7A and B). Interestingly, PEG45eTet-
raCPT and PEG45eOctaCPT formed unusual nanorods (Fig. 7C and
D). The nanorods of PEG45eTetraCPT were about 60 nm in diameter
and 500 nm long, and those of PEG45eOctaCPT were about 100 nm
in diameter and about 1 mm long. These structures were further
confirmed by confocal fluorescencemicroscopy after loading with a
fluorescent dye nile red (Fig. 7EeH).

3.3. In vitro stability and drug release

The stability of the nanostructures was studied in PBS at 37 �C by
DLS. PEG45eDiCPT nanospheres and PEG45eTetraCPT nanorods
were stable for over five days and their sizes did not change over
time, whereas PEG45eOctaCPT nanorods aggregated slightly. None
of these nanostructures released any CPT under these conditions.
However, in the presence of DTT, a strong reducing agent similar to
GSH, they immediately released CPT-SH as detected byHPLC (Fig. 8).

3.4. Cellular uptake

An anticancer drug, doxorubicin (DOX), was loaded into the
nanocarriers (PEG45eDiCPT/DOX) and nanorods (PEG45eTetraCPT/
DOX and PEG45eOctaCPT/DOX) as a tracer study their cell inter-
nalization into non- and drug resistant cells using confocal micro-
scopy and flow cytometry (Fig. 9). As shown in Fig. 9A, the cellular
uptakes of DOX-loaded nanospheres and nanorods were different
from that of free DOX. Free DOX easily entered the non-drug-
resistant cells (MCF-7) by passive diffusion [47], as evidenced by
the strong fluorescence throughout the cells; only very weak DOX
fluorescence was observed in multidrug-resistant cells (MCF-7/
ADR) since DOX is a substrate of their drug resistance. In contrast,
strong DOX fluorescence was observed in both MCF-7 (data not
shown) and MCF-7/ADR cells after they were cultured with DOX-
loaded nanoparticles for 1 h, and the intracellular fluorescent in-
tensity increased gradually with the culturing time (4 or 8 h). Two
more phenomena were further observed: In MCF-7 cells, the
intracellular DOX distributed in the whole cells after 8 h of
culturing, including the nuclei; but in MCF-7/ADR cells, the intra-
cellular DOX could not enter the nuclei. Furthermore, the DOX-
Morphology IC50 (mg/mL)c PK parameters

MCF-7 MCF-7/ADR AUC (%IDh/g) t1/2(h)

Sphere e e e e

Sphere 0.138 0.109 47.13 1.61
Rod 0.073 0.065 239.71 5.82
Rod 0.070 0.066 58.2 1.70

MS spectra, and Mn of PEG45eOctaCPT was estimated from GPC.



Fig. 6. The CMC values of PEG45exCPT determined from the plot of nile red fluorescence intensity as a function of their concentrations.
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intensity of the cells cultured with the nanorods (PEG45eTetraCPT/
DOX and PEG45eOctaCPT/DOX) was much higher than those
cultured with the nanospheres (PEG45eDiCPT/DOX), particularly
those with the PEG45eOctaCPT/DOX nanorods, suggesting much
faster cellular uptake of the nanorods than that of the nanospheres.
This was further proven by quantitation using flow cytometry
(Fig. 9B) in terms of the increase of the mean fluorescence intensity
relative to the control. Clearly, at each time point, the cells cultured
with nanorods, PEG45eTetraCPT/DOX or PEG45eOctaCPT/DOX, had
higher fluorescence intensities than those cultured with
the spherical PEG45eDiCPT/DOX (all P < 0.01). At 8 h culture, the
DOX intensity of the cells cultured with PEG45eTetraCPT/DOX or
PEG45eOctaCPT/DOX was 1.15 or 1.39 times that of those cultured
with PEG45eDiCPT/DOX.

3.5. Cytotoxicity

The cytotoxicity of free CPT, and the nanospheres/nanorods to
MCF-7 or MCF-7/ADR cancer cells was evaluated using the (3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) (MTT)
assay (Fig. 10). With 72 h culture, the IC50 value to MCF-7 cells was
0.138 mg/mL for PEG45eDiCPT, 0.073 mg/mL for PEG45eTetraCPT and
0.070 mg/mL for PEG45eOctaCPT, higher than that of CPT. Their IC50
values to MCF-7/ADR cells were not significantly different from
those for nonresistant cells since CPT is not the substrate of their
drug resistance [48].

3.6. Pharmacokinetics and biodistribution

The pharmacokinetics and biodistribution of nanospheres and
nanorods were studied after i.v. administration to BALB/c mice. The
CPT concentrations in the bloodstream and tissues were determined
byHPLC. Fig.11A shows theblood clearanceprofiles. PEG45eTetraCPT
was cleared slowly and there was still 3.59 � 0.29% of the injected
dose per gram of blood after 24 h. In contrast, after 8 h, PEG45eDiCPT
nanospheres or PEG45eOctaCPT nanorods were barely detected in
the blood. Elimination half-life times (t1/2, b) of the nanostructures
were calculatedusing a two-compartmentmodel (Table 1). The t1/2 of
PEG45eTetraCPT (5.82 h) was significantly greater than those of
PEG45eDiCPT (1.61 h) and PEG45eOctaCPT (1.70 h). Correspondingly,
the area-under-the-curve value for 24 h (AUC0e24 h) of PEG45eTet-
raCPT was 4e5 times larger than those of PEG45eDiCPT and PEG45e

OctaCPT. Thus, PEG45eTetraCPT nanorods had a much better stealth
property than the PEG45eDiCPT nanospheres.

The biodistributions of the nanostructures in terms of CPT con-
centration in different organs of mice at 4 and 24 h post i.v. admin-
istration are shown in Fig.11B and C. At 4 h, the nanostructures were
mainly found in the spleen. In addition, some PEG45eDiCPT accu-
mulated in the liver (15.75 � 3.85% ID/g tissue) and a significant
amountof PEG45eOctaCPTnanorodswas in the lung (64.89� 2.63%).
Thus, the liver and spleen were still responsible for the clearance of
the nanospheres and nanorods. The long PEG45eOctaCPT nanorods
also accumulated in lung, explaining its shorter blood-circulation
time compared to PEG45eTetraCPT nanorods. Clearly, PEG45eTet-
raCPT had lower concentrations in liver and spleen than PEG45e

DiCPT, consistentwith the results in Fig.11A. After 24 h, PEG45eDiCPT
almost disappeared from all the organs. The level of PEG45eOctaCPT
in the lungwas also greatly reduced and little remained in the spleen
(10.53 � 1.31% ID/g of tissue) and liver (3.55 � 0.57% ID/g tissue).
PEG45eTetraCPT was still found in the spleen (22.05 � 6.33% ID/g
tissue) and blood (3.59 � 0.29% ID/g blood).

3.7. Ex vivo imaging

Ex vivo imaging of excised tissues and tumors at 8 h post-
injection further confirmed the results (Fig. 12). The mice injected



Fig. 7. The TEM and confocal fluorescence images and their corresponding enlarged ones of PEG45eCPT (A, E) PEG45eDiCPT (B, F), PEG45eTetraCPT (C, G), PEG45eOctaCPT (D, H)
formed nanostructures. The nanostructures were loaded with 1% nile red for taking corresponding confocal fluorescence images.

Fig. 8. The corresponding time dependent CPT-SH release of PEGexCPT nanoparticles
treated with or without 10 mM DTT.
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with PEG45eDiCPT/DOX nanospheres or PEG45eOctaCPT/DOX
nanorods had higher DOX-fluorescence in livers than those injected
with PEG45eTetraCPT/DOX nanorods. The mice injected with
PEG45eOctaCPT/DOX nanorods also had stronger DOX-fluorescence
in the lung. Very low fluorescence was observed in the heart and
spleen for all the mice. Side-by-side imaging of the tumors from the
mice injected with PEG45eDiCPT/DOX or PEG45eTetraCPT/DOX
nanorods is shown in Fig. 12B. The Student t-test indicated that the
DOX-fluorescence in the tumors from mice injected with nano-
spheres and nanorods was statistically different. Fluorescence in-
tensity in the tumors of the mice injected with PEG45eTetraCPT/
DOX nanorods was 2.8 times that of those injected with PEG45e

DiCPT/DOX nanospheres.

4. Discussion

For a nanocarrier to achieve a high therapeutic efficacy, the key
is not to emphasize one but to reconcile and unite the opposite
requirements: long blood circulation and tight drug retentionwhile
in the blood compartment, but fast cellular uptake and intracellular
drug release once in the tumor [23]. Toward this end, we hoped to
combine the characters of wormmicelles’ long circulation [5], drug



Fig. 9. Cellular uptake study of free DOX, PEG45eDiCPT/DOX, PEG45eTetraCPT/DOX and PEG45eOctaCPT/DOX by confocal microscopy (A) and flow cytometry (B). The free DOX and
the DOX-loaded nanostructures (DOX dose: 4 mg/mL) were cultured individually with MCF-7 or MCF-7/ADR cancer cells at 37 �C for 1, 4 or 8 h.
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Fig. 10. The cytotoxicity of free CPT and PEG45exCPT to MCF-7 or MCF-7/ADR cells
after 72 h culture estimated by MTT assay. Data represent mean � s.d., n ¼ 5.

Fig. 11. The blood clearance profiles (A) and biodistribution at 4 h (B) or 24 h (C) post
i.v. administration of the PEG45exCPT nanostructures. Dose, 10 mg CPT-eq./kg, n ¼ 4.
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conjugates’ intracellular-triggered drug release [43,49e51], and
nanorods’ fast cellular uptake [33e35] and tumor penetration [32]
into biodegradable polymer nanorods. Such drug-conjugate nano-
rods have not been achieved from self-assembly of amphiphilic
copolymers because of the narrow composition window and the
strict requirements on the polymer structure for forming this
morphology [39,41,52].

Linear-dendritic amphiphilic block copolymers can self-assemble
into various morphologies by tuning their hydrophobic dendritic
generations [40], and the formed spherical nanoparticles were
useful for drug loading [46,53].We conjugated hydrophobic CPT to a
water-soluble PEGeDPLL block copolymer to make amphiphilic
linear-dendritic conjugates, PEGexCPT, and hoped that by tailoring
the generation of the DPLL and thus the number of conjugated CPT
molecules (x), we could fine-tune the hydrophilic/hydrophobic
balance of the amphiphilic conjugates to form the desired nano-
structures. Such conjugates would also be advantageous for their
well-defined molecular structures with precisely controlled
numbers of CPT moieties, as shown in Figs. 3e5. Consequently, the
drug loading content of each nanostructure is fixed independently of
the fabrication process, which is very important for future devel-
opment and clinical translation [23]. Furthermore, compared to the
physical drug loading systems whose drug contents are usually
lower than 10% to minimize the initial burse release [7,24], the
formed nanostructures from PEGexCPT had high drug loading
contents, 21 wt% for PEG45eDiCPTand 30.6wt% for PEG45eTetraCPT
(Table 1).

PEGexCPT indeed formed spherical- to rod-like nanostructures
determinedby thenumberof the conjugated-CPTmolecules (x; Fig. 2,
Table 1). The conjugates with one or two CPT molecules, whose hy-
drophilic PEG contents were 77.1 wt% or 61.7 wt% (Table 1), formed
nanospheres around 100 nm, as confirmed by TEM (Fig. 7). The
conjugates with four (44 wt% PEG) or eight CPT molecules (28 wt%
PEG) formed rodlike rather than flexible wormlike micelles. The
nanorods had very uniform diameters and lengths. Those from
PEG45eTetraCPT were about 60 nm in diameter and about 500 nm
long; those fromPEG45eOctaCPTwere doubled in both diameter and
length. These nanorods without any bending looked much like rigid
gold or inorganic nanorods [30,54], as a result of the very tight
packing of the DPLLexCPT blocks owing to the hydrogen bonding
among theamidegroupsandstrongpep stackingof theCPTmoieties
[10]. In contrast, PEGePCL and PEGePLA copolymers formed flexible
worm-like micelles [36,38e40] due to their fluid cores [41,42].



Fig. 12. Ex vivo imaging of the biodistribution and tumor accumulation of the nanostructures. Mice bearing 4T1-Luc breast tumors (w300 mm3) were intravenously injected with
DOX-loaded nanostructures (5 mg DOX-equivalent/kg body weight). After 8 h, the mice were sacrificed and the tumors and various organs (1. Liver, 2. Heart, 3. Spleen, 4. Kidney, 5.
Lung, 6. Tumor) were imaged with the Maestro FLEX In Vivo Imaging System (A). The three tumors of mice in each group injected with PEG45eDiCPT/DOX or PEG45eTetraCPT/DOX
were further imaged side-by-side (B) and their pixels were normalized to tumor area using the Maestro software (C).
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The PEG45eDiCPT nanospheres and PEG45eTetraCPT nanorods
were stable in PBS without any change in size. The PEG45eOctaCPT
nanorods, however, slowly aggregated in PBS due to their large
particle size. The CPT moieties were conjugated via disulfide bonds,
so they did not release any CPT but could be cleaved intracellularly
by GSH [43], as evidenced by the aggregation and the release of the
CPT (Fig. 8) upon the addition of DTT.

Once cultured with cells, both the nanospheres and nanorods
were taken up into the cells within less than an hour. These
nanoparticles dramatically increased intracellular accumulation of
DOX in MCF-7/ADR cells compared to free DOX. Obviously, the
nanorods (PEG45eTetraCPT/DOX and PEG45eOctaCPT/DOX),
particularly the long nanorods, were taken up more rapidly than
the nanospheres (PEG45eDiCPT/DOX) (Fig. 9). Since nanospheres
and nanorods had exactly the same surface characters, such facil-
itated cellular uptake must be due to the elongated shape of the
nanorods. This is consistent with the fast cellular uptake found in
metallic or inorganic nanorods [33,55,56]. The fast cellular uptake
of the nanorods might result from their larger surface area [33,57],
but its exact underlying mechanism is still under study. Further-
more, when cultured with non-drug-resistant cells (MCF-7), DOX
carried by PEGexCPT nanospheres or nanorods distributed
throughout the cells, including the nuclei, similarly to free DOX.
This suggests that once the PEGexCPT nanostructures were inside
the cells, intracellular GSH cleaved their disulfide bonds and
released the hydrophobic CPT moieties, leading to dissolving the
particles and releasing the DOX. However, DOX carried by the
nanostructures could not enter the nuclei of the multidrug-
resistant cells (MCF-7/ADR) due to the outward drug transport by
drug resistance on their nuclear membrane [58].

PEG45exCPT had comparable cytotoxicity with free CPT (Fig. 10).
The water-soluble GSH could diffuse into the nanostructures’ tight
hydrophobic core and CPT moieties were cleaved from the tightly
packed nanoparticles. However, GSH cleaved the disulfide bonds
and released the CPT-thioester (CPT-SH); the CPT-SH had to further
hydrolyze to the parent CPT to exert the pharmaceutical effects
[59]. Consistent with the cellular uptake results, the PEG45eTet-
raCPT and PEG45eOctaCPT had cytotoxicity higher than that of
PEG45eDiCPT.

The blood-circulation time of PEG45eTetraCPT nanorods was
much longer than that of the PEG45eDiCPT nanospheres (Fig. 11A)
as well as their AUC value, confirming our hypothesis. Again, since
the PEG45eDiCPT nanospheres and PEG45eTetraCPT nanorodswere
identical in their surface chemistry and close in their volumes, the
prolonged circulation time of the nanorods must be due to their
elongated shape, which might align or tumble in the flow to reduce
clearance by the liver or spleen [14]. Indeed, the PEG45eTetraCPT
nanorods were sequestered in the liver about one-third as much as
the PEG45eDiCPT nanospheres at 4 h after administration (Fig. 11B).
The sequestration into the spleen was very similar for the three
nanostructures andmuch higher than that in the liver. These spleen
sequestration was due to their rigidity. It is known that rigid
structures are easily subject to splenic filtration in the venous si-
nuses [14] because, compared to their flexible wormlike counter-
parts, they are less able to deform to navigate the physical filtration
barriers in the body [60]. This may be the main reason that the
PEG45eTetraCPT nanorods were cleared more quickly than the
flexible worm-like micelles [5e7]. The more elongated nanorods
from PEG45eOctaCPT were also captured by the lung, shortening
their circulation time, but the lung filtration of PEG45eTetraCPT
nanorods was avoided. This is the first direct evidence that nano-
rods with the proper sizes may have greater blood circulation than
corresponding nanospheres.

The tumor accumulation of PEG45eTetraCPT/DOX was much
more than PEG45eDiCPT/DOX or PEG45eOctaCPT/DOX (Fig. 12) due
to its prolonged blood circulation. Faster cellular uptake of the
nanorods than nanospheres in the tumor might also account for
this result. PEG45eTetraCPT/DOX also showed lower uptake in the
liver, further confirming that short nanorods have reduced reticu-
loendothelial system (RES) uptake.
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Thus, the PEG45eTetraCPT nanorods had simultaneously good
stealth properties and fast cellular uptake compared to nano-
spheres. These two characters are essential for efficient cancer-drug
delivery but are generally difficult to unite in one nanocarrier since
stealth properties are generally achieved by preventing cellular
uptake. Furthermore, unlike metallic and inorganic nanorods
[30,54], these nanorods were biodegradable for excretion, which is
also essential for future clinic translation.

5. Conclusion

In summary, we demonstrated a facile approach to fabricating
polymeredrug-conjugate nanorods for cancer-drug delivery. Using
a hydrophobic drug as the hydrophobic moiety, we synthesized
well-defined amphiphilic linear-dendritic drug conjugates, PEG-b-
dendritic polylysineeCPT. Tailoring their generation and the num-
ber of the conjugated CPT molecules induced the linear-dendritic
conjugates to self-assemble into spherical- or rod-like nano-
structures stable at the physiological conditions but quickly
releasing the drug CPT once in the cytosol. The shape of the
nanostructures affected their cellular uptake and in vivo blood
clearance. The nanorods were taken up more efficiently by cancer
cells than nanospheres. The nanorods with medium lengths
(<500 nm) also had a much better stealth property and thus a
much longer blood circulation than the nanospheres. However,
micrometer-long nanorods were easily removed from the blood-
stream by RES clearance and lung accumulation. Thus, this work
demonstrates that pegylated conjugate nanorods with proper
lengths can unite the two opposites in cancer-drug deliverydlong
blood circulation versus fast cellular uptake and drug retention in
circulation versus intracellular drug release, ideal for efficient
tumor-drug delivery.
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