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ABSTRACT
Purpose To identify the effects of cross-linkers and drug-
binding linkers on physicochemical and biological properties of
polymer nanoassembly drug carriers.
Methods Four types of polymer nanoassemblies were synthe-
sized from poly(ethylene glycol)-poly(aspartate) [PEG-p(Asp)]
block copolymers: self-assembled nanoassemblies (SNAs) and
cross-linked nanoassemblies (CNAs) to each of which an anti-
cancer drug doxorubicin (DOX) was loaded by either physical
entrapment or chemical conjugation (through acid-sensitive
hydrazone linkers).
Results Drug loading in nanoassemblies was 27~56% by
weight. The particle size of SNA changed after drug and drug-
binding linker entrapment (20~100 nm), whereas CNAs
remained 30~40 nm. Drug release rates were fine-tunable
by using amide cross-linkers and hydrazone drug-binding linkers
in combination. In vitro cytotoxicity assays using a human lung
cancer A549 cell line revealed that DOX-loaded nanoassem-
blies were equally potent as free DOX with a wide range of
drug release half-life (t1/203.24~18.48 h, at pH 5.0), but 5
times less effective when t1/2044.52 h.
Conclusion Nanoassemblies that incorporate cross-linkers and
drug-binding linkers in combination have pharmaceutical advan-
tages such as uniform particle size, physicochemical stability,
fine-tunable drug release rates, and maximum cytotoxicity of
entrapped drug payloads.

KEY WORDS cross-linked nanoassemblies . drug carriers .
drug delivery . nanoparticles . polymer micelles

INTRODUCTION

Biocompatible nanoparticles, typically 10~200 nanometers
(nm) in diameter, have garnered increasing attention as drug
carriers in recent biomedical applications (1–3).
Nanoparticles can circulate through blood vessels and accu-
mulate preferentially in disease tissues that enhance perme-
ation and retention of large molecules (> 1,000 atoms), such
as inflammatory tissues and cancerous tumors (4–7). One
important property of these nanoparticle drug carriers is
capability to control drug release rates, by time or in re-
sponse to stimuli (8,9), and thus maintaining drug concen-
trations at therapeutic dose levels in targeted sites in vivo to
maximize therapeutic efficacy and minimize toxicity (10,11).
Drug release rates, however, are still difficult to control
precisely in vivo partially because drug carriers often
change particle size, stability, biocompatibility and other phys-
icochemical properties, which affect their drug release pat-
terns and result in undesirable plasma protein adsorption,
macrophagic uptake, and non-specific tissue distribution
(12,13). Therefore, it is important to develop an easy and
efficient method to fine-tune drug release rates in vivo for
nanoparticle drug carriers.

Drug release rates are generally controlled by drug mol-
ecule diffusion and drug carrier erosion (14–16). Nanoscale
drug carriers have relatively small volume to entrap drug
payloads in comparison to larger drug delivery platforms
(e.g. film, patches, matrices, and micro particles), leading to
the development of various drug carriers that have degrad-
able core, shell, or drug-binding linkers. Although there are
many bottom-up and top-down approaches to engineer the
properties of nanomaterials, one of the widely used methods
to prepare nanoscale drug carriers is to exploit the self-
assembling phenomenon between amphiphilic block poly-
mers. For example, block copolymers that possess
hydrophilic and hydrophobic segments form micellar
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nanoassemblies, referred to as polymer micelles, providing a
hydrophobic nano-compartment enveloped with a hydro-
philic protection shield in aqueous solutions (17). The poly-
mer micelles have been used in several clinical applications
for the delivery of various biomedical materials, including
anticancer drugs, therapeutic proteins, plasmid DNA,
siRNA, contrast agents, and fluorescence probes (18).
Nevertheless, polymer micelles and other supramolecular
assemblies (e.g. self-assembled vesicles, lamellar, or layers)
have innate limitations of particle stability in diluted con-
ditions as they dissociate below critical micelle concentra-
tions or the Krafft temperature (19–21). Despite these
limitations, self-assemblies still have pharmaceutical advan-
tages mainly due to their easy preparation method to design
formulations for various therapeutic agents (22,23). To im-
prove stability, molecular self-assemblies are often cross-
linked in the core and shell (24–27). However, pharmaceu-
tical differences between self-assembled and cross-linked
nanoassemblies are not fully understood.

We have studied functional polymer micelles from
self-assembling block copolymers, which can fine-tune
drug release patterns (28–30). Our previous results dem-
onstrate that both fast and slow drug release rates can
be equally effective to suppress cancer cell growth, sug-
gesting that drug release rates and total drug payload
concentrations cannot be simply used to predict cytotox-
icity of drug carriers (31–33). We hypothesized that
drug carriers will achieve the maximum cytotoxicity by
synchronizing drug release and cell growth rates, poten-
tially providing a better measure to determine optimal
drug release rates. This hypothesis is formulated based
on the fact that most anticancer drugs are designed to
kill fast-growing cells (34,35), and that drug carriers
with varied drug release rates do not always show the
same cytotoxicity in vitro and therapeutic efficacy in vivo
(36–38). Results from previous literatures also support
this hypothesis, addressing that low-dose metronomic
chemotherapy appeared highly effective in vivo, and that
cell cycle control would be a promising strategy to
maximize drug efficacy to kill cancer cells (39,40).
Although these facts emphasize the pharmaceutical im-
portance of drug release rates on therapeutic efficacy of
drug carriers, most existing drug carriers are developed
mainly by focusing to increase total drug concentrations
in tumors and inside cells, while the effects of drug
release rates on cytotoxicity remains unclear as drug
carriers can interact directly with cells and alter cell
viability. For example, some polymer surfactants desta-
bilize the cellular membrane, either increasing intracel-
lular drug concentrations or breaking down the cells to
death (41–43). Therefore, drug carriers should be non-toxic to
investigate the effect of drug release rate on cytotoxicity more
accurately.

For these reasons, we selected biocompatible poly(ethyl-
ene glycol)-poly(aspartate) [PEG-p(Asp)] block copolymers,
which we have been using in previous studies and confirmed
safety in vitro and in vivo (44–47). PEG is a biocompatible
polymer used widely in biomedical applications for surface
coating to avoid agglomeration, protein adsorption, and the
immune response of materials in vivo, and drug carriers
modified with PEG have shown to enhance blood circula-
tion time and reduce toxicity and immune response (48). In
addition to biocompatibility, particle size and shape were
previously identified as factors that change intracellular
uptake and in vivo distribution of drug carriers (49,50),
indicating that 30~150 nm particles can accumulate in
tumor tissues most effectively (51,52). As for a drug payload,
an anticancer drug doxorubicin (DOX) was used in this study
because DOX, alone or in combination with other drugs, is
frequently used for the treatment of various cancers in clinic
(53,54). In addition, DOX has strong UV-Visible absorption
and fluorescence, which are beneficial for easy drug quantifi-
cation. We previously confirmed that DOX is a model anti-
cancer drug suitable for drug delivery studies because it
remains chemically and biologically active during the process-
es of its entrapment to and release from drug carriers (28).

To test our hypothesis and rationally design a more
effective drug carrier, we prepared four types of nano-
assemblies as model nanoparticle drug carriers with
similar biocompatibility (surface-modified with PEG),
particle size (<100 nm), and drug entrapment yields
(> 10 weight %). These nanoassemblies were designed
to control drug release rates by using drug-binding and
cross-linkers in combination (Fig. 1). The first type of a
nanoassembly is a block copolymer self-assembled nano-
assembly, dubbed SNA, which is a polymer micelle
prepared from PEG-p(Asp) block copolymers in the
presence of Ca2+ ions as well as DOX (31). The second
nanoassembly, Hyd-SNA, is SNA to which DOX was
conjugated through a hydrazide drug-binding linker,
which we previously showed to form an acid-labile
hydrazone bonding with DOX (30,55). The third nano-
assembly is a cross-linked nanoassembly (CNA), which is
SNA cross-linked in the core with amide bonds (44).
Lastly, the fourth nanoassembly, Hyd-CNA, is a nano-
assembly newly prepared for this study by crosslinking
Hyd-SNAs and incorporating hydrazide drug-binding
linkers in the core in combination. DOX was entrapped
through either physical entrapment to SNA and CNA,
or covalent chemical conjugation to Hyd-SNA and
Hyd-CNA, respectively. These four types of nanoassem-
blies were characterized as detailed below to study their
physicochemical and biological properties in vitro. Results from
this study, therefore, provide a better understanding of phar-
maceutical differences between self-assembled and cross-
linked nanoassemblies.
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MATERIALS AND METHODS

Chemicals and Cell Line

L-Aspartic acid β-benzyl ester (BLA), triphosgene, anhy-
drous hydrazine, N,N′-diisopropylcarbodiimide (DIC), N-
hydroxysuccinimide (NHS), adipic acid, triethylamine,
dimethylsulfoxide-d6 (DMSO-d6), anhydrous tetrahydrofu-
ran (THF), anhydrous hexane, anhydrous dimethylsulfoxide
(DMSO), anhydrous ethyl ether, benzene, acetate buffer
solutions (pH 5.0, 10 mM), phosphate buffer solutions (pH
7.4, 10 mM), and doxorubicin hydrochloride (DOX) were
purchased from Sigma-Aldrich (USA). α-Methoxy-ω-amino
poly(ethylene glycol) (PEG or mPEG-NH2) with 5 kDa mo-
lecular weight (MW) was purchased from NOF Corporation
(Japan). Calcium chloride, regenerated cellulose dialysis
bags with molecular weight cut off (MWCO) 6~8 kDa
and 50 kDa, Slide-A-Lyzer® G2 dialysis cassettes with
MWCO 10 kDa, and Sephadex LH-20 gels were purchased
from Fisher Scientific (USA). Amicon-Ultra centrifugal ul-
trafiltration devices with MWCO 100 kDa were purchased
from Millipore (USA). A human non-small cell lung cancer
A549 cell line and F12K cell culture medium were obtained
from ATCC (USA). Fetal bovine serum (FBS) and phos-
phate buffered saline (PBS) were provided by Atlanta
Biologicals (USA).

Block Copolymer Synthesis

Our synthesis protocol is summarized in Fig. 2. β-Benzyl-L-
aspartateN-carboxy anhydride (BLA-NCA, 3)was synthesized
as a monomer by the Fuchs-Farthing method as previously
reported (56). Briefly, BLA, 1, was reacted with 1.3 fold tri-
phosgene, 2, in dry THF under nitrogen atmosphere at
45°C, 100 mg/mL, until the solution became clear.
Anhydrous hexane was slowly added to the solution
until NCA crystals appeared and disappeared quickly.
The solution was recrystallized at −20°C overnight.
Needle-like BLA-NCA crystals were washed with anhydrous
hexane and dried under vacuum for the block copolymer
synthesis.

Ring-opening polymerization of BLA-NCA was con-
ducted by using mPEG-NH2, 4, as a macroinitiator to
prepare poly(ethylene glycol)-poly(β-benzyl L-aspartate)
(PEG-PBLA, 5) block copolymers. The polymerization re-
action was carried out in anhydrous DMSO at 45°C for
2 days. PEG-PBLA was precipitated in anhydrous ethyl
ether, and freeze-dried from benzene.

PEG-p(Asp), 6, was prepared by deprotecting benzyl
groups from PEG-PBLA in 0.1 N NaOH solution. PEG-p
(Asp) in a deionized form was also prepared by removing Na
salts through the dialysis of the polymer in 0.1 M HCl
solution and subsequently deionized water. PEG-p(Asp)
block copolymers in sodium salt and free carboxylate forms
were collected by freeze drying.

The benzyl esters of PEG-PBLA block copolymers were
replaced with hydrazide (Hyd) through aminolysis reaction to
obtain PEG-p(Asp-Hyd), 7, block copolymers as reported pre-
viously (57). Excess hydrazine, 10 fold with respect to the
number of BLA repeating units, was reacted with PEG-PBLA
inDMSOat40°C,50~100mg/mL, for 1h.Polymerproducts
were purified through repetitive ether precipitation, dialysis
against deionized water (MWCO 6~8 kDa), and collected by
freeze-drying.

Preparation of Particles Entrapping DOX

We synthesized four types of DOX-loaded particles in this
study. Synthesis steps are shown also in Fig. 2 while the
particle structures are illustrated in Fig. 1.

SNA, 8, was synthesized bymixing sodium salt PEG-p(Asp)
block copolymerswithDOX indeionizedwater aswe reported
previously (31). The polymer concentration was 10 mg/mL,
while DOX was added at 1:1 molar ratio with respect to
carboxyl groups of PEG-p(Asp). Calcium chloride, 9, was used
as a salt bridge between the block copolymer and DOX to
stabilize the drug-loaded nanoassemblies. SNA was dialyzed
against deionized water using MWCO 50 kDa, followed by
ultrafiltration with MWCO 100 kDa to remove DOX bound
weakly on the particle. SNA was freeze-dried, reconstituted in

Fig. 1 Nanoassemblies used in this study. Biocompatible poly(ethylene
glycol)-poly(aspartate) block copolymers were modified with drug binding
linkers (green arrow) and cross-linkers (purple arrow) in combination to
prepare 1) miellar block copolymer self-assembling nanoassemblies (SNA);
2) SNA with hydrazide drug binding linkers (Hyd-SNA); 3) cross-linked
nanoassembly (CNA); and 4) CNA with drug-binding linkers (Hyd-CNA).
SNA and CNA entrapped an anticancer drug doxorubicin (DOX) through
physical entrapment while Hyd-SNA and Hyd-CNA loaded DOX through
acid-labile hydrazone conjugation.
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deionized water, and filtered through 0.22 μm filters prior to
determining its particle size and drug loading.

Hyd-SNA, 10, was synthesized by two steps. First step was
to conjugate DOX, desalted with triethylamine, to the hydra-
zide groups of PEG-p(Asp-Hyd) in DMSO with a 1:1 molar
ratio at 30°C, 50 mg/mL, for 2 days, while the drug-
conjugated polymers were purified by ether precipitation
and Sephadex LH20 gel separation, followed by freeze
drying. In next step, the drug-polymer conjugates were
dissolved in DMSO and titrated in deionized water to
form micelles. The micelles were dialyzed using a
MWCO 50 kDa membrane, purified further by ultrafiltration
(MWCO 100 kDa), and freeze-dried, producing Hyd-SNA.
The final product was reconstituted in water and sterilized by
0.22 μm filtration.

CNA, 11, was prepared by cross-linking PEG-p(Asp)
through an amide coupling reaction. Carboxyl groups of
PEG-p(Asp) were reacted with 1,8-diaminooctane at 1:1 mo-
lar ratio in the presence of DIC, NHS, and DMAP (2:2:0.2
fold) in DMSO at room temperature for 3 days. The cross-
linked PEG-p(Asp) was dialyzed against DMSO and then
water with MWCO 50 kDa, followed by ultrafiltration
(MWCO 100 kDa) and lyophilization to collect empty CNA
powder. DOX and empty CNA were mixed at an equivalent
molar ratio in deionized water, and purified following the
steps used for SNA, 8. No calcium ions were used for CNA.

Hyd-CNA, 12, was prepared by cross-linking PEG-p
(Asp-Hyd) through amidation reaction. Adipic acid was
used as a cross-linker between PEG-p(Asp-Hyd) block
copolymers. The cross-linking reaction was conducted in
DMSO at room temperature for 3 days by adjusting the
molar ratio adipic acid and the hydrazide groups of PEG-p
(Asp-Hyd) to fine-tune cross-linking yields, while DIC,
NHS, and DMAP were used as coupling reagent as used
for aforementioned CNA synthesis. Cross-linked PEG-p(Asp-
Hyd) block copolymers were purified by dialysis against
DMSO and ether precipitation, and subsequently mixed with
desalted DOX in DMSO at 50 mg/mL for drug conjugation
at 30°C for 2 days. DOX was entrapped in Hyd-CNA as
similar to Hyd-SNA, 10. The final product, Hyd-CNA, was
filter-sterilized (0.22 μm), following precipitation in ethyl
ether, gel separation, and freeze drying.

Material Characterization

Proton nuclear magnetic resonance (1H-NMR, Varian,
400 MHz) measurements were used to determine the compo-
sitions of block copolymers and nanoassemblies in DMSO-d6
andD2O, respectively. The number averagemolecular weights
(Mn) of block copolymers and nanoassemblies were calculated
by gel permeation chromatography (GPC, Shimadzu LC20,
Japan) equipped with RI and UV detectors, using PEG

Fig. 2 Synthesis of block
copolymers and nanoassemblies.
The same batch of block
copolymer (5 in a gray box) was
used to prepare all
nanoassemblies (SNA, Hyd-SNA,
CNA, and Hyd-CNA in yellow
boxes), following the procedures
of side chain modification, cross-
linking and drug binding as shown
in arrows. The dashed circles in-
dicate the binding sites of DOX
(desalted), which were used for
drug conjugation through either
an ionic interaction or a hydra-
zone bond between the drug and
anionic block copolymers. The
dashed rounded rectangles indi-
cate the formation of a calcium
salt bridge or amide cross-liking
between block copolymer chains.
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standard and a phosphate buffered saline (PBS, 1X) mobile
phase. Particle sizes of nanoassemblies were determined by
dynamic light scattering (DLS, Zetasizer Nano 90, Malvern,
UK) measurements at a 173° fixed angle. All samples were
prepared in aqueous solutions at 2mg/mL and filtered through
0.22 μm filters prior to GPC and DLS analyses. DOX loading
and release were quantified using ultraviolet-visible spectropho-
tometry spectroscopy (UV-Vis, absorbance at 480 nm,
SpectraMax M5, Molecular Devices, USA).

Drug Release Experiment

All particles entrappingDOXwere dissolved in deionizedwater
(0.5 mg/mL), and transferred to six dialysis cassettes (MWCO
10 kDa). A group of three dialysis cassettes was used for each
sample, and placed in an either pH5.0 or pH7.4 buffer solution
(20 mM). Drug release patterns were monitored under the sink
condition as the volume of dialysis medium was main-
tained 3,000 times greater (5 L) than the volume of the
sample solution in the dialysis cassettes (1.65 mL/cas-
sette, n03). Sample solutions were dialyzed at 37°C for
48 h. DOX remaining in each dialysis cassette was
measured at 0, 1, 3, 6, 10, 24, 34, and 48 h. Data
were converted to DOX released with respect to the initial
DOX amount.

Cytotoxicity Assay

A human non-small cell lung cancer A549 cell line was used to
determine the cytotoxicity of empty nanoassemblies, DOX-
loaded nanoassemblies, and free DOX. Cells were seeded in
a 96-well plate (5,000 cells/well) in 100 μL F12K cell culture
medium containing 10%FBS. After 24 hours, serial dilutions of
the samples were added to the cell plate. Cells were then
incubated at 37°C, 5% CO2, for 72 hours, followed by cell
viability measurement using a resazurin assay that indicates
mitochondrial metabolic activity in live cells. Resazurin
solution in PBS (10 μL, 1 mM) was added to the
sample-treated cells at the end of the 72-hour treatment
period. Three hours later, the fluorescence of resorufin,
metabolited resazurin, was measured at 560 nm
(excitation)/590 nm (emission). The half maximal inhib-
itory concentration (IC50) was calculated with Prism software
(GraphPad, USA).

Statistics

Data are expressed means±standard deviation (SD) from
triplicate experiments unless mentioned otherwise.
Statistical differences were determined by one-way analysis
of variance (ANOVA) analysis. A difference was considered
statistically significant when p<0.05, and denoted by an
asterisk symbol (*).

RESULTS

Polymer Synthesis

PEG-p(Asp) and PEG-p(Asp-Hyd) block copolymers were
obtained from PEG-PBLA as previously reported (45). 1H-
NMR determined that PEG-PBLA block copolymer (5 in
Fig. 2) consisted of a PEG chain (Mn05,000) and 33 aspar-
tate repeating units, which was determined by integrating
PEG (3.5 ppm) and benzyl (7.3 ppm) peaks. The block
copolymer composition is denoted as 5-33, where the two
numbers indicate the molecular weight of PEG×10-3 and
the number of repeating aspartate units, respectively. PEG-
p(Asp) showed a single peak with a narrow distribution
(polydispersity index (PDI)<1.2), which was eluted before
5 kDa PEG used as an initiator, indicating successful poly-
mer synthesis and absence of homopolymers. PEG-p(Asp-
Hyd) also showed a narrow molecular weight distribution.
Therefore, PEG-PBLA, PEG-p(Asp), and PEG-p(Asp-Hyd)
block copolymers showed purity as we confirmed previously.

Nanoparticle Preparation

SNA, Hyd-SNA, CNA, and Hyd-CNA nanoassemblies
(Fig. 1) were characterized first by GPC, which showed a
single peak with molecular weight of 140~160 kDa for
CNA and Hyd-CNA and 200~250 kDa for SNA and
Hyd-SNA. These molecular weights are relative values as
calculated from a calibration curve prepared using PEG
standard and a GPC column with a size exclusion limit of
3×106Da. Although the absolute molecular weight for each
particle could not be determined, a single GPC peak indicates
that nanoassemblies are homogeneous (data not shown). In
particular, CNA and Hyd-CNA showed extremely narrow
PDI (< 1.15).

Particle sizes of nanoassemblies were subsequently deter-
mined by DLS. All particles were smaller than 60 nm before
entrapping DOX (Fig. 3). However, SNA and Hyd-SNA,
whichare self-assemblednanoassemblies, increasedtheparticle
size after DOX entrapment. On the contrary, CNA andHyd-
CNA showed no statistically significant changes before and
after loading DOX, and the particle sizes of these cross-linked
nanoassemblies were smaller than 40 nm regardless of drug
entrapment approaches (physical entrapment versus chemical
conjugation). As for drug entrapment, SNA showed the highest
DOX loading by 56 weight % (wt%), followed by Hyd-SNA
(42wt%),Hyd-CNA(37wt%), andCNA(27wt%).Despite the
different particle size and drug entrapment yield, none of the
particles showed agglomeration or precipitation in water.

DOX-loaded nanoassemblies with a cross-linked core
(CNA and Hyd-CNA) enhanced particle stability during
purification and storage in comparison to SNA and Hyd-
SNA that interacted with ultrafiltration membrane when

482 Lee and Bae



highly concentrated (> 100 mg/mL) forming gel-like mate-
rials. No precipitation was observed under normal condi-
tions handling nanoparticle solutions at concentrations
lower than 20 mg/mL. Nanoassemblies readily went through
0.22 μm filters, and could be reconstituted in aqueous solu-
tions (e.g. deionized water) after freeze drying. Despite en-
hanced particle stability and easy sterilization, we stored
nanoassemblies as powder and prepared fresh samples for
every experiment to avoid variability in quality of samples
between batches. DOX concentrations were determined us-
ing filter-sterilized nanoassemblies.

Drug Release Rates

Figure 4 shows DOX release patterns for SNA, Hyd-SNA,
CNA, and Hyd-CNA. The determination of drug release
half-life (t1/2) at the physiological condition pH 7.4 was
problematic because Hyd-CNA released drugs less than
50% in 48 hours. In addition, CNA released drugs quickly
at pH 7.4, expanding the t1/2 range too broad to compare
the effect of drug release rates on cytotoxicity of different
nanoassemblies. All polymer nanoassemblies accelerated
DOX release at pH 5.0 in comparison to pH 7.4, releasing
more than 50% of drug entrapped in 48 hours. Our prelim-
inary experiments showed that cell division time (tdiv) for A549
cells was average 22 hours. Therefore, we calculated t1/2 at
pH 5.0 rather than 7.4, which allowed us to determine t1/2 for
all nanoassemblies within 48 hours while comparing condi-
tions of t1/2<tdiv and t1/2>tdiv (denoted as Groups 1 and 2 in
Table I). Determining t1/2 at pH 5.0 is also clinically relevant
because intracellular lysosomes (pH 4.8) and endosomes (pH
5.5~6.5) are acidic (58).

Accumulated amount of drugs released from nanoassem-
blies was also compared at pH 7.4 and 5.0 for 48 hours for
each nanoparticle. As shown in Table I, only nanoassem-
blies entrapping through covalent drug conjugation (Hyd-
SNA and Hyd-CNA) showed a significant difference in acid-
accelerated drug release, releasing approximately 24~27%
more drugs at pH 5.0 as opposed to pH 7.4, whereas the
total drugs released from SNA and CNA (DOX was entrap-
ped through physical entrapment) appeared similar.
Interestingly, SNA released 98% of total DOX entrap-
ped, yet CNA, released drugs at the fastest rate regard-
less of pHs, still entrapped 11~20% of DOX inside the
particle. We confirmed that free DOX escaped com-
pletely from the dialysis bags in a few hours, and thus, 2%
drugs in SNA as well as 11~20% DOX in CNA were con-
sidered being entrapped not in the dialysis bag but inside
nanoassemblies.

Cytotoxicity

Biological activity of drug-loaded nanoassemblies was then
evaluated by in vitro cytotoxicity assays, using free DOX and
empty nanoassemblies as controls (Table I and Fig. 5). The
cytotoxicity assays revealed that faster drug release did not
always lead to greater cytotoxicity of nanoassemblies. CNA,
which showed the shortest drug release half-life, was as
potent as free DOX and SNA in terms of IC50 values
(Table I). SNA released drugs approximately 50% slower
than CNA, t1/206.37 versus 3.24 hours (Fig. 4a, c), yet it was
also similarly effective to kill A549 cancer cells compared
with free DOX. As t1/2 becomes longer, nanoassemblies
showed a lower IC50 value, and Hyd-SNA (t1/2018.38 h)
was 2.2 fold less potent than CNA (t1/203.24 h) based on
IC50 values. Interestingly, our data demonstrate that the
drug release rate (t1/2) is not linearly proportional to cyto-
toxicity (IC50), but instead, t1/2 needs to be shorter than cell
division time (tdiv) for nanoassemblies to kill cancer cells
effectively. It is noted that Hyd-CNA (t1/2044.52 and
51.50% drug released) showed the highest IC50 value
(2.65 μM or 5 times less active than free DOX), considering
that tdiv of A549 cells was 22 hours and that Hyd-CNA has
similar drug release half-life and drug release efficiency
compared to Hyd-SNA. Figure 5 shows dose-response
curves of nanoassemblies with and without DOX, indicating
that toxicity of empty drug carriers is negligible. These
results suggest that the drug release rate might be the rate-
determining factor for cytotoxicity of nanoassemblies because
other particle properties such as particle size (<100 nm), sta-
bility (no precipitation over time), and surface properties (PEG
coating) were similar among nanoassemblies. It is also sur-
mised that fine-tuning of drug release with respect to cell
division time could maximize drug efficacy by using drug
molecules efficiently.

Fig. 3 Particle size changes of nanoassemblies before and after drug
entrapment. Dynamic light scattering (DLS) was used to determine the
average particle size and distribution of nanoassemblies in deionized water.
The asterisks indicate a significant difference in the particle size between
empty and drug-loaded nanoassemblies (p<0.05).
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DISCUSSION

Fast drug release is commonly expected to lead to greater drug
efficacy for drug carriers. Such common expectation, however,
does not explain how drug carriers can be equally, or even
more, potent in comparison to free drug formulations in vivo
(28,59). Enhanced drug delivery to tumors and improved bio-
availability of drug are two major factors that also frequently
explain greater therapeutic efficacy and low toxicity of drug-
loaded drug carriers as opposed to free drugs (60,61). However,
no drug carriers show the same therapeutic efficacy in vivo, even
if the same drug payload was used (62,63). We also confirmed

significant differences in in vivo antitumor activity and toxicity
profiles of drug carriers, which can control drug release in
response to in vivo stimuli or cell-specific receptors (47,55,64).
Previous studies also pointed out that particle size, shape, and
surface charge can be important as well to determine in vivo
performance of drug carriers (65–67). Nevertheless, the
answers to these questions remained difficult because each drug
carrier employs a different approach to control drug release
patterns, which affects aforementioned particle properties.

In this study, therefore, we prepared four types of particles,
which have drug-binding linkers and cross-linkers in combi-
nation, by using self-assembling block copolymer micelles as a

Table I Summary of Data Analyzed

Samples Control Nanoassembliesa

Free DOX Group 1 Group 2

SNA Hyd-SNA CNA Hyd-CNA

Drug release half-life, t1/2, (hour)
b N/A 6.37 18.48 3.24 44.52

Accumulated drug release at pH 7.4 in 48 h (%)c 100 99.14 42.49 80.26 27.90

Accumulated drug release at pH 5.0 in 48 h (%)c 100 98.28 69.10 89.27 51.50

IC 50 (μM, DOX equivalent) 0.53±0.20 0.64±0.57 0.86±0.35 0.39±0.08 2.65±1.04

Relative cytotoxicity 1.00 1.21 1.62d,* 0.74 5.00 e,*

a Nanoassemblies were divided based on the drug release half-life (t1/2) and cell division time (tdiv): Group 1 (t1/2<tdiv) and Group 2 (t1/2>tdiv)
b Drug release half-life was determined by plotting drug release-time curves in Fig. 4
c Accumulated drug release was calculated from area under the drug release-time curve (AUC) in Fig. 4, and normalized with respect to the initial drug
loading (100%)
d Data were significantly different in comparison to CNA
eData were significantly different in comparison to Free DOX

Fig. 4 Drug release-time curves
for nanoassemblies. Drug release
patterns were determined for
48 hours at pHs 7.4 and 5.0,
corresponding to the physiologi-
cal and lysosomal conditions re-
spectively. Drug release half-life
(t1/20a, b, c, and d) was deter-
mined by curve-fitting for each
nanoparticle at pH 5.0. Cell divi-
sion time (tdiv022 h) was deter-
mined from preliminary
experiments for a human non-
small lung cancer A549 cell line.
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starting template (Fig. 1). These four types of particles repre-
sent: 1) nanoparticle drug carriers coated with biocompatible
PEG and loaded with anticancer drugs through physical
entrapment (SNA); 2) nanoassemblies similar to SNA but
entrapping drugs through a pH-labile linker that degrades in
either extracellular tumoral or intracellular acidic condition
(Hyd-SNA); 3) nanoassemblies based on SNA and cross-
linked in the core for improved particle stability (CNA); and
4) nanoassemblies with improved particle stability and con-
trolled drug release capability (Hyd-CNA). These particles
were successfully prepared by synthesis protocols (Fig. 2) as
previous reported with slight modification.

Particle sizes of empty nanoassemblies were similar, rang-
ing between 20~60 nm (Fig. 3). Drug entrapment led to a
considerable change in particle size, while SNA and Hyd-
SNA doubled and tripled the particle size respectively.
Considering that these two nanoassemblies are formed from
self-assembling block copolymers, it is speculated that block
copolymers rearranged during drug entrapment and pro-
duced larger particles, which are stable enough to retain
spherical structure in water avoiding precipitation. SNA
contained calcium salt and DOX, which would have stabi-
lized the particles effectively, retaining particle size below
100 nm (clinically relevant to accumulate in tumors efficient-
ly). It is likely that Hyd-SNA formed smaller particles than
SNA because it has longer side chains modified with hydra-
zide groups that were further conjugated with drug payloads,
which contributed together to form a compact core in the
particle. In comparison to self-assembled particles, polymer
cross-linked nanoassemblies retained particle size before and
after drug entrapment. CNA, which loaded DOX through
physical entrapment similarly to SNA, was as small as Hyd-
CNA where DOX was conjugated through a hydrazone
bond. It is noted that CNA and Hyd-CNA with cross-linked
cores still showed efficient drug entrapment yield (> 27 wt %),
although that was approximately 10% lower than that of SNA
or Hyd-SNA. The drug entrapment yield of Hyd-CNA

(37 wt%), slightly higher than CNA (27 wt%), is likely attrib-
uted to that hydrazide drug binding linkers provide more
space for DOX molecules to get inside the particle.
These results demonstrate that four nanoassemblies with
similar particle properties are successfully prepared.

Drug release patterns of the four nanoassemblies were
distinctive enough to show varied drug release half-life.
Figure 4 indicates that nanoassemblies entrapping drugs
through covalent chemical conjugation release drug slowly
than through physical entrapment (SNA versus Hyd-SNA or
CNA versus Hyd-CNA). Cross-linking led to accelerated drug
release in CNA, yet slowed down drug release from Hyd-
CNA. Although both CNA and Hyd-CNA were mixed with
DOX after cross-linking the cores, DOX molecules may be
present at the vicinity rather than the center of the cross-linked
core of CNA while they are likely entrapped in the core of
Hyd-CNA. This hypothesis is supported partially by an in-
crease, even though it is subtle, in particle size of Hyd-CNA
following DOX entrapment in comparison to CNA (Fig. 3).
Figure 4 also shows that four types of nanoassemblies can be
categorized by two nanoparticle groups according to the drug
release half-life (t1/20a, b, c, and d) with respect to cell division
time (tdiv in Fig. 4, average 22 hours for A549 cells): 1) Group
1 with t1/2<tdiv (SNA, Hyd-SNA, and CNA); and 2) Group 2
with t1/2>tdiv (Hyd-CNA). Nanoassemblies, regardless of the
composition, released DOX faster at pH 5.0 than pH 7.4,
leading to an increase in total drug release. Nanoassemblies
entrapping DOX through physical entrapment (SNA and
CNA) released more than 80% of total drug in 48 hours,
while Hyd-SNA and Hyd-CNA, nanoassemblies entrapping
drugs through covalent chemical conjugation, led to 69.10%
and 51.50% drug release at pH 5.0 in 48 hours (42.49% and
27.90% at pH 7.4), respectively.

Subsequent cell experiments revealed that fast drug release
did not always result in greater cytotoxicity of nanoassemblies,
evaluated by IC50 values, but that nanoassemblies with drug
release half-life (t1/2) shorter than cell division time (tdiv) killed

Fig. 5 Dose-response curves for drug-loaded nanoassemblies. Cell viability was determined by exposing A549 cells to the serial dilutions of free DOX,
empty nanoassemblies, and DOX-loaded nanoassemblies. (a) All sample concentrations were based on free DOX concentrations. (b) Toxicity of empty
nanoassemblies was evaluated by polymer concentrations, covering the range of polymer mass required for drug-loaded nanoparticles with varied drug
loading yields (> 27 wt%) in (a).
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cells as effective as free drugs. The IC50 values and relative
cytotoxicity of the nanoassemblies are summarized in Table I,
indicating that all nanoassemblies in Group 1 (SNA, Hyd-
SNA, and CNA) were more effective to kill cells than Hyd-
CNA (Group 2). Within in the same group, nanoassemblies
that released drugs faster (t1/20c<a<b, Fig. 4) indeed showed
lower IC50 values (IC500c<a<b, Table I), yet their relative
cytotoxicity was within 2 fold in comparison to free DOX.On
the contrary, the IC50 value of Hyd-CNA was 5 fold greater
than free DOX, showing less anticancer efficacy. Although
data are still limited to draw a general conclusion, these results
suggest that drug release rates should be synchronized with
cell division time to maximize drug efficacy, which may par-
tially explain why drug carriers that release drugs slowly in vivo
can still show effective antitumor activity in vivo. At the same
time, it is expected that drug carriers that release drugs in a
tunable manner would be effective to shrink tumors compris-
ing cancer cells with different cell division times (e.g. fast-
growing and quiescent cancer cells affected by heterogeneous
oxygen supply, blood flow, interstitial pressure, and other
tumor microenvironmental factors).

Cytotoxicity of a drug-loaded drug carrier is often attribut-
ed to toxicity of the empty drug carrier, which can behave as a
surfactant to destabilize the cancer cell membrane or interacts
with intracellular organelles (e.g. mitochondria, transporters,
and enzymes), causing the programmed cell death (apoptosis).
Figure 5 confirmed that all empty nanoassemblies used in this
study caused no toxicity at a concentration up to 10 mg/mL,
which is clinically relevant to carry their drug payload at a
therapeutic level in vivo (i.e. If drug loading is 10 wt%, a dose of
10 mg drug/kg can be achieved by injecting 1% drug solution
with respect to a body weight of a patient as well as animal).
Therefore, any additive cytotoxicity caused by nanoassemblies
is negligible under experimental conditions in this study, con-
sidering the high DOX entrapment yield for each nanoparticle
(SNA: 56 wt%; Hyd-SNA: 42 wt%; CNA: 27 wt%; and Hyd-
CNA: 37 wt %). However, mechanisms of differential cellular
responses to drug carriers with varied drug release rates should
be detailed further in future studies because this study demon-
strated only that fast drug release rates or high concentrations
of drug released from nanoassemblies resulted in greater cyto-
toxicity, and furthermore, cell death is a complicated event that
can be triggered by different reasons.

CONCLUSION

Four types of nanoassemblies, modified through covalent
drug-binding and core cross-linking in combination, were
prepared in this study to identify the differences in physico-
chemical and biological properties of polymer nanoassembly
drug carriers. Particle properties, such as particle size (<
100 nm), drug entrapment yields (27~56 wt%), and surface

property (PEG coating), were controlled similar between the
nanoassemblies to avoid variables that could affect cytotox-
icity. In comparison to an approach to cross-link the particle
core, the covalent conjugating of drugs to nanoassemblies was
a more effective way to increase the release half-life (t1/2) for
an anticancer drug (DOX), ranging between 3.24 and 44.52 h
at the lysosomal condition (pH 5.0). In vitro cytotoxicity assays
revealed that nanoassemblies (SNA, Hyd-SNA, and CNA)
were equally effective as free DOX to kill cancer cells as long
as the t1/2 (3.24~18.48 h) is shorter than the cell division
time (tdiv, 22 hours for A549). On the contrary, Hyd-CNA
with t1/2044.52 h (> tdiv) was 5 fold less effective in killing cells
compared to free DOX or other nanoassemblies. Although
further studies are needed, these results suggest that optimal
drug release rates for nanoparticle drug carriers can be deter-
mined by controlling the drug release half-life with respect to
cell division time to maximize therapeutic efficacy of antican-
cer drug payloads. In conclusion, nanoassemblies to which
cross-linkers and drug-binding linkers are incorporated in
combination would provide pharmaceutical advantages such
as uniform particle size, physicochemical stability, fine-
tunable drug release rates, and maximum cytotoxicity of
entrapped drug payloads.
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