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Polymer nanoparticles are extensively explored as drug carriers but they generally
have issues of premature burst drug release, slow cellular uptake, and retention in acidic
intracellular compartments. Herein, we report multifunctioning three-layered nanopar-
ticles (3LNPs) that can overcome these problems. The 3LNPs have a poly(e-caprolac-
tone) (PCL) core, a pH-responsive poly[2-(N,N-diethylamino)ethyl methacrylate](P-
DEA) middle layer and a polyethylene glycol (PEG) outer layer. The pH-responsive
PDEA layer is insoluble at pH above 7 but becomes positively charged and soluble via
protonation at pH lower than 6.5. Thus, this layer has three functions: it covers on the
PCL core inhibiting the premature burst drug release at the physiological pH, becomes
positively charged and thus promotes endocytosis for fast cellular internalization in the
acidic interstitium of solid tumors, and is highly positively charged in lysosomes to dis-
rupt the lysosomal membrane and release the nanoparticle into the cytosol. The multi-
functioning nanoparticles are an efficient carrier for cancer cytosolic drug delivery.
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Introduction

Polymer nanoparticles offer a suitable means to deliver
various drugs to cancer tissues or cells.'™® Nanoparticles with
long blood-circulation times, so called “stealth nano-
particles”, can be fabricated from micelles formed by self-
assembly of amphiphilic copolymers.”® Such nanoparticles
have a core-shell structure. The hydrophilic shell [usually a
dense layer of polyethylene glycol (PEG) chains] evades the
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immune recognition”'? to have a long blood circulation time
for passive accumulation into tumor tissues through their
leaky blood capillaries, which is referred to as the enhanced
permeability and retention effect.””'? The hydrophobic inner
core can carry various anticancer drugs such as cisplatin,’*~"”
doxorubicin,lg_22 paclitaxel,23’24 camptothecin (CPT),
and etoposide.”’

The premature (within the first several hours) burst drug
release of most of the carried drug, however, is a general
problem of nanoparticles.”®**° Upon intravenous administra-
tion, the burst release corresponds to a nontargeted drug
release which may lead to systemic toxicity as well as less
drug availability to cancer tissues. The burst release could be
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Scheme 1. The pH-responsive three-layered nanoparticles (SLNPs).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

suppressed by covalently binding drugs to the core-forming
polymers. For example, DOX was anchored to PLGA with a
terminal COOH group® or grafted to poly(aspartic acid).”'
Such nanoparticles, however, showed low or completely no
anticancer activity because chemically-attached DOX could
not be released.**°

Other common problems for most nanoparticles are their
slow cellular internalization and lysosomal sequestration. Cy-
tosolic drug release can overcome/bypass the overexpressed
membrane-associated ~ multidrug  resistance of  cancer
cells.?*3*7 This requires the nanoparticles to be able to rap-
idly enter the cells and quickly escape from the lysosomes to
the cytoplasm. The cellular uptake of stealth nanoparticles,
however, is generally slow due to the steric repulsion to the
cells of their PEG layers.”®™* Furthermore, these nanopar-
ticles are retained in several cytoplasmic organelles mainly
lysosomes after internalized.*! Drug release into lysosomes,
which have an acidic pH (~4-5) and various enzymes,“z’43
causes drug sequestration in the acidic compartments and
drug degradation.‘m’45

Stimuli-responsive nanoparticles responding to tumor’s
properties have been developed to solve those problems.
Solid tumors have an extracellular pH of typically about 7.06
with a range of 5.7-7.8.*° Drug resistant cancer cells also of-
ten exhibit an altered pH-gradient across different cell com-
partments to increase the drug-sequestering capacity of the
compartments, particularly more acidic recycling endosomes,
lysosomes, Golgi, and mitochondria, but more basic cytosol
and nucleus. Typically, the pH of late endosomes is near
54748 and that of lysosomes is about 4-5 424349 Thyg, the
acidity of the tumor extracellular fluid was used as a trigger
to expose the targeting groups50 or generate positive
charges®” on the nanoparticle surface to promote endocytosis
for fast cellular uptake. The lysosomal pH was used to regen-
erate positive charges of the nanoparticles to disrupt the lyso-
somal membrane for nanoparticle escape.®’

We herein report a three-layered onion-structured nanopar-
ticle responding to the solid tumor extracellular and lysoso-
mal acidities to overcome the burst drug release, slow cellu-
lar uptake and lysosome escape problems for efficient cyto-
solic cancer drug delivery (Scheme 1). The nanoparticle has
a hydrophobic poly(e-caprolactone) (PCL) core for carrying
drugs, a pH-responsive middle layer and a PEG outer layer.
The pH-responsive middle layer is hydrophobic and collapses
on the core at the physiological pH (7.4) to prevent the pre-
mature burst drug-release, but it becomes positively charged
and protrudes out at the solid-tumor interstitial pH. This pos-
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itively charged layer leads the nanoparticle to be adsorbed
onto the negatively-charged cell membrane and subsequently
induces adsorptive endocytosis of the nanoparticle. Once
internalized and transferred to a lysosome, the poly[2-(N,N-
diethylamino)ethyl methacrylate] (PDEA) layer is further
charged, disrupting the lysosomal membrane to release the
nanoparticles into the cytosol.

Experimental Section
Materials

Poly(ethylene glycol) methyl ether methacrylate macromo-
nomer (mPEG, molecular weight (M) = 2000, polydisper-
sity index (PDI) = 1.2) from Aldrich as 50% solution in
water was dried using a rotary evaporator at room tempera-
ture under high vacuum. e-Caprolactone (¢-CL) (Aldrich) and
2-(N,N-diethylamino)ethyl methacrylate (DEA) (Aldrich)
were dried over calcium hydride. 2-Ethanol amine (Aldrich)
was dried over molecular sieves. Tetrahydrofuran (THF) was
distilled over benzophenone-sodium prior to use. CPT was
purchased from Natland International Corporation, NC, USA.
MTT cell proliferation assay kits were from American Type
Culture Collection (ATCC). All other chemicals were pur-
chased form Aldrich and used without further purification.
Polycaprolactone methacrylate-macromonomer (mPCL, M, =
3000, PDI = 1.4) was synthesized according to literature.>'

Instrumentation

Gel permeation chromatography (GPC) was used to deter-
mine polymer molecular weights and polydispersity index.
The measurements were operated on a Waters SEC equipped
with a Waters 2414 refractive index detector, a laser light
scattering detector (Precision Detectors, MA) and two 300-
mm Solvent-Saving GPC columns (molecular weight ranges:
5 X 10°-3x10* and 5 X 10°-6 X 10°) at a flow rate of 0.30
ml/min using THF as solvent at 30°C. Data were recorded
and processed with the Waters software package. "H-NMR
spectra were recorded on a Bruker Avance DRX-400 spec-
trometer using CDCI; as solvent. Chemical shifts were
reported downfield from 0.00 ppm using tetramethylsilane as
internal reference. The sizes of the micelles were determined
using a Nano-ZS Nanosizer (Malvern Instrument, UK) with a
laser light wavelength of 632.8 nm and a scattering angle at
173°. The zeta potentials of the micelles were determined
using phase analysis light scattering technology using the
Nano-ZS Nanosizer routinely calibrated with a —50-mV zeta
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Scheme 2. Synthesis of PDEA macromonomer (mPDEA).

potential standard solution (Malvern Instruments). The mor-
phology of the nanoparticles was observed using a Hitachi
H-7000 transmission electron microscope (TEM) at an accel-
eration voltage of 75 kV. The adsorption onto the cell mem-
brane and the endocytosis of the nanoparticles were observed
using a Leica TCS SP2 Confocal Microscope. The endocyto-
sis of the nanoparticles was further quantitated using flow
cytometry (NPE SYSTEMS, Pembroke Pines, FL, USA).

Synthesis of PDEA macromonomer (Scheme 2)

A typical synthesis procedure is as follows: A dried 100-
ml round-bottomed flask was degassed by vacuum/nitrogen
purging and heating for three cycles. Dried THF (20 ml) was
added via a dry syringe. Dried 2-ethanolamine (0.121 ml, 2
mmol) was added. Potassium naphthalene (2 mmol) in THF
was then added. The mixture solution was stirred at room
temperature for several minutes to form the alcoholate initia-
tor. Freshly dried DEA monomer (6 ml, 30 mmol) was added
quickly. The anionic polymerization was conducted at room
temperature for 5 h before adding a small amount of metha-
nol to terminate the reaction. The product was purified by
repeated precipitation in cold n-hexane. The oily polymer
(PDEA) was isolated in a yield of 93.4%. The molecular
weight of the resulting PDEA had a M, of 2.5 KDa and a
PDI of 1.3.

The w-amino-PDEA (M, 2.5 KDa) reacted with methacry-
loyl chloride to form PDEA macromonomer (mPDEA). The
reaction was performed under dry nitrogen. Dried CH,CI,
(60 ml) and triethylamine (1.95 ml, 14 mmol) were added
via dry syringes to a 100-ml round-bottomed flask containing
w-amino-PDEA (10 g, 4 mmol). Methacryloyl chloride (1.25
g, 12 mmol) in CH,Cl, was added dropwise to the solution.
The reaction was kept at 0°C for 2 h and then at room tem-
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perature overnight. The solution was filtered to remove the
salt. The CH,Cl, solution was washed with water for several
times and finally precipitated in cold n-hexane. The oily
product was isolated (yield: 57.8%) and dried under vacuum.
'"H NMR (CDCly): & 6.24 (CH,=CCHs), 5.83 (CH,=
C(CH3)—), 4.01 (COOCH,CH,), 2.68 (COOCH,CH;N),
2.54 (NCH,CHj;), 1.94 (—CH,(CH;3)CO0), 1.03 (—(CHj3)
COOC, NCH,CH3).

Synthesis of the brush terpolymer by macromonomer
copolymerization (Scheme 3)

The brush terpolymer was synthesized by free radical
copolymerization as we reported.”’ mPCL (M, = 3.0 KDa,
2.0 g, 0.6 mmol), mPEG (M,, = 2.1 KDa, 1.25 g, 0.6 mmol),
mPDEA (M,, = 2.5 KDa, 1.52 g, 0.6 mmol), and AIBN (60
mg) were charged in a Schlenk tube. The tube was sealed
and degassed by vacuum/nitrogen purging for three cycles.
Degassed DMF (5 ml) was added via a syringe. The mixture
was heated in an 80°C oil bath. At timed intervals, the reac-
tion solution (0.05 ml) was taken using degassed syringes.
The progress of the polymerization and the resulting polymer
molecular weight and PDI were measured by GPC.”' Finally,
the reaction mixture was precipitated in 10-fold methanol
and dialyzed against DI water (MWCO = 12,000) to remove
the unreacted mPEG. The final product was isolated in a
yield of 43.9% and dried under vacuum for 48 h. The PCL/
PDEA/PEG had M, of 10.8 KDa with a PDI of 1.8. 'H
NMR (CDCl;): 4.05 [COOCH,CH,;N, COOCH,(CH,)4], 3.62
(—OCH,CH>0), 2.71 (—CH,COOCH,CH,), 2.58 ((NCH,-
CHj3), 2.30 (OOCCH,(CH,)40), 1.94 (CH»(CH3)COO), 1.65
(OOCCH,CH,(CH,);50), 1.38 (OOC(CH,),CH,(CH,),0), 1.25
((CH;),CHO), 1.03 (COOC(CH;), NCH,CH;). The PCL/
PDEA/PEG chain ratio measured with '"H-NMR by the inten-
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Scheme 3. Preparation of the terpolymer brush via macromonomer copolymerization.
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Scheme 4. Fabrication of drug-loaded pH-responsive three-layered onion structured nanoparticles via pH-con-
trolled hierarchical self-assembly (two-step method).

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

sity ratio of the CH, signal in PEG (OCH,CH,, 3.62 ppm),
PCL (CH,COO, 230 ppm), and CH; signal in PDEA
(NCH,CHs3, 1.03 ppm) was 0.90:1.0:1.9.

Nanoparticle fabrication

(a) Two-step method (Scheme 4): The copolymer (2.5
mg) was dissolved in 1 ml of acetone with stirring. The ace-
tone solution was dropwise added into 5 ml of deionized
water at pH 5 with stirring. The solution pH was measured
after the addition of the acetone solution and adjusted to pH
5 using diluted HCI if the pH changed. The solution was
stirred for 30 min and then the pH was raised to 7.4 by add-
ing Na,COj3 solution. The solution was stirred under reduced
pressure for 12 h to remove the acetone.

(b) One-step method: In the above method, polymer-ace-
tone solution was simply added dropwise into 5 ml of deion-
ized water without adjusting the pH, and then the solution
was stirred under reduced pressure for 12 h to remove the
acetone.

Loading CPT into the nanoparticles

CPT was loaded into the nanoparticles using the two or
one step-method from 1 ml of acetone solution containing
terpolymer (2.5 mg) and CPT (0.5 mg). After acetone was
removed, the solution was filtered through a 450-nm syringe
filter to remove the free CPT. To determine the CPT content,
0.1 ml of the nanoparticle solution was dried and the nano-
particles were dissolved in DMSO. The CPT concentration in
the DMSO solution was determined by UV-VIS spectropho-
tometer at 368 nm. Drug loading content and encapsulation
efficiency were calculated accordingly.

In vitro CPT-release of CPT-loaded nanoparticles
A typical procedure of in vitro release of the CPT from
the nanoparticles was measured as follow: CPT-loaded three-
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layered nanoparticles (3LNPs/CPT) (3 ml, 0.59 mg/ml) pre-
pared as described earlier were loaded in a dialysis bag
(MWCO = 3500). The dialysis bag was immersed in 80 ml
of DI water at pH 5.0 or 7.4 adjusted using HCI or Na,COs.
The temperature was kept at 37°C with horizontal shaking.
At timed intervals, 8 ml of the medium outside the dialysis
bag was withdrawn and the same volume of fresh DI water
at the same pH was added to keep the total volume constant.
The CPT concentration was determined by UV-Vis as
described earlier.

Nanoparticle characterizations

The sizes of the nanoparticles were determined with the
Nano-ZS Nanosizer. The polymer micelles were prepared as
described earlier. The solution pH was adjusted to 5.0, 5.5,
6.0, 6.5, 7.0, or 7.5 using HCI or Na,COj3 before the meas-
urements. The nanosizer was routinely calibrated with a 60-
nm nanosphereTM size standard (Duke Scientific Corp. CA).
Each measurement was performed in triplicate and the results
were processed with DTS software Version 3.32.

The zeta potentials of the nanoparticles were determined
using the phase analysis light scattering technology with the
Nano-ZS Nanosizer routinely calibrated with a —50-mV zeta
potential standard solution (Malvern Instruments). The nano-
particle concentration was 0.5 mg/ml. The measurements
were performed in a disposable zeta capillary cell at 25°C
with the attenuator set at 9 and F (Ka) value set at 1.5. Each
measurement was performed for 30 runs.

Critical micelle concentration (CMC) of the copolymer
was determined by our reported fluorescent method using N-
phenyl-2-naphthylamine (PNA) as a fluorescent probe.’’ The
fluorescent intensity was measured using a SPECTRAmax
GEMINI XS spectrofluorometer (Molecular Devices). The
excitation wavelength was 340 nm and the emission intensity
at 418 nm was recorded with the cutoff wavelength at
420 nm.
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The morphology and structure of the nanoparticles were
observed using TEM according to the literature.”* Typically,
the specimen was prepared as follows. One drop of the nano-
particle solution was applied on a copper TEM grid covered
with a very thin carbon film and dried at ambient tempera-
ture. A drop of 0.1 wt % phosphotungstic acid (PTA) or cis-
platin aqueous solution was applied to the grid. After 3 min,
the excess fluid was removed with a piece of filter paper.
The sample grid was washed with water and dried at ambient
temperature.

Drug distribution in the nanoparticle

Drug distribution was estimated using a fluorescent method
with PNA as the fluorescence probe. PNA was loaded to the
nanoparticle using the two- or one-step method from 1 ml of
acetone solution containing terpolymer (2.5 mg) and PNA
(2.19 pug, 10~® mol).

Each nanoparticle solution was divided into two parts. One
was adjusted to pH 7.4 and added with 0.6 mM CuCl,, and
the other was adjusted to pH 5 and added with 0.6 mM
CuCl,. The solutions’ fluorescence intensities were measured
using the SPECTRAmax GEMINI XS spectrofluorometer.
The excitation wavelength was 340 nm and the emission in-
tensity at 418 nm was recorded with the cutoff wavelength at
420 nm. The percent of PNA loaded in the PCL core was
calculated as the ratio of fluorescent intensities of the solu-
tion at pH 5 with 0.6 mM CuCl, to that at pH 7.4 with 0.6
mM CuCl,.

Cell culture

SKOV-3 adenocarcinoma cells were obtained from Ameri-
can Type Culture Collection. Cells were propagated to con-
fluence in T-75 flasks (Corning Costar, Cambridge, MA) at
37°C under a humidified atmosphere of 5% CO, in 15 ml of
RPMI-1640 medium with 10% fetal bovine serum (FBS), 10
ug/ml insulin, and 1% antibiotic/antimycotic solution (Sigma
A9909). Cells were harvested from flasks with 0.25% tryp-
sin/0.03% EDTA.

PpH-dependent adsorption of 3LNPs onto
the cell membrane

The attachment of the nanoparticles onto the cell mem-
brane was observed using confocal laser scanning micros-
copy. The 3LNPs loaded with PKH26 (3LNPs/PKH26) were
fabricated using the two-step method. SKOV-3 cells were
cultured and harvested as described earlier. They were plated
onto glass bottom Petri dishes (MatTek, Ashland, MA) at
80,000 cells per plate in 2 ml of RPMI-1640 medium
(Sigma-Aldrich) supplemented with 10% FBS and incubated
for 24 h at 37°C under a humidified atmosphere of 5% CO,.
After incubation the original medium was replaced with 1 ml
of fresh medium at pH 6.0 or 7.4. Then, 20 pul of the 3LNPs/
PKH26 solution (3LNP concentration was 0.5 mg/ml,
PKH26 concentration was 5 M) was added. The cells were
incubated at 37°C for 15 min and then at 4°C for 15 min.
The medium was removed and the cells were washed twice
with cold PBS at 4°C. One ml of PBS was added to each
dish and observed using the confocal microscope. Cells were
kept at 4°C except when observed using the microscope.

AIChE Journal November 2008 Vol. 54, No. 11

Published on behalf of the AIChE

A control experiment using the nanoparticle filtrate was
carried out under the same conditions to test whether there
was free PKH26 in the nanoparticle solution that dyed the
cell membrane. The 3LNPs/PKH26 solution (1.6 ml) was
filtered through a Centricon filter with a 3,000 molecular
weight cutoff (Amicon, Bedford, Ma, no. YM-3) at 2600g
for 1 h. Free dye should be in the filtrate while the nanopar-
ticles should be retained on the filter. The filtrate was then
applied to the cells and the cells were observed as described
earlier. No fluorescence was observed in the cells.

Cellular uptake of the nanoparticles observed by
confocal microscopy

SKOV-3 cells were plated onto glass bottom Petri dishes
(MatTek, Ashland, MA) at 80,000 cells per plate in 2 ml of
RPMI-1640 medium (Sigma-Aldrich) supplemented with
10% FBS. The plates were incubated for 24 h at 37°C in a
humidified atmosphere of 95% air and 5% CO,. The original
medium was then removed and replaced with 1 ml of fresh
medium at pH 6.0 or 7.4. The 3LNPs/PKH26 solution (20
ul, 3LNP concentration was 0.5 mg/ml, PKH26 concentration
was 5 uM) was added. After 30 min, Lysotracker (Molecular
Probes, Carlsbad, CA) was added to the wells at a concentra-
tion of 150 nM. Images were taken using a Leica TCS SP2
microscope after culturing for 2.5 h. Cells were kept at 37°C
in a humidified atmosphere of 95% air and 5% CO2 except
when observed on the microscope. Lysotracker was observed
using a 488-nm laser and the emission wavelength was read
from 510 to 540 nm and expressed as green. 3LNPs/PKH26
were observed using a 543-nm laser and the emission wave-
length was read from 560 to 620 nm and expressed as red.

PpH-dependent cellular uptake of 3LNPs
measured by flow cytometry

The preparation of 3LNPs/PKH26 solution and its filtrate,
and the cell culture and harvesting were as described earlier.
Harvested cells were transferred into six-well plates (2.5-ml
cell suspension/well at 2 X 10° cells/ml) and incubated for
24 h in a humidified atmosphere of 95% air and 5% CO..
The original medium in each well was then replaced with 1
ml of medium containing the 3LNPs/PKH26 or the filtrate at
37°C at pH 6.0 or 7.4 for 4 h. The cells were washed with
cold PBS twice. The cells were then collected using 0.5 ml
trypsin solution (0.25% trypsin/0.03% EDTA) into eppen-
dorfs containing 0.8 ml of PBS supplemented with 8% FBS
and centrifuged at 1000g for 6 min at 4°C. The supernatant
was removed and 1 ml of PBS with 2% FBS was added. The
cells were then centrifuged again to remove the trypsin. The
cells were resuspended in PBS with 2% FBS and kept at 0°C
for analysis. The PKH26-positive cells and the average rela-
tive fluorescent unit were measured by flow cytometry.
PKH26 was excited using an argon laser (488 nm) and the
fluorescence at 590 nm was detected. Ten thousand gated
events were collected and analyzed with the NPE Quanta™
2.1 software program.

Hemolytic activity of the nanoparticles

All experiments were conducted with the approval of the
University of Wyoming Animal Care and Use Committee.
Mouse blood was collected in heparin containing eppendorf,
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Figure 1. The PNA fluorescence intensity ratio I/l as a
function of log C of the terpolymer brush at
pH of 5 and 7.4.

[PNA] = 1.0 X 10°® M; (//I, is the relative fluorescence
intensity in the presence of PNA (/) and the absence (/;) of
PNA). [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

and then centrifuged at 1000g for 5 min to separate the red
blood cells (RBCs) from the plasma. The RBCs were dis-
persed in Alsexer’s Buffer. The detailed hemolysis proce-
dures were the same as we reported.’’ The hemolysis of
RBCs in PBS solutions at pH 5.8 and 7.4 and in Milli-Q
water was used as negative and positive controls. The
observed hemolytic activity of 3LNPs at a given concentra-
tion and a pH value was normalized to that of the positive
control using milli-Q water. All experiments were carried out
in triplicates.

Results and Discussion
Design and synthesis of the terpolymer brush

The 3LNPs with a pH-responsive middle layer shown in
Scheme 1 require a polymer with three types of polymer
chains: hydrophobic polymer chains forming the core for car-
rying drug, PEG chains forming the outer layer for “stealth
properties”, and pH-responsive chains forming the pH-re-
sponsive middle layer. The known degradable nontoxic PCL
was used as the hydrophobic chain. A tertiary amine-contain-
ing polymer PDEA, which is water insoluble at pH > 6.5
but becomes soluble and positively charged at pH < 6.5 by
the protonation of the tertiary amine groups,17 was used as
the pH-responsive chain. Tertiary amine-containing polymers
have relatively low toxicity.53 Their toxicity is also related to
their molecular weights. A lower molecular weight polymer
has a lower toxicity.”® To further decrease its toxicity, the
molecular weight of PDEA was kept low, 2.5 KDa.

The polymer structure containing the three types of poly-
mer chains was a terpolymer brush prepared by macromono-
mer copolymerization.”’ The methacrylic macromonomers of
PEG, PCL, and PDEA (i.e., mPEG, mPCL, mPDEA) were
prepared separately. Their molecular weights were optimized
to be about 2 KDa to make the copolymer micelles about
100 nm in diameter. The macromonomers were copolymer-
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ized using free radical copolymerization as we reported.51
The targeted brush copolymer is about 10 KDa, i.e., about
4-5 macromonomers connected together because high molec-
ular weight polymer brushes have an extended chain struc-
ture® and may not be able to form micelles with diameters
less than 100 nm. The copolymerization of the macromono-
mers at high initiator concentration (methacrylate units/AIBN
molar ratio of 5) was found to produce a resulting terpolymer
brush having a molecular weight of 10.8 KDa with a PDI of
1.8. The PCL/PDEA/PEG chain ratio was 0.90:1.0:1.9.

Fabrication of 3LNPs via pH-controlled
hierarchical self-assembly

The fabrication of the 3LNPs is shown in Scheme 4. The
terpolymer brush was firstly dispersed in a pH 5 solution. At
this pH, the PDEA chains were protonated and became water
soluble. The hydrophobic PCL chains (or with hydrophobic
drug molecules) associated as the hydrophobic core with the
PEG and protonated PDEA as the corona. After the solution
pH was raised to 7.4, the PDEA chains were deprotonated
and became hydrophobic, collapsing on the PCL core as a
hydrophobic middle layer. The PEG chains formed the
hydrophilic corona.

This stepwise formation of the nanoparticles was con-
firmed by measuring the CMCs of the terpolymer brush at
pH 5 and 7.4 using PNA as a fluorescent probe (Figure 1).
PNA has a high fluorescence activity in nonpolar environ-
ments, while polar solvents such as water can quench its flu-
orescence.”® The CMC of the terpolymer was 15.8 mg/L at
pH 5 and 4.0 mg/L at pH 7.4, indicating that at pH 5 the
PDEA chains were indeed soluble, which led to a high CMC
due to the presence of more water-soluble chains. At pH 7.4,
the PDEA became hydrophobic and decreased the CMC.

The nanoparticles had a pH-dependent size and zeta poten-
tial, as shown in Figure 2. The nanoparticles were neutral at
pH 7.4 but gradually became positively charged with
decreasing the pH. This suggests that as the solution pH
decreased, the PDEA chains became positively charged and
soluble. Correspondingly, the nanoparticle hydrodynamic
volume increased due to the electrostatic repulsion, as

25 90
Z 201 - 88
= 7
1] - =
%15 86 i
£ )
5_10- -84 3
8
3 5 < - 82

0 L L L] L] L] L] Su

45 5 55 6 65 7 75 8
pH

Figure 2. pH-Dependence of the size (A) and zeta
potential (®) of SLNPs.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 3. TEM images of 3LNPs made by the two-step method (a,b) and the nanoparticles by one-step method

(c,d).

The PDEA chains were selectively stained by phosphotungstic acid or cisplatin.

confirmed by Figure 2. Increasing pH could remove the
charges and the nanoparticles became smaller. Thus, the
nanoparticles indeed can be reversibly positively charged as
shown in Scheme 1.

The layered structures of the nanoparticles fabricated by
two-step methods were further observed using TEM, as
shown in Figure 3. The amine-containing PDEA can com-
plex with PTA or cisplatin, and thus the PDEA layer can be
selectively stained to enhance its contrast.’’ The images
clearly revealed a three-layered spherical structure. The core
was less dark because the electron beam traveled a shorter
path through the PDEA layer. There was a darker PDEA
layer surrounding the core. The diameter of the dry particles
was about 60 nm with thickness of each layer estimated to
be about 10 nm. This confirms that the hierarchical two-step
self-assembly of the terpolymer brush indeed formed three-
layered onion-structured nanoparticles. As a control, the
nanoparticles fabricated by directly dropping the polymer so-
lution into DI water (one-step method) had a two-layered
core-shell structure (Figures 3c, d) (2LNPs). The homogene-
ously dark core indicates that the PDEA chains were mixed
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with the PCL chains in the core. The size of the 2LNPs was
much larger than that of 3LNPs. This may be because of the
loose packaging of the PCL and PDEA chains, which are
immiscible.

Drug distribution in the nanoparticles

The burst drug release from nanoparticles is due to the
drug molecules adsorbed on the nanoparticles surface and
those loaded in the hydrophobic core but close to the hydro-
philic surface. In the two-step fabrication, the hydrophobic
PCL chains and drug (or a fluorescent dye) are expected to
form the core first at pH 5. When the PDEA shell formed at
pH 7.4, the drug (or dye) concentration in the solution al-
ready became lower. Thus, most of the drug (or dye) was
expected to be loaded in the core of the 3LNPs. The distribu-
tion of a hydrophobic dye PNA in the 3LNPs was probed
using a fluorescent quench method. For comparison, the drug
distribution in the nanoparticles fabricated by the one-step
method was also evaluated. Transition metal ions such as
Cu®" can quench the fluorescence of a dye such as PNA
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Table 1. The Relative Fluorescence Intensity of PNA
Loaded in the Nanoparticles at pH 7.4 or 5 in the
Presence of CuCl,

3LNPs by
Two-Step Method

2LNPs by
One-Step Method

Conditions Relative Fluorescent
Intensity Ratio
- (I/IpH7,4+Cu2+)
pH 7.4 + Cu 1
pH 5 + Cu*" 0.84 0.43

[PNA] = 1.0 X 107® M, [CuClL,] = 0.6X 10~ > M.

The relative fluorescent intensity ratio was calculated using the fluorescence
intensity of the nanoparticles at pH 7.4 in the presence of CuCl, (pH 7.4 +
Cu®*) as the reference.

contacting the aqueous solution. Thus, at pH 7.4 and in the
presence of Cu2+, the fluorescence came from the PNA in
the PCL core and the PDEA middle layer. At pH 5, the
PDEA layer became soluble, and thus in the presence of
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Figure 4. (a) CPT-release at pH 5 or 7.4 from CPT-
loaded 3LNPs or 2LNPs at 37°C and (b) the
accumulated CPT-release from the 3LNPs as
a function of the square root of time at pH 5
(A) and 7 ().

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Cu2+, the fluorescence came from the PNA in the PCL core
only. Table 1 shows the relative fluorescence of the PNA-
loaded nanoparticles solution in the presence of CuCl,.
About 84% PNA was in the PCL core of the 3LNPs prepared
by the two-step method, while only 43% of PNA was loaded
in the core of the core-shell structured 2LNPs prepared by
the one-step method. Thus, the stepwise fabrication could
load drugs more into the core.

This experiment using PNA as a probe and a model drug
demonstrates the advantage of the two-step method in drug
loading, and provides a qualitative guidance when loading
other drugs to the nanoparticle. It should be advised that
such properties of a drug as molecular weight, water solubil-
ity, and compatibility with the core of the nanoparticle can
also affect its drug loading and should also be considered.

CPT-loading into the nanoparticles

CPT is a potent anticancer drug with a poor water solu-
bility.58 CPT was loaded into the nanoparticles by a solvent-
displacement method. The CPT-loading efficiencies into the
3LNPs using the two-step fabrication was as high as 94.4 *
3.9% with a drug content of 157.3 mg/g. The loading effi-
ciency to the 2LNPs via the one-step method could only
reach 60.7 * 5.6%, similar to that of other core-shell
micelles.> This comparison is agreeable with the drug distri-
bution results and confirms that the 3LNPs made by the two-
step fabrication method is more effective at encapsulating the
hydrophobic drug.

The drug releasing profiles from the CPT-loaded 3LNPs
and 2LNPs are shown in Figure 4a. CPT-release from the
3LNPs was pH-dependent: the CPT-release rate at pH 5 was

Figure 5. Adsorption of 3LNPs onto SKOV-3 cell mem-
brane at pH 7.4 (a,b) and pH 6 (c,d) at 4°C
observed with confocal microscopy.

Differential interference contrast (a,c), red PKH26 fluores-
cence channel (b,d); 3LNPs were loaded with PKH26. The
3LNP dose was 9.8 pg/ml. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]
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Figure 6. Confocal microscopy images of the cells
observed with differential interference con-
trast (a,e), lysotracker (green) channel (b,f)
(wavelength 510-540 nm), PKH26 (red) chan-
nel (c,g) (wavelength 560-620 nm), and the
overlay of lysotracker and PKH26 images
(d,h).
Cells were cultured at pH 7.4 (a, b,c,d) or 6 (e,f,g,h) with
the 3LNPs/PKH26 for 2.5 h at 3LNP dose of 9.8 ug/ml.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

much faster than that at pH 7.4. The plots of accumulated
CPT-release as a function of the square root of time at both
pHs (Figure 4b) are linear up to 80%, suggesting that the
CPT-release was a pure diffusion-controlled process without
initial burst release.”® There was about a 1.5 h delay in the
CPT-release at pH 7.4 (Figure 4b). This was due to the pro-
tection of the PDEA-middle layer. On the contrast, the CPT
release from the 2LNPs apparently, similar to other core-

AIChE Journal November 2008 Vol. 54, No. 11

Published on behalf of the AIChE

shell structures,29 had a rapid burst release in the first several
hours and the profiles at both pHs were almost the same,
suggesting the lack of pH dependence. These results indicate
that the PDEA-middle layer of the 3NLPs indeed provides a
protection and inhibits the burst release of drug.

PH-dependent cellular uptake of the nanoparticles

The second designed function of the PDEA-middle layer
of the 3LNPs is that at an acidic pH (e.g., solid tumor inter-
stitial pH (<7)), the positively charged PDEA chains can
lead the nanoparticles to be adsorbed on the negatively
charged cell membrane to induce electrostatically adsorptive
endocytosis. The effectiveness of the charged PDEA-induced
adsorption on the cell membrane and subsequent cellular
uptake of the 3LNPs were estimated using confocal micros-
copy. A hydrophobic dye PKH26 was loaded in 3LNPs as a
tracer of the nanoparticles. The cells were cultured with the
PKH26/3LNPs at 4°C for 15 min at pH 7.4 or 6. Figure 5
shows that the cells cultured with PKH26/3LNPs at pH 6
had bright red cell membranes, while those cultured at pH
7.4 were hardly visible. As a control, the cells cultured with
the filtrate of PKH26/3LNPs had no fluorescence at all, sug-
gesting that the fluorescence of the cells cultured with
PKH26/3LNPs was not due to the free dye in the solution.
We thus conclude that the 3LNPs are more easily attached to
the cells at the low pH due to their positive charges.

Figure 6 shows the confocal microscopy images of the
cells cultured with PKH26/3LNPs at pH 7.4 or 6 at 37°C for
2.5 h. Clearly, the cells cultured at pH 6 had much more
PKH26/3LNPs compared with those cultured at the neutral
pH. The internalized 3LNPs were localized in lysosomes
marked with lysotracker (green). The cellular internalization
of PKH26/3LNPs was also quantitatively measured by flow
cytometry in terms of the percentage of PKH26-positive cells
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Figure 7. PKH26-positive cells determined by flow
cytometry of cells cultured with 3LNPs/
PKH26 solution at pH 7.4 and pH 6.0. SKOV-
3 cells were cultured with the 3LNP solution
or its filtrate for 4 h at 37°C.

Data are represented as a mean of three experiments and
standard deviation. 3LNP dose was 23 pg/ml. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 8. Mouse red blood cell hemolysis as a function
of the 3LNP concentration at pH 7.2 or pH 5.8
at 37°C.

Data are represented as a mean of three experiments and
standard deviation. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

(Figure 7). Consistent with the confocal microscopy results,
a significantly more fraction of cells took up PKH26/3LNPs
at pH 6 than that at pH 7.4 despite the fact that the cells at
pH 6 were found not as active as those at pH 7.4. These
results demonstrate that the 3LNPs are more easily taken
up at pH 6 via electrostatically adsorptive endocytosis, which
is consistent with the cell-membrane adsorption results
(Figure 5).

Subcellular localization and lysosome escaping ability

As discussed in the Introduction section, drug release into
the cytosol rather than into lysosomes is preferable to avoid
drug sequestration and drug degradation.** Thus, the
designed third function of the PDEA layer in the 3LNPs is to
disrupt the lysosomal membrane to quickly release the inter-
nalized nanoparticles into the cytoplasm. In Figure 6, the
overlapping of the images shows that some 3LNPs were
localized in lysosomes or near lysosomes (yellow spots in
Figure 6h). Some nanoparticles (red spots), however, were
not in lysosomes, suggesting that they might have escaped
from the lysosomes already. The ability of 3LNPs to disrupt
lysosomes was estimated using RBCs hemolysis assay, which
is widely used measure of the ability of a drug carrier to dis-
rupt lysosomes.60 The hemolytic activities of the 3LNPs at
pH 5.8 and 7.2 were evaluated at 3LNP concentrations of 5,
10, and 20 pg/ml (Figure 8). A pH 5.8 rather than the lyso-
somal pH (4-5) was used because RBCs at pH 5 are not sta-
ble and easily lysed. At pH 7.2, the nanoparticle hardly lysed
RBCs, but seemed to stabilize RBCs. While at pH 5.8, the
3LNPs quickly lysed about 15-20% RBCs within 1-h culture.
One can estimate that the nanoparticle concentration in a
200-nm lysosome would be about 64 mg/ml even if the lyso-
some takes up only one 80-nm nanoparticle (assuming that
the nanoparticle has an average density of 1 g/ml). This con-
centration is well-above the needed concentration for RBC
hemolysis shown in Figure 8. In addition, at the lysosomal
pH (~4-5), the PDEA layer of the 3LNPs was more posi-
tively charged (Figure 2). Thus, it can be concluded that
3LNPs could efficiently rupture the lysosomes for the nano-
particle escaping into the cytosol (red spots).
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Conclusion

We demonstrate a new concept of a pH-controlled hier-
archical self-assembly of PCL/PDEA/PEG terpolymer brush
into layered nanoparticles with a pH-responsive PDEA mid-
dle layer that has multifunctions — inhibiting the premature
burst drug release at the physiological pH, inducing electro-
statically adsorptive endocytosis in the acidic solid tumor
interstitium to greatly facilitate the cellular uptake of the
nanoparticles, and disrupting lysosomal membrane for the
nanoparticles to escape into cytosol. These active nanopar-
ticles are promising as cancer drug delivery carriers.
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