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ABSTRACT: The interactions between nanoparticles and cells or tissues are frequently mediated by different biomolecules adsorbed
onto the surface of nanoparticles. In this study, several methoxy poly(ethylene glycol)-poly(e-caprolactone) (mPEG-PCL) copolymers
with various mPEG/PCL ratios were synthesized and used to produce three types of mPEG-PCL nanoparticles. The protein-
adsorption behavior of nanoparticles was assessed using fetal-bovine-serum (FBS) as a model protein. The cell uptake of nanoparticles
at different nanoparticle doses as well as various culture periods was examined by measuring their endocytosis rate related to Hela
cells cultured in FBS-free and FBS-contained media. The blood clearance of nanoparticles was evaluated using Kunming mice to see
the differences in circulation durations of nanoparticles. Results suggest that that FBS is able to significantly regulate the cell uptake
of nanoparticles in vitro, and on the other hand, the size and mPEG/PCL molar ratio of mPEG/PCL nanoparticles are closely corre-

lated to their blood clearance. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42884.
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INTRODUCTION

Chemotherapy has commonly been used alone or combinatorially
with surgical intervention or radiotherapy for a variety of can-
cers."™ The clinical outcomes of chemotherapy are considered to
be closely associated with the properties of chemotherapeutic
agents themselves and the administration of agents besides some
other factors. Despite many successful cases, chemotherapy for
cancers is frequently limited because many chemotherapeutic
agents have poor aqueous solubility, instability in blood, and non-
selectivity, which results in low bioavailability and various degrees
of toxicity to normal tissues.” To reduce side effects or toxicity of
chemotherapeutic agents and increase their therapeutic efficacy,
different nanoscale vehicles for chemotherapeutic agents, such as
nanoparticles, nanogels, and nanocapsules, have been largely
developed by using various materials and techniques.®

In point of nano carriers for delivery of poor water-soluble drugs,
biocompatible and biodegradable polymers have attracted much
attention due to their tailorable structures and properties as well
as processability in favor of various carrier forms. Of different
polymers, methoxy poly(ethylene glycol)-poly(e-caprolactone)
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(mPEG-PCL) has been widely used as carriers and it can be self-
assembled into polymeric nanoparticles due to its hydrophobic
PCL and hydrophilic mPEG segments.”® By changing the segment
ratios, mPEG-b-PCL nanoparticles with various sizes can be
endowed with abilities to load different hydrophobic drugs with
high efficacy, enhance the stability of drugs, facilitate the sus-
tained drug release, and extend the half-time of drugs in vivo.*™*°

It is know that nanoparticles (NPs) are usually opsonified by
different proteins once they are exposed to a physiological envi-
ronment in vivo, and as a result, a layer of proteins, commonly
being named as protein corona, will immediately form on the
surface of NPs when NPs enter the blood vessel.'' In general,
the protein corona would alter the size, aggregation state, and
surface properties of nanoparticles, and thus, enable the NPs to
have an additionally biological identity differed from its original
physicochemical identity. It is clear that the biological identity
of NPs can mediate the interactions between NPs and biomole-
cules, resulting in quite different physiological responses.'”
Unfortunately, many opsonins, such as immunoglobulins, fibri-
nogen, and complement proteins, promote the phagocytosis
and rapid clearance of the NPs from the bloodstream.
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To date, several investigations for the cell uptake involved in
various NPs and different cells have pointed out that the uptake
levels considerably depend on whether nanoparticles are
exposed to fetal-bovine-serum (FBS)-free medium or FBS-
contained medium."”™"? Nevertheless, details on the uptake in
these studies still need to be clearified.***'

It has been observed that in most cases, cell uptake of NPs under
serum-free conditions is higher than that measured for the same
NPs in the presence of serum'>™” or in a more simple protein
solution.'” In addition, more studies have confirmed that proper-
ties of NPs themselves are also affected by the presence or absence
of a protein coating (or other coatings) on their surface, and in
certain cases, the presence of protein corona on the surface of NPs
can mitigate the toxicity of bare NPs to some extent.**™*°

It is generally difficult to figure out the detailed mechanisms for
protein adsorption on the surface of NPs and the related properties
of protein-adsorbed NPs due to complicated interactions among
the proteins and NPs. Nevertheless, electrostatic and hydrophobic
interactions have been used to explain the adsorption modes of pro-
tein based on a fact that hydrophobic NPs tend to occur stronger
interactions with proteins than hydrophilic ones.””

Despite many studies on mPEG-b-PCL NPs, to our knowledge,
there are limited data available for their protein adsorption behav-
iors and the effect of protein corona on their cell uptake and
blood clearance in vivo. In the present study, an attempt was thus
made to examine the interactions between mPEG-PCL NPs and
FBS using a fluorescent tracing method. FBS medium was chosen
as a model protein solution in consideration of its similarity to
the human blood plasma and its known properties. It is expected
that the results presented in this study could not only provide
cues for the design of mPEG-PCL based nano-drugs but also for
the half-life extension of other nanoparticles in vivo.

MATERIALS AND METHODS

Materials

Rhodamine B (RhB), 4,6-diamidino-2-phenylindole (DAPI),
4-dimethylaminopyrridine (DMAP), N-acetyl-L-cysteine (NAC),
N,N -dicyclohexylcarbodiimide (DCC), e—caprolactone (CL), 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl ~ tetrazolium  bromide
(MTT), methoxy poly(ethylene glycol) (mPEG, M,=5000), and
stannous octoate (Sn(Oct),) were purchased from Sigma-Aldrich.
Dulbecco’s Modified Eagle’s Medium (DMEM) was received from
Gibco. Methanol and acetic acid (HPLC grade) were purchased
from Fisher Scientific. Dimethyl sulfoxide (DMSO) and acetone
were purchased from Liaoning Kelong Fine Chemical Co. (China).
mPEG samples were dried by azeotropic distillation using toluene,
and then, were further vacuum-dried at 50°C for 12 h before use.
CL was purified by drying over CaH, at room temperature and dis-
tilling under reduced pressure. Other chemicals were obtained
from different commercial sources in china and used without fur-
ther purification.

Measurements

"H-NMR spectra were measured by a Unity 300-MHz NMR spec-
trometer (Bruker, Germany) at room temperature. The morphol-
ogy of the nanoparticles was viewed using a JEOL JEM-1011
transmission electron microscope (TEM). Colloidal nanoparticle
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suspensions were prepared using ultrapure water and they were
evaluated by dynamic light scattering (DLS) measurements using
an instrument (DAWN EOS, Wyatt Technology) to determine
hydrodynamic particle sizes. The zeta potential ({) of nanopar-
ticles was also measured on the same instrument.

Synthesis of mPEG-PCL

The mPEG-PCL was synthesized following a ring-opening poly-
merization method described elsewhere.?® In a typical procedure,
17 g of CL, 15 g of mPEG, and 0.16 g of Sn(Oct), were introduced
into the reactor under a dry nitrogen atmosphere, and the reac-
tion was allowed to conduct at 130°C for 6 h. The reaction was
stopped by cooling the reaction system to the room temperature.
The resultant copolymer was separated by precipitating in diethyl
ether, followed by drying in vacuum at 25°C. By mainly changing
the feed ratio of CL to mPEG and the reaction time, three types of
mPEG-PCLs with varied mPEG/PCL molar ratios at around 5/2,
5/3, and 5/4 were synthesized. The purified copolymers were kept
in desiccators for further use.

Synthesis of Rhodamine B-Labeled mPEG-PCL

RhB was labeled onto the mPEG-PCL copolymers via a regular
coupling reaction using DCC and DMAP as active reagents.
About 0.5 g of mPEG-PCL and 0.001 g of RhB were dissolved in
10 mL of methylene chloride, followed by the addition of 0.17 g
of DCC and 0.05 g of DMAP, respectively. The mixture was kept
stirring in an ice bath shielding from light for 24 h, and was then
precipitated with excess diethyl ether. After being filtered, the
RhB-labeled mPEG-PCL copolymer was vacuum-dried. The
product was further purified by dialyzing again water and freeze-
dried again. Three types of mPEG-PCLs were labeled with RhB
using the same method.

Preparation of Nanoparticles

The presently synthesized mPEG-PCLs can be self-assembled
into nanoparticles in aqueous media due to their amphiphilic prop-
erties. A reported method was employed for the preparation of
mPEG-PCL nanoparticles.” Briefly, 10 mg of RhB-labeled mPEG-
PCL was dissolved in 3 mL tetrahydrofuran (THF) in a round bot-
tom flask and the THF was then evaporated using rotary evapora-
tion at 50°C to obtain a solid film. The resulting film was further
hydrated using 10 mL water at 50°C for 30 min to produce a nano-
particle solution. The solution was dialyzed against distilled water
for 24 h, followed by lyophilization to obtain RhB-labeled mPEG-
PCL nanoparticles. The preparation was performed by shielding
from light. Three types of RhB-labeled mPEG-PCL nanoparticles
with molar ratio of mPEG to PCL at around 5/2, 5/3, and 5/4 were
named as NP2K, NP3K, and NP4K, respectively.

Cell Culture

Human cervix cancer Hela cell line was provided by the cell bank of
the Shanghai Institutes for Biological Sciences. Hela cells were
expanded in DMEM at 37°C in a humidified 5% CO, atmosphere,
supplementing with 10% FBS, 100 U/mL penicillin, and 100 mg/
mL streptomycin. Cultured medium was replaced on alternate days
until confluence, and the harvested cells were resuspended in media
for further experiments.
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Cytotoxicity Assay

Hela cells harvested at the logarithmic growth phase were
seeded in 96-well plate at a cell density of 1 X 10° cells/well
and incubated with DMEM at 37°C for 24 h. The medium was
then replaced with nanoparticles solutions in DMEM at differ-
ent equivalent concentrations changing from 0.32 ug/mL to
1.0 mg/mL. After incubation for additional 48 h, each well was
added with 20 uL of MTT solution (5 mg/mL) in PBS, and the
plate was further incubated at 37°C for 4 h, followed by
removal of culture medium and addition of 150 uL DMSO to
dissolve the formazan crystals formed. Finally, the plate was
shaken for 10 min, and the absorbance of formazan products
was measured at 570 nm using a microplate reader. Cell viabil-
ity was determined with reference to two-dimensional culture
without nanoparticle treatment.

Protein Adsorption on Nanoparticles

About 0.5 mL of nanoparticle dispersion solutions with different
concentrations (0.5 mg/mL, 1 mg/mL, 2 mg/mL, and 4 mg/mL)
was added into 0.5 mL of deionized water or 20% FBS, and incu-
bated under agitation for 2 h in eppendorf tubes at 37°C, followed
by centrifugation at 3000 rpm for 5 min. The soluble protein left
in the culture medium after incubation was separated by ultrafil-
tration at 3000 rpm for 5 min, and analyzed using a bicinchoninic
acid (BCA) essay. Deionized water was used as control and its
optical density value was deducted from measured values
matched with respective nanoparticle samples.

Cell Uptake

Hela cells were seeded in 6-well culture plates with complete
DMEM medium containing 10% FBS at a density of 5 X 10*
cells per well and allowed to adhere for 24 h. After that, the cul-
ture medium was removed, and cells were washed with PBS
prior to the treatment of nanoparticle dispersion solutions.

The RhB-labeled mPEG-PCL nanoparticle stock solution
(4 mg/mL) was diluted into several less concentrated solutions
with prescribed concentrations using FBS-free or FBS-contained
DMEM medium (10% FBS), and to each well (5 X 10* cells), a
given amount of the diluted mPEG-PCL solution was added.
After co-culture with nanoparticles for 60 min, the culture
medium containing RhB-labeled mPEG-PCL nanoparticles was
vacuated and the cells were washed three times with PBS. Cells
were then harvested using trypsin/Ethylene Diamine Tetraacetic
Acid and fixed with a 4% formalin solution for 20 min. After
that, the cells were resuspended in PBS for subsequent flow
cytometry measurements. Average endocytosis rate was deter-
mined by counting a minimum of 10,000 cells for each speci-
men. To quantitatively compare the effect of FBS-adsorption on
the cell uptake of nanoparticles, after culture for 60 min, the
nanoparticle concentration matched with the endocytosis rate at
50% (ECsy) was measured in both FBS-free and FBS-contained
media based on the fitted curves of endocytosis rate versus

nanoparticle concentration.

For confocal imaging, Hela cells were seeded into 6-well culture
dishes in which each well was placed with a glass cover-slip
with a diameter of 15 mm, and the cell density was set as 2 X
10* cells per well. After 24-h adherence, the cells were treated
with RhB-labeled mPEG-PCL nanoparticles using the same
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method described above for the sample preparation in flow
cytometry measurements. After removal of the culture medium
containing RhB-labeled mPEG-PCL nanoparticles, the cells were
washed with PBS, fixed with 4% formaldehyde (1 mL/well) at
room temperature for 10 min, followed with washing using
PBS. For nucleus staining, the fixed cells in each well were incu-
bated with 1 mL of DAPI solution (1.0 g/mL) for 10 min, and
washed with PBS five times. The cover-slips were then taken
out for confocal laser scanning microscopy analysis.

Blood Clearance

All animal experiments were conducted according to National
Institutes of Health standards as set forth in the guide for the
care and use of laboratory animals. Twenty-seven Kunming
mice (6-8 weeks) were randomly divided into nine groups. The
mice were injected with RhB labelled mPEG-PCL nanoparticles
via the tail vein at an equivalent dose of 50 mg/kg of body
weight. Blood samples were collected via the eye socket using
heparinized tubes at predetermined time intervals at 10 min, 60
min, and 4 h after injection. The blood samples were centri-
fuged at 3000 rpm for around 10 min, and the supernatants
were used for fluorescent analysis. The fluorescence intensities
of supernatants were measured using a fluorescence spectrome-
ter (Nikon Instruments Europe B.V., Surrey, England) at an
excitation wavelength of 558 nm and an emission wavelength of
590 nm.

Statistical Analysis

Data were expressed as means * standard deviation (n>3). Sta-
tistical analyses were carried out using statistical software
(GraphPad Prism). One-way ANOVA was used to examine
whether significant differences existed between the measured
data, and P<0.05 was considered to be statistically significant.

RESULTS AND DISCUSSION

Parameters of mPEG-PCL Nanoparticles

Several mPEG-PCL copolymers were first synthesized in order to
prepare mPEG-PCL nanoparticles having different average sizes
and properties. By mainly changing the feed ratio of CL to mPEG
and the reaction time while keeping other reaction condition con-
stant, it was found that the segment of PCL in mPEG-PCLs could
be well controlled. Based on many trials, the molar ratios of
mPEG to PCL was optimized as around 5/2, 5/3, and 5/4, and the
resulting mPEG-PCLs were further used to produce RhB-labeled
mPEG-PCL copolymers for preparing three types of nanopar-
ticles, named as NP2K, NP3K, and NP4K, respectively. Figure 1
presents three representative TEM images for these nanoparticles.
It can be reached that these nanoparticles showed basic sphericity
without aggregation and their size was estimated to be several
tens of nanometers. Figure 2 shows several representative size-
distributions for three types of nanoparticles. The curves indi-
cated that these size-distributions had approximate Gaussian-
distribution characters, and the peak values matching with the
size for NP2K, NP3K, and NP4K nanoparticles were about 60,
120, and 150 nm, respectively. Three sets of nanoparticle samples
were measured for their average size and zeta potential, and rele-
vant data are listed in Table I. It can be seen that these nanopar-
ticles had significantly different (P<0.01) average sizes but similar
zeta potentials. In the present study, the M, of used mPEG was
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Figure 1. TEM images of NP2K (A), NP3K (B), and NP4K (C) nanopar-
ticles (scale bar: 100 pm).

5000, and mPEG-PCLs used for NP2K, NP3K, and NP4K nano-
particles had gradually extended length of hydrophobic PCL
segments due to the designated molar ratios of mPEG to PCL.
As a result, NP2K nanoparticles should have smaller average sizes
than two others because the mPEG-PCL used for the preparation
of NP2K nanoparticles had shorter chain length than two others.
The difference in average sizes between NP3K and NP4K nano-
particles was due to the same reason.

It is know that mPEG-PCLs had some amphiphilic features.
The hydrophobic PCL segments could tend to aggregate inside
the mPEG-PCL nanoparticles whilst the relatively hydrophilic
PEG segments may be more likely to expose on the surface of
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Figure 2. Representative size-distributions measured by DLS for NP2K,
NP3K, and NP4K nanoparticles. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

the nanoparticles since these nanoparticles were prepared in
aqueous media. In addition, NP2K, NP3K, and NP4K nano-
particles had different average sizes. The various lengths of
hydrophobic PCL segments in mPEG-PCLs and different sizes
of mPEG-PCL nanoparticles may synergetically regulate the sur-
face properties of mPEG-PCL nanoparticles, resulting in insig-
nificant differences in the zeta potential of nanoparticles.

Viability of Hela Cells Cultured with Nanoparticles

To see whether presently prepared nanoparticles have any cyto-
toxicity to Hela cells, three types of nanoparticles were respec-
tively cultured with Hela cells at various doses of nanoparticles
for 48 h and the viability of Hela cells was assessed using a
MTT essay. Figure 3 shows changes in the viability of Hela cells
cultured with different nanoparticles as the nanoparticle con-
centration increased from 0.32 pg/mL to 1.0 mg/mL. It can be
observed that within the overall tested range of nanoparticle
concentration, the viability of Hela cells was higher than 90%,
suggesting that NP2K, NP3K, and NP4K nanoparticles are
nearly nontoxic to Hela cells.

Protein Adsorption of Nanoparticles

In general, the effect of in vivo opsonization on nanoparticles
can lead to the rapid in vivo clearance of nanoparticles through
the mononuclear phagocytic system, which is considered to be a
major obstacle for delivery of drugs via nanoscale carriers. To
date, it is basically clear that the opsonization process involves
protein adsorption and/or activation. When nanoparticles are
intravenously injected into body, they will interact with different
biomolecules, such as proteins and lipids, to different extent,
and these biomolecules will in turn influence the biodistribution
and metabolism of nanoparticles.’®*' In the present study, an
effort was made to see the effect of FBS adsorption on cell
uptake of mPEG-PCL nanoparticles. The amount of absorbed
FBS was determined by the difference between the initial FBS
amount and the FBS amount left in the supernatant after adsorp-
tion. Figure 4 shows the amount of adsorbed FBS on different
nanoparticles. To each type of nanoparticles, an increasing FBS-
adsorption trend was observed as the nanoparticle concentration
increased. Considering the differences in the PCL segments
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Table 1. Main Parameters of RhB-Labeled mPEG-PCL Nanoparticles
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Estimated molar
ratio of mPEG to

Sample name pCL?® Mean size (nm)° PDI dmV)

NP2K B5e2 67.7 £517 0.11 +0.051 -8.1+0.45
NP3K 5:3 120.6+9.17 0.16 =0.039 -6.6+0.37
NP4K 5:4 1549+11.25 0.23+0.064 —-7.2+0.58

@The chemical composition and molar ratio of mPEG to PCL were determined using *H NMR spectra.

Data were obtained by DLS measurements.

among these nanoparticles, it can also be deduced that the FBS-
adsorbed amount increased with increasing length of PCL seg-
ments. To quantitatively determine the FBS adsorption, the con-
centration at 50% of maximal effect (ECsy) was measured. The
ECs for NP2K, NP3k, and NP4K was 4.0, 2.96, and 1.75 mg/ml,
respectively.

These results indicated that nanoparticles built by the mPEG-PCL
with shorter hydrophobic PCL segments, for example, NP2K
nanoparticles, had better anti-opsonization ability than those pre-
pared with the mPEG-PCL having longer hydrophobic PCL seg-
ments. In the case of liposomes, it has been reported that protein
adsorption onto liposomes makes them more susceptible to phag-
ocytosis, and protein adsorption usually becomes stronger on
hydrophobic surface than on hydrophilic surfaces.** In our cases,
NP4K nanoparticles had largest ECsp, implying the surface of
NP4K nanoparticles may less hydrophilic than others.

Cell Uptake

To figure out the effect of FBS-adsorbed nanoparticle concentra-
tions on the cell uptake, NP2K, NP3K, and NP4K nanoparticles
were respectively incubated with Hela cells for 60 min using
FBS-free or FBS-contained culture (10% FBS) media. The endo-
cytosis rate of nanoparticles was determined using flow cytome-
try analysis and relevant data are depicted in Figure 5. It can be
observed that (1) the endocytosis rates for three types of nano-
particles were concentration-dependent in both FBS-free and
FBS-contained media; (2) much lower concentration of NP2K
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Figure 3. Viability of Hela cells respectively cultured in vitro with NP2K
(A), NP3K (B), and NP4K (C) nanoparticles for 48 h.
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nanoparticles was needed to reach the same endocytosis rate
when comparing to NP3K or NP4K nanoparticles in both FBS-
free and FBS-contained culture media; and (3) in the cases of
NP3K and NP4K nanoparticles, higher endocytosis rates were
recorded in FBS-free medium than in FBS-contained medium
at the designated nanoparticle concentration range correspond-
ing to each type of nanoparticles. These results suggest that the
smaller mPEG-PCL nanoparticles will be more easily uptaken
by Hela cells than those larger ones, and on the other hand,
FBS-adsorption onto the mPEG-PCL nanoparticles would
hinder their uptake by Hela cells. To see the effect of FBS-
adsorption on the cell uptake of nanoparticles, ECs, was meas-
ured and the relevant data are listed in Table II. To each type of
nanoparticles, AECs, can be related to the single contribution
arisen from FBS-adsorption. Data in Table II reveal that FBS-
adsorption had nearly no impact on the uptake of NP2K nano-
particles, but it significantly regulated the uptake of NP3K and
NP4K nanoparticles. In general, cellular uptake of nanoparticles
could be affected by many factors, such as particle size,® the
cell line and cell density,”® composition of particles,” surface
properties (surface hydrophobicity/hydrophilicity and surface
charges),”*** temperature, and so on. In the present instance,
since NP2K, NP3K, and NP4K nanoparticles had main differen-
ces in their average size as well as the length of PCL segments
in mPEG-PCLs, it may be drawn that the smaller NP2K nano-
particles had shorter PCL segments and more hydrophilic
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Figure 4. FBS adsorption of different nanoparticles (FBS concentration:
20%, culture conditions: 37°C, 2 h). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.42884

Applied Polymer -


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP A’I“S“I“ilied Polymer

- 107 mm A 120 A ~ 1007 mmm A

?Eioo-':"B ?2100.EB éw-=B

E 80 E 80 E

= % 4 0]

£ e 2 o] 2

B g g 404

r P T M 2

i 3 o : ™

1] v o

O 50502 0010 0.0580 0.0100 0.0200 e o4 o8 15 24 e o8 1& 24 32

Namopaticle concentration [mgnl]

Namoparticle concentration [ing ml)

Nanoparticle concentration ing ml]

sazasn

FPEBEP VFFIRY

PEEEI YUIER

P PR ARSI IAE VPRSI VPRI IE S E R

ISYPPENY YRR TPaT Y

- Illl-‘lIl,llIliTgl-k'1I:—II

FEPES JEBITR JISNIN s enEIE
-
[ EEELIEEEI L AER.
=3

RN

Figure 5. Hela cell endocytosis rate of nanoparticles at various nanoparticle concentrations (culture time: 37°C, 60 min). Left column: NP2K (left panels:
a—e (0.0002-0.0200 mg/mL), in FBS-free medium, A; right panels: f—j (0.0002-0.0200 mg/mL), in FBS-contained medium, B); middle column: NP3K
(left panels: a—e (0.2-2.4 mg/mL), in FBS-free medium, A; right panels: - (0.2-2.4 mg/mL), in FBS-contained medium, B); and right column NP4K
(left panels: a—e (0.4-3.2 mg/mL), in FBS-free medium, A; right panels: f—j (0.4-3.2 mg/mL), in FBS-contained medium, B). [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

surface, which would result in lower FBS-adsorption (see Figure
4), and in turn, higher endocytosis rate. On the other hand, the
larger NP4K nanoparticles had longer PCL segments and less
hydrophilic surface, leading to higher FBS-adsorption (see Fig-
ure 4), and thus, lower endocytosis rate.

To see the effect of culture-time of FBS-adsorbed nanoparticles
on the cell uptake, NP2K, NP3K, and NP4K nanoparticles were
respectively incubated with Hela cells at a fixed nanoparticle
concentration of 0.2 mg/mL in the media without or with 10%
FSB for various periods of time changing from 5 to 180 min,
and their endocytosis rate as well as fluorescent images were
analyzed. Figure 6 presents some representative fluorescent
images for three types of Hela cells cultured with nanoparticles
for a same period of time (60 min). These images approxi-
mately show that in the cases of FBS-free medium (left col-
umn), RhB fluorescent intensity showed that more NP2K
nanoparticles were taken by Hela cells than two other types of

Table II. EC5, (mg/mL) for Three Types of Nanoparticles Cultured with
Hela Cells®

ECsoin ECspin
Sample FBS-free FBS-contained AECso
name medium (A) medium (B) (B-A)
NP2K 0.006 0.007 0.001
NP3K 0.633 1.459 0.796
NP4K 0.670 1.762 1.092

2 Culture time: 60 min.
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nanoparticles; and in the cases of FBS-contained medium (right
column), a decreasing trend in fluorescent intensity was
recorded for NP2K, NP3K, and NP4K nanoparticles. In addi-
tion, fluorescent intensity for NP3K and NP4K nanoparticles
cultured in the FBS-contained medium was much lower than in
the FBS-free medium. These results were in rough agreement
with that illustrated in Figure 5.

Figure 7 shows endocytosis rates for three types of nanoparticles
cultured with Hela cells at a particle concentration of 0.2 mg/mL
over various periods of time up to 180 min. As mentioned earlier
in Figure 5, to reach an approximately similar endocytosis level,
the needed particle concentration for NP2K nanoparticles was
much lower in comparison to NP3K or NP4K nanoparticles. In
order to compare the endocytosis rate on the same baseline for
three types of nanoparticles, a particle concentration of 0.2 mg/mL
was selected at a compromising level in the present instance, which
is much higher than the necessary one for NP2K nanoparticles
but quite low for NP3K and NP4K nanoparticles (see Figure 5).
It can be observed from Figure 7 that in the case of NP2K nanopar-
ticles, their endocytosis rate reached more than 90% after 5-min
culture, and after that, it seemed not to change significantly; and in
addition, the FBS-free or FBS-contained medium did not impose
significantly impacts on the endocytosis rate of NP2K nanopar-
ticles. The Hela cell uptake behavior matching with NP2K nano-
particles could be ascribed to the too high particle concentration
used, and thus, the internalization of NP2K associated with Hela
cells could be very fast and saturated in a short period of time, for
example, 5 min, as indicated in Figure 7 by the high endocytosis
rate.
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Figure 6. Fluorescent images of Hela cells cultured with NP2K (upper line), NP3K (middle line),
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and NP4K (lower line) nanoparticles for 60 min (con-

centration of nanoparticles: 0.2 mg/mL; DAPI staining (blue); RhB fluorescence (red); left column (A): in FBS-free medium; right column (B): in FBS-
contained medium (10% FBS). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

With respective to NP3K and NP4K nanoparticles, they both
showed uptrends with small differences in the increment rates for
their endocytosis rate as the culture time was extended. When
cultured at a particle concentration of 0.2 mg/mL in the
FBS-contained medium, these two types of nanoparticles seemed
to be completely obstructed from being internalized even if they
were cultured with Hela cells for 180 min (see middle and right

columns in Figure 7). Under this circumstance, FBS-adsorption
should be considered as a key factor that can regulate the uptake
behavior of NP3K and NP4K nanoparticles. FBS is known to be
a type of “bystander” protein, namely, a protein for which no
specific cellular recognition mechanism exists.’® Thus, the
adsorbed FBS proteins onto the surface of NP3K and NP4K nano-
particles in fact act as a protective layer, shielding the surface of
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Figure 7. Hela cell endocytosis rate of nanoparticles as function of incubation time (nanoparticle concentration: 0.2 mg/mL). Left column: NP2K (left
panels: a—f (5-180 min), in FBS-free medium, A; right panels: g-1 (5-180 min), in FBS-contained medium, B); middle column: NP3K (left panels: a—f
(5-180 min), in FBS-free medium, A; right panels: g-1 (5-180 min), in FBS-contained medium, B); and right column NP4K (left panels: a—f (5-180
min), in FBS-free medium, A; right panels: g-1 (5-180 min), in FBS-contained medium, B). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Nanoparticle content in mouse plasma after injection with an

equivalent amount of nanoparticles for various periods of time (dose:
50 mg/kg).

the nanoparticles from interactions with the cells, resulting in
much lower internalization of nanoparticles when they were cul-
tured in the FBS-contained medium than in the FBS-free medium.

Blood Clearance

The circulation duration of drug-carried nanoparticles in the
blood is a key factor for assessing their capability of drug-
delivery. In principle, in vivo clearance of nanoparticles involves
three main pathways: (a) disintegration of nanoparticles due to
protein adsorption and (b) heterologous
removal opsonized by immune cells, and (c) filtration by organs
with fenestrated vasculature. It is generally accepted that the

zymohydrolysis,

physicochemical properties of nanoparticles, mainly including
surface charge, hydrophobicity, particle size, surface curvature,
and surface area, can significantly influence protein adsorption
to the surface of nanoparticles. Hydrophobicity of the nanopar-
ticle surface is one of main factors that are related to the pro-
tein adsorption in plasma. In general, higher hydrophobicity of
nanoparticle surface could incur greater and faster protein bind-
ing.”” As mentioned earlier, besides the significant differences
in particle sizes (see Table I), NP2K, NP3K, and NP4K nanopar-
ticles could also have differences in their hydrophobicity because
of different molar ratios of mPEG to PCL (see Table I). To see
whether the different nanoparticles would have differences in
their clearance from blood, blood samples obtained from mice
that were intravenously injected with an equal amount of nano-
particles were qualitatively examined using fluorescent analysis,
and the calculated particle content in the mouse plasma was
depicted in Figure 8. It can be noted that nanoparticle content
in the plasma gradually decreased over the extended time and
there were significant differences (P<0.05) in their decreasing
rates. At each measurement point, nanoparticle content in the
plasma was ranged in a decreasing order of NP2K, NP3K, and
NP4K with significant differences (P<0.05). Considering the dif-
ferences in the average particle size and surface hydrophilicity of
these nanoparticles, these results suggest that nanoparticles with
smaller size and relatively hydrophilic surface, namely, NP2K
nanoparticles in the present instance, are able to circulate in
blood for a relatively long duration.
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CONCLUSIONS

Several types of nanoparticles were successfully produced using
different RhB-labeled mPEG-PCL copolymers with various
molar ratios of mPEG to PCL. It was found that smaller
mPEG-PCL nanoparticles with a higher mPEG/PCL molar ratio
showed a less ability to adsorb FBS and can be easily internal-
ized by Hela cells at lower particle doses in both FBS-free and
FBS-contained media in comparison to the larger mPEG-PCL
nanoparticles with relatively low mPEG/PCL molar ratios.
When the larger mPEG-PCL nanoparticles with relatively low
mPEG/PCL molar ratios were exposed to FBS-free or FBS-
contained media at different doses or various culture times, the
FBS-contained medium could significantly obstruct their inter-
nalization by Hela cells. The blood clearance testing confirmed
that the smaller mPEG-PCL nanoparticles with a higher mPEG/
PCL molar ratio will have potential to circulate in blood for a rel-
atively long duration than those larger mPEG-PCL nanoparticles
with relatively low mPEG/PCL molar ratios. These results suggest
that FBS, a common protein, is able to significantly regulate the
cell uptake of these mPEG/PCL nanoparticles in vitro, and on the
other hand, the size and mPEG/PCL molar ratio of mPEG/PCL
nanoparticles are closely correlated to their blood clearance.
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