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Poly(ethylene glycol) (PEG) is usually used to protect nanoparticles from rapid clearance in blood. The
effects are highly dependent on the surface PEG density of nanoparticles. However, there lacks a detailed
and informative study in PEG density and in vivo drug delivery due to the critical techniques to precisely
control the surface PEG density when maintaining other nano-properties. Here, we regulated the
polymeric nanoparticles' size and surface PEG density by incorporating poly(e-caprolactone) (PCL) ho-
mopolymer into poly(ethylene glycol)-block-poly(e-caprolactone) (PEG—PCL) and adjusting the mass
ratio of PCL to PEG—PCL during the nanoparticles preparation. We further developed a library of poly-
meric nanoparticles with different but controllable sizes and surface PEG densities by changing the
molecular weight of the PCL block in PEG—PCL and tuning the molar ratio of repeating units of PCL (CL) to
that of PEG (EG). We thus obtained a group of nanoparticles with variable surface PEG densities but with
other nano-properties identical, and investigated the effects of surface PEG densities on the biological
behaviors of nanoparticles in mice. We found that, high surface PEG density made the nanoparticles
resistant to absorption of serum protein and uptake by macrophages, leading to a greater accumulation
of nanoparticles in tumor tissue, which recuperated the defects of decreased internalization by tumor

cells, resulting in superior antitumor efficacy when carrying docetaxel.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Successful application of nanoparticles in intravenous admin-
istration usually requires a hydrophilic surface coating, and PEGy-
lation is generally regarded as the superior approach used to create
“stealth” nanoparticles, which reduces nonspecific cellular uptake
by the mononuclear phagocyte system (MPS) and modulates the
circulation half-life of nanoparticles [1—4]. Several examples,
including Doxil and Genexol-PM as used in clinical practice, are
PEGylated nanoparticles [5—7].
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The effectiveness of “stealth” behavior of PEG-modified nano-
particles is often critically dependent on the density and confor-
mation of surface PEG chains [8—11]. Some previous research
explored the relationship of surface PEG densities with their in vivo
biological behaviors, using PEGylated inorganic nanoparticles (like
gold [12,13], silica [14], carbon [15], iron oxide [16] etc.) or poly-
meric nanoparticles prepared by a template method [17]. For
example, Chan et al. obtained nanoparticles with different surface
PEG densities by mixing different contents of PEG—SH with gold
nanoparticles, and confirmed that increasing surface PEG density
could significantly reduce the total amount of serum protein
adsorption, which resulted in weak uptake by macrophages [18].
DeSimone et al. prepared polymeric nanoparticles using the PRINT
method, and then modified the surface of these nanoparticles with
PEG by means of chemical reaction [17]. They defined the
morphology of PEG molecules in low surface density as a “mush-
room” conformation, and PEG in high surface density as a “brush”
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conformation, and pointed out that nanoparticles with a “brush”
PEG conformation could significantly prolong the blood circulation
time as compared to a “mushroom” PEG conformation. Although
the studies using inorganic materials and cross-linked polymeric
nanoparticles show guidance on the design of nanoparticles, the
information is still limited with regard to the PEGylation of self-
assembled nanoparticles in drug delivery.

Due to the technical hurdles in quantifying the extent of PEG
densities, as well as in regulating the surface PEG density while
maintaining other nano-properties unchanged, for polymeric self-
assembled nanoparticles, there is only a small amount of research
on the relationship of surface PEG densities with their in vivo drug
delivery properties [19—21]. In order to achieve the aim of changing
the surface PEG densities of polymeric nanoparticles, researchers
have usually incorporated hydrophobic homopolymer into the
relative block copolymer. For example, Gref et al. adjusted surface
PEG densities by adding different masses of polylactide (PLA) into
poly(ethylene glycol)-block-polylactide (PEG—PLA) during nano-
particle preparations, but this also caused significant particle size
change [19]. However, it should be pointed out that the in vivo fate
of drug delivery systems are greatly associated with multiple
physical and chemical properties of nanoparticles, including size,
surface chemistry, surface charge, shape and so on [22—26]. It is
generally considered that nanoparticles with small size (<10 nm)
are rapidly cleared in blood circulation by filtration through the
kidneys, while particles larger than 300 nm are more likely to be
taken up by Kupffer cells in the liver [27—29]. In addition, Fang et al.
have reported that the blood clearance of nanoparticles with a
diameter of 80 nm was twice as slow as that of larger nanoparticles
with a diameter of 171 or 243 nm [30]. Perrault et al. demonstrated
that nanoparticles with an approximate 100 nm diameter deliver
more cargoes to the tumor compared to those with 20, 40, 60 and
80 nm diameters [31]. Cabral et al. found that smaller nanoparticles
showed better penetration in poorly permeable tumors and ach-
ieved better antitumor efficiency [32]. Therefore, in the study of
surface PEG density of nanoparticles and its role in their in vivo
behaviors, other nano-properties should be kept identical to avoid
unreliable conclusions.

To circumvent these challenges and gain improved systemic
insight into the relationship between surface PEG densities and
their behaviors in biological environments as well as their anti-
tumor efficacy, in this study we developed a library of polymeric
nanoparticles with controllable surface PEG densities and sizes, by
combining PEG—PCL copolymer and PCL homopolymer in the
preparations, from which we selected a group of nanoparticles with
varying surface PEG densities but similar sizes in order to study the
effect of surface PEG density on the in vivo fate of nanoparticles in
mice. The size of nanoparticles was controlled by regulating the
mass ratio of PCL homopolymer incorporated into PEG—PCL, and
PEG density was also judiciously modulated by changing the mo-
lecular weight of PEG—PCL and the molar ratio of repeating units of
PCL (CL) to that of PEG (EG). This approach enabled PEG chains on
nanoparticles at sufficient densities to achieve not only “brush” but
even “dense brush” conformations. Using these well-characterized
nanoparticles, we systematically explored the effect of surface PEG
density on nanoparticles' in vivo fate and antitumor efficacy.

2. Materials and methods
2.1. Materials

Methoxy poly(ethylene glycol) (MW = 3400 Da) was purchased
from Shanghai Jingyu Biotechnology Co., Ltd (China). e-Capro-

lactone (e-CL, Daicel Corporation, Japan) was dried over calcium
hydride for 48 h at room temperature, followed by distillation

under reduced pressure just before use. The diblock copolymer of
monomethoxy poly(ethylene glycol) and poly(e-caprolactone)
(PEG—PCL) was synthesized and characterized as previously re-
ported [33]. PCL3 5k homopolymer was synthesized by ring-opening
polymerization of e-caprolactone with aluminum isopropoxide as
the initiator according to a previously reported method [34]. N,N’-
Diisopropylcarbodiimide (DIC), 4-dimethylaminopyridine (DMAP)
and Rhodamine B (RhoB) were purchased from Aladdin Industrial
Inc. (China). PCL-RhoB was synthesized by a condensation reaction.
PCL35¢ (500 mg, 1.0 eqv), Rhodamine B (211 mg, 3.0 eqv), DIC
(55 mg, 5.0 eqv) and DMAP (55 mg, 5.0 eqv) were dissolved in
10 mL DMF and stirred at room temperature in the dark. After 2 d,
the mixture was submitted to dialysis in DMF with dialysis bag
(MWCO = 1000). The solution was collected until the colorless
perinephric fluid appeared. The product was concentrated under
reduced pressure and obtained as a deep pink solid (yield: 70%).
Docetaxel (DTXL) was purchased from Knowshine (Shanghai)
Pharmachemicals Inc. (China). All other reagents and solvents
without statement were of analytical grade and used as received.

2.2. Preparation of polymeric nanoparticles

Polymeric nanoparticles were prepared by a dialysis method as
follows: PEG—PCL copolymer was dissolved in acetonitrile (20 mg/
mL) in a round-bottomed flask, except for PEG3 4x—PCL12k, Which
was dissolved in tetrahydrofuran (THF). After stirring for 10 min at
room temperature, three volumes of Milli-Q ultrapure water (Mil-
lipore, 18.2 MQ, Bedford, MA) were added under vigorous stirring.
The mixture was stirred for another 20 min at room temperature.
Afterwards, the solution was dialyzed against ultrapure water
overnight with a dialysis bag (Spectra/Por®, Float-A-Lyzer, molec-
ular cutoff (MWCO) = 14,000 Da) to remove acetonitrile, then the
nanoparticles were stored at 4 °C for further use. Particle size and
zeta-potential were measured using a Malvern Zetasizer Nano ZS90
dynamic light scattering system (DLS), with a He—Ne (633 nm) and
90° collecting optics. The data were analyzed by Malvern Disper-
sion Technology Software 7.0.2. The surface morphology of micelles
was detected by transmission electron microscopy (TEM), on a JEOL
2010 high-resolution transmission electron microscopy with an
accelerating voltage of 200 kV.

For the purpose of regulating the size of polymeric nano-
particles, PCL35x homopolymer was incorporated into PEG—PCL
copolymer when preparing the nanoparticles. The sum of the
weights of PEG—PCL and PCL3 5¢ was kept constant (12 mg), while
the molar ratio of PCL homopolymer to PEG—PCL was changed.

In order to obtain nanoparticles with same size and different
surface PEG density, we synthesized a series of PEG—PCL co-
polymers of PEGs4k and PCL block with different molecular
weights, and then prepared nanoparticles using these PEG—PCL
copolymers and PCL3 5x homopolymer under different ratios.

Fluorescent-labeled nanoparticles were obtained by replacing
part of PCL3 5k homopolymer with PCL35,-RhoB when preparing
the nanoparticles.

2.3. Static light scattering measurements

A commercial LLS spectrometer (ALV/DLS/SLS-5022F) equip-
ped with a multi-t digital time correlation (ALV5000) and a cy-
lindrical 22-mW He—Ne laser (A¢ = 632 nm, UNIPHASE) as the
light source was used. Polymeric nanoparticles with a concen-
tration of 0.3—0.9 mg/mL in Milli-Q ultrapurified water were
clarified by a 0.45 pm hydrophilic PTFE filter (Millipore, Bedford,
MA) into a dust-free vial and carried out at 20.0 °C. The average
molecular weight of an individual micelle (Mw) was determined
by measurements of SLS.
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2.4. Cell lines and animals

The human breast cancer cell line MDA-MB-231, human mela-
noma cell line B16 and murine macrophage cell line RAW264.7
were obtained from the American Type Culture Collection. The
MDA-MB-231 cell line with stably expressing green fluorescent
protein (MDA-MB-231-GFP) was obtained by transfection with a
retrovirus according to a standard protocol, and clones derived
from discrete colonies were isolated and amplified in the medium.
Both of these cells were cultured in a DMEM medium (Gibco, Grand
Island, USA) supplemented with 10% fetal bovine serum (FBS,
ExCell Bio, Shanghai, China) and 1% penicillin/streptomycin (Sig-
ma—Aldrich, St. Louis, USA).

Female BALB/c nude mice, ICR mice and C57BL/6] mice (6—8
weeks) were purchased from the Beijing HFK Bioscience Co., Ltd.
(Beijing, China). All animals received care in compliance with the
guidelines outlined in the Guide for the Care and Use of Laboratory
Animals, and all procedures were approved by the University of
Science and Technology of China Animal Care and Use Committee.

To establish the xenograft breast tumor model, 100 uL of MDA-
MB-231 or MDA-MB-231-GFP cells (2 x 106) diluted in 20%
matrigel (BD Bioscience, Franklin Lakes, NJ) were injected into the
mammary fat pad of the BALB/c nude mice. The subcutaneous
melanoma tumor model was generated by injection of B16
(2 x 10° cells/100 pL) into the right flank of C57BL/6] mice.

2.5. Pharmacokinetic studies

The pharmacokinetics was measured using six to eight week-old
female ICR mice. Rhodamine B-labeled nanoparticles were dis-
solved in phosphate buffered saline (PBS, 0.01 M, pH 7.4) and
administrated intravenously into the tail vein at an equivalent dose
of 360 ug PCL3 5,-RhoB per kg of mouse body weight (n = 4 for each
group). After a predetermined time (0.083, 0.5, 1, 2, 4, 6, 12, 24 and
48 h), blood samples were collected from the retro-orbital plexus of
mouse eyes and were added into a heparin anticoagulant tube
before coagulation. Then the blood was centrifuged at 3000 g for
10 min to obtain the plasma. For analysis, the plasma (100 pL) was
exposed to 200 pL of acetonitrile. After vortexing for 10 s, 800 pL of
chloroform was added on another vortex-mixer for 10 s. Upon
centrifugation at 10,000 g for 5 min, the organic layer was carefully
collected into 1.5 mL Eppendorf tubes and evaporated using cen-
trifugal vacuum concentrators (Labconco CentriVap) at 40 °C for
2 h. The residue was dissolved in 200 pL of solution (acetonitrile:
tetrahydrofuran = 7/3 (v/v)). After centrifugation (10,000 g, 5 min),
the supernatant was collected for UPLC (Waters ACQUITY) analysis
equipped with a Waters FLR detector, a Waters ACQUITY UPLC®
BEH C18 column, using 9/1 (v/v) acetonitrile/water containing 0.1%
(v/v) trifluoroacetic acid as the mobile phase A and tetrahydrofuran
containing 0.1% trifluoroacetic acid as mobile phase B; the A/B=7/3
(v/v), with 30 °C column temperature and a flow rate of 0.4 mL/min.
The eluent was excited with a 540 nm laser and monitored at
590 nm. Standard curves for PCL3 5i-RhoB in plasma were gener-
ated by the addition of free PCL3 5,-RhoB at different concentrations
to plasma, followed by extraction and quantification as mentioned
above. Pharmacokinetic parameters were obtained using the DAS
3.0 program (BioGuider CO., Shanghai, China).

2.6. Quantitative studies of nanoparticle sccumulation in liver and
spleen

Rhodamine B-labeled nanoparticles were administered i.v. into
ICR mice at an equivalent dose of 360 pg PCL35-RhoB per kg of
mouse body weight (n = 4 per group). After 1 h, the mice were
anesthetized with sodium pentobarbital (2%, 45 mg/kg,

Sigma—Aldrich, St. Louis, USA), and the blood was removed by
systemic perfusion with PBS containing heparin (300 U/mL). Then
the liver and spleen were excised, washed with cold saline, dried on
filter paper, weighed and cut into small pieces. The tissues were
treated and analyzed using the approach as described in quanti-
tative studies of nanoparticles' accumulation in tumor tissues. To
generate the standard curve for PCL;s5i-RhoB, the samples were
prepared by adding PCL35,-RhoB with different concentrations in
acetonitrile to tissues from untreated mice. The samples were
treated and analyzed using the same approach as described above.

2.7. Protein adsorption assay

Rhodamine B-labeled nanoparticles (2 mg/mL, 1 mL) were
incubated with 200 pL of murine serum for 1 h at 37 °C. After in-
cubation, nanoparticles were recovered by centrifugation at
14,000 g for 1 h at 4 °C and washed twice with 2 mL cold PBS to
remove excess proteins and loosely bound proteins. After the final
washing step, the pellets were resuspended in 50 pL lysis buffer
containing 2% sodium dodecyl sulfate and 4% triton X-100 to
release protein absorbed on the surface of nanoparticles. After
another centrifugation (14,000 g, 0.5 h, 4 °C), supernatant was
collected and stored at 4 °C. Supernatant (5 pL) was diluted into
100 pL saline, and 25 pL was used to analyze the protein concen-
tration by using the BCA protein assay kit (lot 23250, Thermo, USA),
and 20 pL supernatant was loaded into a 4% stacking gel with a 12%
resolving gel and subjected to electrophoresis at 120 V for about
60 min. The gels were stained for 20 min using coomassie blue dye
(R250, Jinan Pengyuan Biological Technology Co., Ltd., Shandong,
China) and washed for one day with bleaching dye (25% ethanol
and 8% acetic acid). As a control, 200 pL murine serum was incu-
bated with 1 mL PBS for 1 h at 37 °C, and then the samples were
treated and analyzed using the same approach as described above.
Blank: As a control, 200 pL murine serum was incubated with 1 mL
PBS for 1 h at 37 °C, and then the samples were treated and
analyzed using the same approach as described above.

2.8. In vitro cellular uptake

For flow cytometric analysis, MDA-MB-231 cells were seeded
into 24-well plates at 8 x 10% cells per well in 0.5 mL of complete
DMEM medium at 37 °C in a 5% CO, humidified atmosphere for
24 h. The original medium was replaced with Rhodamine B-labeled
nanoparticles at an equivalent dose of 90 ug PCL3 5x,-RhoB per well.
The cells were incubated 4 h at 37 °C and were then rinsed twice
with cold PBS. The cells were trypsinized, washed twice with cold
PBS, and resuspended in cold PBS for flow cytometric analysis using
a BD FACSCalibur flow cytometer.

For microscopic observation, MDA-MB-231 cells (2 x 10* cells/
well) were seeded on coverslips in a 24-well plate and incubated
for 24 h. The original medium was replaced with Rhodamine B-
labeled nanoparticles at an equivalent dose of 90 pg PCL3 5,-RhoB
per well. The cells were incubated for 4 h at 37 °C and were then
rinsed twice with cold PBS and fixed with 4% formaldehyde for
10 min at room temperature. The cells were stained with Alexafluor
488 phalloidin (Invitrogen, Carlsbad, CA) to indicate the cytoskel-
eton, and counterstained with DAPI (Sigma—Aldrich, St. Louis, USA)
to indicate cell nuclei according to the standard protocol provided
by the suppliers. Coverslips were mounting media (Sigma—Aldrich,
St. Louis, USA) to reduce fluorescent photobleaching. The cellular
uptake of nanoparticles was visualized by CLSM (LSM 710, Carl
ZeissInc., Jena, Germany).

For quantitative analysis, RAW264.7 cells or MDA-MB-231 cells
were seeded into 24-well plates at 8 x 10* cells per well, in 0.5 mL
of complete RPMI-1640 or DMEM medium at 37 °C, in a 5% CO,
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humidified atmosphere for 24 h. The original medium was replaced
with Rhodamine B-labeled nanoparticles at an equivalent dose of
90 ng PCLs5k-RhoB per well. The cells were incubated for 4 h at
37 °C and were then rinsed twice with cold PBS. The cells were
trypsinized, washed twice with cold PBS, and resuspended in
100 pL lysis buffer containing 2% SDS and 4% triton X-100. 500 uL of
acetonitrile was added to precipitate proteins. After centrifugation
(5000 g, 5 min), the supernatant was collected for UPLC analysis.

2.9. Quantitative studies of nanoparticles accumulation in tumor
tissue

Rhodamine B-labeled nanoparticles were administrated intrave-
nously into BALB/c nude mice bearing MDA-MB-231 tumors, at an
equivalent dose of 360 g PCL3 5i-RhoB per kg of mouse body weight
(n = 4 for each group). After a predetermined time (6, 12, 24 h),
tumor tissues were excised, washed with cold saline, dried over filter
paper, weighed, cut into small pieces and put into 2 mL FastPrep®
lysing matrix tubes with five stainless steel beads (2 mm), to which
500 puL acetonitrile was added. The tissue was then homogenized
with a FastPrep system with a speed of 4 m/s for 40 s. The lysis buffer
was further extracted with 1 mL chloroform by vortex mixing for
10 s. After centrifugation (10,000 g, 5 min), the organic phase was
separated into 2.0 mL Eppendorf tubes and evaporated using cen-
trifugal vacuum concentrators (Labconco CentriVap) at 40 °C for 2 h.
The residue was dissolved in 200 pL of solution (acetonitrile:
tetrahydrofuran = 7/3 (v/v)). After centrifugation (10,000 g, 5 min),
the supernatant was collected for UPLC analysis. To generate the
standard curve for PCL3s5-RhoB, the samples were prepared by
adding PCL3 5,-RhoB with different concentrations in acetonitrile to
tumor tissue from untreated mice. The samples were treated and
analyzed using the same approach as described above.

2.10. In vivo tumor cellular uptake

Rhodamine B-labeled nanoparticles were intravenously
administered into BALB/c nude mice bearing an MDA-MB-231-GFP
breast cancer xenograft at an equivalent dose of 360 pg PCLj3 51~
RhoB per kg of mouse body weight (n = 4 for each group). The mice
were euthanized 12 h later and tumor tissues were collected. Tu-
mor tissues were transferred to a dish and cut into small pieces.
Then the pelleted materials were resuspended with 10 mL tumor
cell digestion solution (1 mg/mL collagenase I, Invitrogen, Carlsbad,
CA) and incubated at 37 °C for 2 h with agitation. Tumor cells were
then collected by centrifugation at 1200 g for 5 min at 4 °C and
washed twice with PBS containing 1% fetal bovine serum (FBS,
ExCell Bio, Shanghai, China). Tumor cells were filtered through a
200-mesh sieve and sorted on a BD FACSAria Cell Sorter. The
amplification scale was logarithmic for FL1-H parameters, and
linear for SSC-H and FSC-H. GFP-expressing MDA-MB-231 tumor
cells were carefully gated out using FL1-H versus SSC-H bivariant
graphs. Then the tumor cells (10 cells) were collected and treated
with the method as above and analyzed by UPLC.

2.11. Inhibition of tumor growth

When the tumor volume of the MDA-MB-231 xenograft was
around 60 mm?> on the 15th day after implantation, the mice were
randomly divided into nine groups (five mice per group) and
treated with PBS, Taxol®, NPpank (nanoparticles component of
PEG3 4x—PCL37k/PCL35¢), or DTXL-loaded nanoparticles with
different surface PEG densities at an equivalent dose of 2 mg DTXL
per kg of mouse body weight by intravenous injection. The dose of
NPpiank Was 75 mg nanoparticles/kg. The mice received injections
every other day. Tumor growth was monitored by measuring the

perpendicular diameter of the tumor using calipers. The estimated
volume was calculated according to the following equation: tumor
volume (mm?) = 0.5 x length x width®. Mouse body weight was
also monitored after administration every other day. Twenty four
hours after the last injection, mice were euthanized and the tumors
were taken out for images and weighing.

For the survival study, 4 days after implantation of murine
melanoma cell line B16 into C57BL/6 mice, mice were randomly
divided into nine groups (ten mice per group) and i.v. injected with
PBS, Taxol®, NPpjank and DTXL-loaded nanoparticles with varying
surface PEG densities. The dose of DTXL and NPpj,nk Was 3 mg/kg
and 110 mg/kg, respectively. Treatment was repeated every other
day ten times and mice were checked for survival every day.

2.12. Statistical analysis

The statistical significance of treatment outcomes was assessed
using Student's t-test (two-tailed); p < 0.05 was considered sta-
tistically significant in all analyses (95% confidence level).

3. Results and discussion

3.1. Regulation of surface PEG density and size of polymeric
nanoparticles

Amphiphilic block copolymers can self-assemble into nanoscale
particles in aqueous solution as a result of energetic repulsion ef-
fects between blocks [35]. The structural performance of the as-
sembly is influenced by its composition of the polymer, the lengths
of the block segments, the dispersion solvent selected initially and
so on [36]. We assumed that the surface PEG density of assembly
could be changed by incorporating hydrophobic homopolymer into
the relative amphiphilic polymers during preparation of nano-
particles, which alters the micelle aggregation number and in-
creases the core volume of assembly. In the experiments, we firstly
chose PEGs3 4xk—PCL3 7 block copolymer with the number-average
molecular weights of 3.4 k and 3.7 k respectively, and incorpo-
rated PCL3 5k (PCL homopolymer with a number-average molecular
weight of 3.5 k) at different mass ratios, then polymeric nano-
particles were obtained by a method of solvent exchanging, in
which there is sufficient time for the self-assembly to reach equi-
librium [36,37]. The surface PEG density of nanoparticles obtained
can be changed controllably by varying the incorporated propor-
tion of PCL homopolymer and increasing the volume of the as-
sembly (Fig. 1A). As shown in Fig. 1B, when the molar ratio of CL
from PCL35¢ homopolymer and PEG3 4¢—PCL3 7k copolymer to EG
from PEG3 4x—PCL3 7k copolymer in the mixture increased from 0.46
to 1.06, the volume of assembly was raised nearly linearly from
1.2 x 10° to 15.4 x 10° nm°. Correspondingly, the mean hydrody-
namic diameter increased from 62 nm to 143 nm, which was also
confirmed by transmission electron microscopy (TEM) observa-
tions (Fig. 1C). While the PEG content inevitably decreased from
46% to 27% with the addition of PCL homopolymer and increase of
nanoparticles' size, this might lead to a change in the surface PEG
density. As measured by static light scattering (SLS), the average
molecular weight of an individual nanoparticle (Mw(np)) was ob-
tained, then the core radius (Rc) of an individual assembly was
calculated by Equation (1), where the K; was the weight ratio of PCL
in nanoparticles, the core density (pc) of micelle was 1.146 g/cm®
and Np denoted the Avogadro constant. The number of PEG—PCL
chains (N) in a single nanoparticle was calculated by Equation (2),
where the K, represented the weight ratio of PEG—PCL in nano-
particles and Mwpeg—pcr) represented the average number mo-
lecular weight of PEG—PCL block copolymer. Then the surface PEG
density (o) was defined by Equation (3). In these calculations, it was
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Fig. 1. Regulation of the diameter of polymeric nanoparticles. (A) Schematic showing the increase in the diameter of polymeric nanoparticles as the content of PCL; 5x homopolymer
increased during the preparations. In the nanoparticles, PCL forms the core through hydrophobic interactions (red), PEG forms the corona (blue) and the sky-blue represents the
hydration layer on nanoparticles. (B) The increase in volume of the polymeric nanoparticles was dependent on the ratios of CL from PCL homopolymer and PEG—PCL copolymer to
EG from PEG—PCL in the mixture, in a nearly linear fit. (R? = 0.9845) (C) TEM images of nanoparticles chosen in B, which had a hydrodynamic-diameter of 62, 110 and 143 nm,
respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

assumed that PEG presented a uniform layer on the surface of the
nanoparticles. As shown in Table 1, as the ratio of CL to EG
increased, the core radius (Rc) of nanoparticles grew from 9.8 to
44.6 nm, and the PEG density increased from 0.56 to 1.10 PEG/nm?,
which indicated that the surface PEG densities of assembly were
controlled by the addition of hydrophobic homopolymer at
different mass ratios into the corresponding amphiphilic
copolymer.

4
MW(NP) XI(] = pc ><§7TR2- XNA (1)
N =My x K, / Myy(pEG-—pcL) (2)
Table 1

Parameters calculated for determining the surface PEG density.

G :N/477R% (3)

3.2. Preparation of polymeric nanoparticles with varied surface PEG
density but similar size

Avariety of properties of nanoparticles could significantly affect
their biological behaviors [23]. In order to study more precisely the
influence of surface PEG densities on the in vivo fate of nano-
particles, the other characteristics of nanoparticles used in this
study should be kept as constant as possible; that is, the particles’
size should also be kept basically the same while the PEG density
changes. Since the size of nanoparticles will also change with the
varying molecular weight of the PCL block in PEG—PCL [38], it is
assumed that a library of nanoparticles with different sizes and PEG

Name PCL3 51 /PEGs3 4—PCL3 7 (PCL31/ CL/EGS (molar ratio) Rcd (nm) \§ o' (PEG/nm?)
PEG77-PCL3,)°
A Molar ratio

N1 0.05 0.10 0.46 9.8 673 0.56

N2 0.08 0.16 0.48 12.3 1245 0.66

N3 0.20 0.41 0.58 17.8 3164 0.86

N4 0.25 0.51 0.62 21.3 5115 0.90

N5 0.60 1.22 0.90 36.3 17,298 1.05

N6 0.80 1.62 1.06 446 27,410 1.10

PCL3; means the repeat units for CL in PCL is 31. PEG7;7—PCL3; means the repeat units for EG and CL is 77 and 32 respectively.

a

b Weight ratio (Wt/Wt) of PCLs 5, homopolymer to PEG3 4x—PCL3 7 copolymer.
¢ Repeat units of PCL (CL) and PEG (EG).

94 The core radius (R¢) of an individual nanoparticle.

€ The number of PEG—PCL chains (N) in a single nanoparticle.
f PEG density on surface of a nanoparticle, calculated from static light scattering measurements.
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densities could be obtained by synthesizing a series of PEG—PCL
copolymers with an unchanged PEG block molecular weight while
gradually increasing the PCL block molecular weight, and preparing
the nanoparticles using the same method as described above. Then
a group of nanoparticles with varying PEG density and similar hy-
drodynamic diameter could be picked from the library for further
study (Fig. 2A). The result shown in Fig. 2B demonstrated similarly
that the volumes of nanoparticles changed nearly linearly
depending on the ratios of CL to EG for an identical PEG—PCL
copolymer. Nanoparticles with a mean hydrodynamic diameter of
100 + 10 nm with polydispersity indices (PDI) below 0.2 in this
library were chosen for further analysis of their surface PEG density.
The size distribution and morphology was confirmed by DLS and
TEM (Figs. S1 and S2). These nanoparticles display similar zeta
potentials, ranging from —4.7 to —2.1 mV at pH 7.4 in water. The 'H
NMR of these nanoparticles in CDCls after lyophilized shows that
more than 96% of PCL homopolymers were integrated in the
nanoparticles (data not show).

The surface PEG density of nanoparticles was quantified by SLS
detection combined with calculations as described above. As
shown in Table 2, the surface PEG density was affected by the
molecular weight of PEG—PCL and inputted ratios of CL to EG, and
gradually declined from 0.86 to 0.19 PEG/nm? as the molecular
weight of the PCL block in PEG—PCL increased from 3.7 k to 12.0 k
while the average hydrodynamic nanoparticles size was kept at
~100 nm. The conformation of the PEG chains on the surface of
nanoparticles is further described by the relationship between D
(the distance between neighboring PEG graft sites), L (the length of
the PEG chain on the surface of the nanoparticle) and RF (Flory
radius, dependent on the PEG molecular weight), and defined as
“dense brush” (L > 2Rg), “brush” (D < Rg) or “mushroom” (D > Rg)
[8,17,39,40]. According to calculations described in the supporting
information, at low PEG densities (0.19—0.36 PEG/nm?), PEG
chains adopt a “brush” conformation; when PEG density is higher
than 0.55 PEG/nm?, PEG chains arrange in a “dense brush” regime.
Herein, we obtained nanoparticles with varied surface PEG den-
sities but similar particle size in order to further study the impact of
surface PEG density on the in vivo fate of nanoparticles.

3.3. Nanoparticles with high surface PEG density exhibited a
remarkably long circulation

Previous reports revealed that “stealth” behavior of nano-
particles can be induced by PEGylation, and is often critically

A PCL; 5
*OL/\/\/),?”
PEG, ,-PCL, P ——— == = o
o v ]
AAAANAN D Y 4.
# 3}k I
B I .

Volume of Nanoparticles

dependent on their surface PEG density and conformation [2,41,42].
We then evaluated how the pharmacokinetics of nanoparticles
changes over a range of surface PEG densities all in a brush regime.
In order to quantify nanoparticles in plasma, PCL3 5,-RhoB, a con-
jugate of Rhodamine B to PCL3 5x, was used to replace part of PCL3 5x
when nanoparticles were prepared. The Rhodamine B-labeled
nanoparticles with different PEG densities and same sizes were
injected intravenously into ICR mice. After appropriate times, blood
was collected for analysis of remaining nanoparticles in plasma. The
blood clearance curves are shown in Fig. 3 and the pharmacokinetic
parameters were analyzed in a non-compartment model. Although
the PEG chains were present in a brush regime, nanoparticles with
a lower PEG density of 0.19 and 0.25 PEG/nm? were quickly cleared
from the blood (Fig. 3A). In contrast, nanoparticles with a higher
PEG density than 0.36 PEG/nm? exhibited a remarkably long cir-
culation. It was seen that the concentration of nanoparticles in
blood remained high after 48 h. The area under the plasma con-
centration—time curve (AUC(o_48 hf) for nanoparticles with a sur-
face PEG density of 0.36 PEG/nm“ was 12.3-fold and 104.5-fold
larger than for those with a lower PEG density of 0.25 and
0.19 PEG/nm?, respectively (Fig. 3B). As the surface PEG density of
nanoparticles increased into a “dense brush” regime, the surface
PEG density increased accordingly, resulting in a continually
increasing AUC(g-48 n). Clearance (CLz) of nanoparticles was
significantly decreased as their surface PEG density increased
(Fig. 3C). Meanwhile, the terminal half-life (Tq, another parame-
ters important in drug delivery applications) of nanoparticles with
a higher surface PEG density of 0.86 PEG/nm? increased to
17.069 + 1.826 h, compared to nanoparticles with a lower PEG
density of 0.19 PEG/nm? (0.267 + 0.067 h) (Fig. 3D). These results
indicated that nanoparticles' pharmacokinetics are greatly relative
to their surface PEG density, and that even with a high PEG density
in a “dense brush” regime, prolonged blood circulation appeared to
need a higher PEG density. Meanwhile, it is worth noting that
nanoparticles' diameters can be maintained unchanged in serum-
contained conditions for over 48 h at 37 °C (Fig. S3).

It is well established that the blood clearance is facilitated by
the accumulation in the mononuclear phagocyte system (MPS)
[43]. Therefore, the liver and spleen organs were resected after tail
vein injection of nanoparticles and analyzed to determine
whether MPS organs accumulation was also dependent on PEG
coating density. As shown in Fig. 4A and B, accumulations of
nanoparticles in the liver and spleen were high for nanoparticles
with lower surface PEG densities. As surface PEG density

w

20 A

(105 nm?3)

0 2 4 6
CL/EG (molar ratio)

Fig. 2. Preparation of polymeric nanoparticles with varied surface PEG densities and diameters. (A) Illustration of a library of nanoparticles could be obtained by changing the PCL
block of PEG—PCL and the content of PCL homopolymer incorporated. (B) The increase in volume of the nanoparticles was dependent on the ratios of CL to EG in a nearly-linear fit
for an identical PEG—PCL copolymer (Red line: PEG3 4xk—PCL4 5k/PCL3 5x; Green line: PEG3 4xk—PCLs 3x/PCLs 5x; Blue line: PEG3 4xk—PCLs 7i/PCL3 5k; Orange line: PEGs3 4x—PCLg 3k/PCL3 5k;
Light blue line: PEG3 4x—PCL12k/PCL3 5x). The dotted line represents the volume of nanoparticles with the hydrodynamic diameters of 100 nm, and nanoparticles around the line
were selected for further study. (n = 3, date are means + SD.) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Table 2
PEG density and conformation on surface of nanoparticles.
Formulation Composition CL/EG (molar R,” (nm) R D¢ L° PEG density Regime
; 2
PEG-PCL PCL PCLIPEG_PCL PCL/PEG_PCL "2t (nm) (nm) (nm) (PEG/nm")
(W¢/Wy) (molar ratio)
NDo g6" PEG3 4k—PCL3 7k PCL3 5k 0.20 0.41 0.58 103 + 5.5 4.7 1.22 11.73 0.86 Dense
(PEG77—PCLsz) (PCL31) brush
NDg 72% PEGs3 4k—PCL4 5 PCL3 51 0.19 0.43 0.68 96 + 09 4.7 133 11.07 0.72 Dense
(PEG77—PCLsg) (PCL31) brush
NDg 55° PEGs3 4x—PCLs 3k PCL3 5k 0.70 1.74 1.29 104 £+ 1.3 4.7 1.56 9.97 0.55 Dense
(PEG77—PCLys) (PCL31) brush
NDo 36" PEGs3 4k—PCLs5 7k PCL3 5k 1.50 3.90 2.20 94 +13 4.7 1.89 8.76 0.36 brush
(PEG77—PCLso) (PCL31)
NDg 25" PEG3 4xk—PCLsg 3k PCL3 5k 1.27 425 2.66 98 +4647 227 775025 brush
(PEG77—PCLy3) (PCL31)
NDg 19" PEGs3 4k—PCL12.0k PCL3 51 1.85 8.14 4.66 96 +1447 260 7.080.19 brush
(PEG77—PCL1o5) (PCL31)

3 Nanoparticles with different surface PEG density. For example: NDp gs means nanoparticles with the surface PEG density at 0.86 PEG/nm?.

> Hydrodynamic diameters (R,) measured by dynamic light scattering (DLS).

€ Flory radius (Rg), dependent on the PEG molecular weight.

4 The distance (D) between neighboring PEG chain on the surface of the nanoparticle.

€ The length of the PEG chain (L) on the surface of the nanoparticle.

increased, the contents of nanoparticles in these organs decreased
significantly. Moreover, when a dense brush conformation was
presented on the nanoparticles, only a small decrease was
observed in the liver and spleen, which was consistent with the
trends of pharmacokinetics parameters. To further clarify the
in vivo behaviors of nanoparticles with different surface PEG
densities, we conducted in vitro the serum protein binding and
macrophage uptake of nanoparticles. Total protein adsorptions on
the surface of nanoparticles measured by bicinchoninic (BCA)
assay were presented in Fig. S4, and protein isolates from nano-
particles were further analyzed by polyacrylamide gel electro-
phoresis (PAGE) (Fig. 4C). Nanoparticles with the lowest surface
PEG density at 0.19 PEG/nm? interacted strongly with serum

proteins, and increasing PEG density from 0.19 to 0.36 PEG/nm?
significantly reduced the total serum protein adsorption. How-
ever, when the surface PEG density was higher than 0.55 PEG/
nm?, which presented as a dense brush conformation, the serum
protein adsorption decreased negligibly when PEG density was
further increased, indicating that nanoparticles with surface PEG
density in a dense brush regime effectively prevented the serum
protein adsorption. To address macrophage uptake, Rhodamine B-
labeled nanoparticles were incubated with RAW264.7 cells in cell
culture medium. Macrophage uptake presented in a PEG density-
dependent manner (Fig. 4D). These results indicated that an in-
crease in surface PEG density leads to decreased serum protein
adsorption and prolonged blood circulation time.
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Fig. 3. Influence of surface PEG densities on the pharmacokinetics parameters. (A) Concentration—time curve of nanoparticles with varying PEG densities in mice plasma after i.v.
administration (n = 4). Area under the plasma concentration—time curve (AUC(o_4s n)) (B), clearance (CLz) (C) and terminal half-time (T;2) (D) pharmacokinetics parameters were
analyzed in a non-compartment model. (n = 4, data are means + SD.)
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Fig. 4. Distribution of nanoparticles with different surface PEG densities in liver (A) and spleen (B). (n = 4, data are means + SD) (C) Qualitative analysis for serum protein adsorbed
on nanoparticles with varying PEG densities by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). (D) Macrophage uptake of nanoparticles. (n = 4, data are

means + SD).

3.4. Higher surface PEG density assists more nanoparticles
accumulated in tumor tissue, compensating for the defect of
decreased uptake by tumor cells

It was hypothesized that nanoparticles with longer circulation
times allow a greater chance to accumulate in the tumor tissue by
the enhanced permeability and retention effect (EPR effect)
[44—46]. We then evaluated the content of nanoparticles in tumors
following intravenous injection of nanoparticles into nude mice
bearing MDA-MB-231 xenografts, to investigate whether it could
enhance the accumulation of nanoparticles to a greater degree in
tumor tissue by increasing PEG density. As shown in Fig. 5, nano-
particles with higher PEG density accumulated more easily in tu-
mors, which may have occurred due to the prolonged circulation
time. Nanoparticles with the highest surface PEG density showed
208-fold, 150-fold and 66-fold higher accumulation in tumor tis-
sues compared to nanoparticles with the lowest PEG density at 6,12
and 24 h, respectively.

Accumulation of nanoparticles in tumor provided opportunities
for uptake by tumor cells. However, even though PEGylation min-
imizes the nonspecific interactions of nanoparticles with serum
components, thus potentially extending the blood circulation of
nanoparticles and improving accumulation in the tumor following
intravenous administration, previous studies unfortunately
showed that PEGylation also markedly reduces nanoparticles’
cellular uptake in all cells non-specifically as well as in tumor cells,
limiting their antitumor efficiency in vivo [47—51]. We firstly
examined in cell culture the influence of surface PEG density on
cellular uptake in tumor cells. MDA-MB-231 cells were incubated
with Rhodamine B-labeled nanoparticles for 4 h at 37 °C in cell
culture medium. As observed with confocal laser scanning micro-
scopy, cells treated with nanoparticles with lower surface PEG
density showed enhanced intracellular fluorescence signals

(Fig. 6A). The result was also corroborated by flow cytometric
analysis (Fig. 6B and C). To further precisely quantitatively analyze
the cellular fluorescence, cells after treatment were collected and
PCL3 5k-RhoB was extracted for UPLC analysis. As shown in Fig. 6D,
nanoparticles with the lowest surface PEG density exhibited the
strongest cellular uptake compared with those with a higher sur-
face PEG density. Increasing the PEG density led to weaker cellular
uptake, which was consistent with the findings of other studies
[18,52]. These results clearly demonstrated that the reduction in
the cellular uptake of nanoparticles by tumor cells is dependent on
surface PEG density.

The cellular uptake of nanoparticles by tumor cells in vivo was
always affected by other factors. We next examined the cellular
uptake of nanoparticles in vivo by tumor cells. Rhodamine B-
labeled nanoparticles were injected intravenously in mice bearing
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.5 25T
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0.19 025 036 055 072 0.86
PEG density (PEG/nm?2)

Fig. 5. Accumulations of nanoparticles with different surface PEG densities in tumor
tissue after 6, 12 or 24 h injection. (n = 4, data are means + SD).
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Fig. 6. Surface PEG density affects the cellular uptake of nanoparticles by tumor cells. (A) Internalization of nanoparticles observed by confocal laser scanning microscopy. Red
represents nanoparticles labeled with Rhodamine B; green and blue are cell cytoskeleton F-actin and cell nuclei counterstained by Alexa Fluor 488 phalloidin and DAPI, respectively.
(B and C) Flow cytometric analyses of MDA-MB-231 cells after 4 h incubation with Rhodamine B-labeled nanoparticles with different PEG densities (B) and quantification of cell
internalization shown as mean fluorescence intensity (MFI) (C). (D) Quantification analysis of cell internalization of nanoparticles in cell culture by MDA-MB-231 cells. (E and F)
Cellular uptake of nanoparticles by total cells from tumor tissue (E) and GFP-expressing tumor cells in tumor tissue (F). (n = 4, data are means + SD) (G) Cellular uptake by GFP-
expressing tumor cells in tumor after normalization to the amount of nanoparticles accumulated in tumor at the same time point of 12 h. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

GFP-expressing MDA-MB-231 tumors, and after 12 h, the tumor
was excised, dispersed into single cells, and Rhodamine B-labeled
nanoparticles taken up by 107 cells from the tumor tissue were
quantitatively analyzed. As shown in Fig. 6E, nanoparticles with
higher surface PEG density demonstrated a higher cellular uptake
by cells from tumor tissue. To further investigate whether nano-
particles accumulated in tumor tissue could be internalized effi-
ciently by tumor cells, we isolated the GFP-expressing tumor cells
that occupy about 25% of all cells from tumor tissue, and further

analyzed the quantity of nanoparticles in the GFP-expressing tumor
cells. As shown in Fig. 6F, though nanoparticles with the lowest PEG
density had the largest uptake by tumor cells in vitro, the nano-
particles were present in the GFP-expressing MDA-MB-231 cells
in vivo at the lowest value, which should be caused by the shortest
blood circulation and poorest accumulation in tumor tissue. As the
PEG density increased, an enhanced enrichment of nanoparticles in
GFP-expressing tumor cells was observed, suggesting that the
contents of nanoparticles in tumor cells in vivo is a consolidated
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result of blood circulation, tumor accumulation and cellular uptake.
However, when the cellular uptake of nanoparticles by GFP-
expressing tumor cells in vivo to tumor accumulation was
normalized, it still exhibited a relatively higher cellular uptake of
nanoparticles with lower surface PEG density (Fig. 6G). This result
is consistent with that in the cell culture medium, indicating that
higher surface PEG density assists, to some extent, the enrichment
of more nanoparticles in tumor tissue, compensating for the defect
of decreased uptake by tumor cells.

3.5. Higher surface PEG density enriches nanoparticles in tumor
cells in vivo, exhibiting higher antitumor efficacy

The antitumor activities are the comprehensive effect of “blood
circulation,” “tumor accumulation,” “cellular uptake” and so on,
due to the tortuous journey of nanomedicines from their site of
introduction to their molecular site of action. In an attempt to
demonstrate this, docetaxel (DXTL) was used as the model drug to
explore the anti-tumor effect of nanoparticles with varying surface
PEG densities on tumor growth inhibition of MDA-MB-231 breast
cancer, and was also used in a survival study of B16 melanoma
following intravenous administration.

In the MDA-MB-231 model, all of the DTXL-loaded nanoparticles
with varying surface PEG densities were effective in retarding tumor
growth compared to the treatment with PBS (Fig. 7A and Fig. S5A).
Administration of DTXL-loaded nanoparticles with the lowest sur-
face PEG density (0.19 PEG/nm?) presented a weak effect on tumor
growth inhibition, similar to the treatment of Taxol®, with tumor
growth inhibition rates of 41.0% and 40.8%, respectively. Increasing
the surface PEG density of nanoparticles efficiently enhanced the
antitumor activities, and the tumor inhibition ratio was 91.5% in the
NDg g6 group. The weight of the tumor mass after treatments (Fig. 7B
and Fig. S5B) exhibited similar trends, and no significant body
weight loss was observed in any of the treated mice (Fig. S5C).

The anti-tumor therapy was also conducted in the B16 mela-
noma model. The survival curves were examined and presented in
Fig. 7C. Mice treated with DTXL-loaded nanoparticles showed a
significant increase in life span compared to the PBS treatment.
Increasing the surface PEG density of nanoparticles could further
extend the survival time. Administration of Taxol® resulted in only a
slight extended survival time of mice. Drug-free nanoparticles
presented no effect on mice survival compared with PBS (Fig. S5D).
These in vivo and in vitro data confirm that nanoparticles with
higher surface PEG density could deliver more drugs to tumor cells
following systemic administration, resulting in significantly
enhanced antitumor activities.

” o«

4. Conclusions

We regulated the polymeric nanoparticles' size and surface PEG
density, using a highly tunable method by incorporating PCL ho-
mopolymer into PEG—PCL copolymer and adjusting the ratio of
these components. The increase in the volume of nanoparticles was
nearly linearly dependent on the molar ratio of CL/EG. The surface
PEG density also increased significantly with the gradual increase
of the molar ratio of CL/EG. By changing the molecular weight of the
PCL block in PEG—PCL, a library of nanoparticles with different sizes
and surface PEG densities was established. A group of nanoparticles
with similar sizes around 100 nm and varying surface PEG densities
were selected for further studying the influence of surface PEG
density on nanoparticles' behaviors, both in vitro and in vivo. As in
the surface PEG density increased, it resulted in a conformation
change from “brush” to “dense brush,” showing significant im-
provements in the nanoparticles' pharmacokinetics and accumu-
lation in tumor tissue. Although it was observed that nanoparticles
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Fig. 7. Antitumor activities of DTXL-loaded nanoparticles with different surface PEG
densities. (A) Efficacy of DTXL-loaded nanoparticles with varying surface PEG densities
on MDA-MB-231 tumor growth inhibition. (n = 5, data are means + SD) (B) Tumor
weight after the last treatment to MDA-MB-231 tumor-bearing mice. (C) Survival
curves of B12 tumor bearing mice. *p < 0.05, **p < 0.01, ***p < 0.001.

with a lower surface PEG density had a higher cellular internali-
zation in tumor cells in vitro, more nanoparticles with a higher
surface PEG density accumulated in GFP-expressing tumor cells
in vivo, leading to advanced anti-tumor activities.
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