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anoscale particulate systems have

been studied as the delivery ve-

hicle of various drugs and thera-
peutic agents for decades with promising
outcomes.! > Recently, nanoparticulate sys-
tems that are responsive to one or more en-
vironmental stimuli (such as temperature,
pH, and electromagnetic field) are attract-
ing more and more attention because they
allow drug delivery and release to be done
in a more controllable fashion.® 2 The ther-
mally (temperature) responsive nanoparti-
cles are of particular interest to many re-
searchers because the temperature-
controlled release of the encapsulated drug
can be conveniently done with either
thermo (using supraphysiologic tempera-
tures) or cryo (using subzero temperature)
therapies, minimally invasive energy-based
surgical techniques that have been widely
studied as potential alternatives to the radi-
cal surgical intervention for the treatment
of cancer and various other diseases. More-
over, a significantly improved outcome of
cancer treatment has been reported by
combining thermotherapy (using supra-
physiologic temperatures) and anticancer
drug encapsulated in thermally responsive
nanoparticles (liposomes).'>~1°

Besides liposomes, thermally responsive

nanoparticles have also been made using
various polymers including Pluronics.? 34
Pluronics are amphiphilic, triblock copoly-
mers composed of poly(oxyethylene)-block-
poly(oxypropylene)-block-
poly(oxyethylene) (PEO,-PPO,-PEO,) that
are commonly used as nonionic macro-
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ABSTRACT In this study, we synthesized empty core—shell structured nanocapsules of Pluronic F127 and
chitosan and characterized the thermal responsiveness of the nanocapsules in size and wall-permeability.
Moreover, we determined the feasibility of using the nanocapsules to encapsulate small molecules for
temperature-controlled release and intracellular delivery. The nanocapsules are ~37 nm at 37 °C and expand to
~240 nm when cooled to 4 °Ciin aqueous solutions, exhibiting >200 times change in volume. Moreover, the
permeability of the nanocapsule wall is high at 4 °C (when the nanocapsules are swollen), allowing free diffusion
of small molecules (ethidium bromide, MW = 394.3 Da) across the wall, while at 37 °C (when the nanocapsules are
swollen), the wall-permeability is so low that the small molecules can be effectively withheld in the nanocapsule
for hours. As a result of their thermal responsiveness in size and wall-permeability, the nanocapsules are capable of
encapsulating the small molecules for temperature-controlled release and intracellular delivery into the cytosol
of both cancerous (MCF-7) and noncancerous (C3H1071/2) mammalian cells. The cancerous cells were found to take
up the nanocapsules much faster than the noncancerous cells during 45 min incubation at 37 °C. Moreover, toxicity
of the nanocapsules as a delivery vehicle was found to be negligible. The Pluronic F127 — chitosan nanocapsules
should be very useful for encapsulating small therapeutic agents to treat diseases particularly when it is combined
with cryotherapy where the process of cooling and heating between 37 °C and hypothermic temperatures is
naturally done.

KEYWORDS: nanocapsule - thermal responsiveness - Pluronic F127 - chitosan -
controlled release - intracellular delivery - wall-permeability

molecular surfactants with excellent
biocompatibility.3*~3” Due to their am-
phiphilic nature, Pluronic copolymers form
micelles (either solid or with an empty core)
in an oil-in-water emulsion with the more
hydrophobic PPO and hydrophilic PEO
blocks being oriented to the oil and water
phases, respectively. These micellar struc-
tures can be made permanent to produce
thermally responsive nanocapsules by
cross-linking the Pluronic polymer with
cross-linkers such as heparin and polyethyl-
enimine (PEI).28733 For example, the
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Figure 1. lllustration of the chemistry and procedures to synthesize the Pluronic F127—chitosan nanocapsules. The pictures
show the typical appearance of the oil-in-water emulsion before rotary evaporation, after rotary evaporation to remove the
organic oil phase, and after dialysis to remove the catalyst (EDC) and any residual polymers. The oil used is dichloromethane.
PPO, polypropylene oxide; PEO, polyethylene oxide; DMAP, 4-dimethylaminopyridine; TEA, triethylamine; EDC, 1-ethyl-3-[3-
dimethylaminopropyllcarbodiimide hydrochloride; US, ultrasound.

Pluronic F127 (PEO;0o-PPOgs-PEO;00)-based nanocap-
sules made in this way have been reported to exhibit a
volume change of more than 1000 and 20—40 times
between 4 and 37 °C in aqueous solutions when hep-
arin and PEIl are used as the cross-linker,
respectively.3°~3% Beside their thermal responsiveness
in size, our recent studies demonstrate that the wall-
permeability of the Pluronic F127—PEl nanocapsules is
thermally responsive, as well.>* Moreover, we have suc-
cessfully utilized the thermal responsiveness of the Plu-
ronic F127—PEIl nanocapsules in size and wall-
permeability to encapsulate a small molecule (treha-
lose, MW = 342 Da) for delivery into the cytosol of
mammalian cells.>* However, the potential cytotoxicity
of PEl is a concern particularly for translational and clini-
cal applications. 3841

In this study, we report the synthesis and character-
ization of the Pluronic F127-based nanocapsules using
chitosan as the cross-linker. The Pluronic
F127—chitosan nanocapsules were found to have ex-
cellent biocompatibility, presumably due to the bio-
compatible nature of the two constituent polymers:
Pluronic F127 has been approved by FDA (Food and
Drug Administration) for use as food additives and
pharmaceutical ingredients,>*~3” and chitosan is a natu-
ral, cationic polysaccharide that is commonly found in
seafood.*>~% Moreover, we found that the Pluronic
F127 —chitosan nanocapsules can be used to encapsu-
late small molecules (ethidium bromide, MW = 394.3
Da) for intracellular delivery (by incubating with mam-
malian cells at 37 °C for 45 min in serum-free medium)
and temperature-controlled release in the cells.

RESULTS

Surface Chemistry, Morphology, and Size of the Pluronic
F127—Chitosan Nanocapsules. The chemistry of the Plu-
ronic activation and nanocapsule synthesis is shown in
Figure 1. Pluronic F127 was activated by adding a car-
boxyl group (—COOH) to both ends of the polymer.
The activation efficiency was determined to be 91.8 =
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2.3% using the acid—base titration method. During
the nanocapsule synthesis, EDC was used to catalyze
the reaction (formation of cross-link) between the car-
boxyl group of activated Pluronic F127 and the amine
group of chitosan to form amide bonds.*®* Successful
preparation of the thermally responsive Pluronic
F127—chitosan was confirmed by 'H NMR, FTIR, TEM,
and DLS analysis.

The "H NMR and FTIR spectra of the activated Plu-
ronic F127 and chitosan cross-linked Pluronic F127
(feeding at 10% for synthesis) nanocapsules are shown
in Figure 2A,B, respectively. The '"H NMR spectrum of
the activated Pluronic F127 shows a prominent reso-
nance peak at 8 ~2.55 ppm corresponding to the me-
thylene protons (—CH,—CH,—) of the succinic groups
added to the terminals of Pluronic F127 along with the
major resonance peaks of Pluronic F127 (at 8 ~1.05 and
3.2—3.8 ppm). The "TH NMR spectrum of the chitosan
cross-linked Pluronic F127 nanocapsules shows the ma-
jor peaks of activated Pluronic F127 along with the reso-
nance peaks at & ~1.9 and 2.7 ppm corresponding to
the methyl (—CHjs) and methylene proton at the C2 po-
sition of chitosan, respectively.>® The cross-linking be-
tween chitosan and the activated Pluronic F127
through an amide bond at the terminal end of the poly-
mers was confirmed by the splitting of the methylene
resonance peaks (8 ~2.55 ppm) into two at & ~2.55 and
2.35 ppm. These changes in chemical shift of the pro-
tons in the —CH,—CH,—COOH group are typical when
the terminal carboxyl group is reacted with the amine
group to form amide bonds (Figure 1). By integrating
the proton resonance peaks of chitosan (at & ~2.55
ppm) and Pluronic F127 (at 8 ~1.05 ppm), chitosan was
found to take up ~11% (by weight) of the
nanocapsules.

When comparing the FTIR spectrum of Pluronic
F127 before and after activation (Figure 2B), a peak at
1735 cm ™" as a result of =0 stretching in the carboxyl
(—COOH) group is noticeable only for the activated
polymer, indicating the —COOH group was success-
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fully added to the two terminals of Pluronic F127 after
activation. The FTIR spectrum of chitosan shows two
peaks at 1637 and 1560 cm ™' as a result of the strong
N—H bending (1560 cm™") in the primary amine (—NH,)
groups and the amide | (O stretching, 1637 cm™")
and amide Il (weaker N—H bending than that in the pri-
mary amine, 1560 cm ™) in the residual (5%) acety-
lated amine (—NH—(C=0)—CH;) groups of
chitosan.***" In the spectrum of Pluronic
F127—chitosan nanocapsules, however, the amides Il
peak at 1560 cm ™" is barely identifiable while the amide
| peak at 1637 cm ™ is apparent. The diminished amide
Il peak presumably is due to the loss of primary amine
(—NH,) groups to the secondary (—NH—) ones when
chitosan is cross-linked with the activated Pluronic
F127, which at the same time strengthens the amide |
peak as a result of the formation of more amide
bonds.>>** Moreover, the peak of (=0 stretching (1735
cm™") in the carboxyl group is significantly weakened
in the spectrum of the nanocapsule compared with that
in the activated Pluronic F127, presumably due to for-
mation of the amide bond between the carboxyl group
in the activated Pluronic F127 and the primary amine
groups in chitosan. The presence of the (=0 stretch-
ing peak at 1735 cm ™' in the FTIR spectrum of the nano-
capsules indicates that not all of the activated termi-
nals of Pluronic F127 in the nanocapsules formed an
amide bond with chitosan. In summary, all of these ob-
servations indicate the conjugation of chitosan onto
Pluronic F127 via the formation of amide bonds be-
tween the two polymers during the nanocapsule syn-
thesis process.

To investigate the effect of EDC catalysis time on
the nanocapsule synthesis, Pluronic
F127(10%)—chitosan nanocapsules were prepared by
allowing various durations (0—20 h) of EDC catalysis.
FTIR spectra of the various nanocapsules formed are
shown in Figure 3A. We further quantified the area ra-
tio of peak 1 (for amide I) to peak 2 (for glucosamine,
the building unit of chitosan to serve as the reference
of the amount of chitosan present in the nanocapsules),
and the results are shown in Figure 3B. The relative
peak area significantly increases with the increase of
the EDC catalysis time in ~10 h and reaches a plateau
thereafter, which indicates that more amide bonds
formed (or more chitosan cross-linked onto Pluronic
F127) with the increase of catalysis time in the first 10 h
during the synthesis process.

We further studied the effect of the EDC catalysis
time on the nanocapsule synthesis and morphology us-
ing TEM, and the results are shown in Figure 4. Morpho-
logically, an empty core—shell structure was clearly vis-
ible for all of the nanocapsules synthesized in the
absence of EDC (0 h catalysis, Figure 4A). By allowing a
short EDC catalysis (10 min, with 4 min for emulsifica-
tion and 6 min for rotary evaporation, steps 1—4 in Fig-
ure 1) of the cross-linking reaction between the acti-
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Figure 2. Typical '"H NMR spectra (A) of activated Pluronic F127 and the
Pluronic F127(10%)—chitosan nanocapsules (20 h cross-linking) and
FTIR spectra (B) of the Pluronic F127(10%)—chitosan nanocapsules, chi-
tosan, Pluronic F127, and activated Pluronic F127 showing successful ac-
tivation of Pluronic F127 and cross-link formation between the acti-
vated Pluronic F127 and chitosan in the Pluronic F127—chitosan
nanocapsules: (i) and (ii) indicate the resonance peaks at 6 ~1.9 and
2.7 ppm corresponding to the methyl (—CHs) and methylene proton at
the C2 position of chitosan, respectively.

vated Pluronic F127 and chitosan during the synthesis
process, the empty core—shell structure became invis-
ible in some of the nanocapsules (Figure 4B). Moreover,
after 20 h catalysis, the empty core—shell structure is
not observable in any of the nanocapsules, which also
appear much denser (darker) than the nanocapsules
with observable empty core—shell structure (Figure
4C). The morphological difference observed may be ex-
plained by the difference of chitosan contents and the
extent of cross-link formation between the activated
Pluronic F127 and chitosan in the nanocapsules formed
with various times of EDC catalysis. For the nanocap-
sule prepared without EDC catalysis, chitosan and the
activated Pluronic F127 probably are attached to each
other to form a loose mixture as a result of their oppo-
site electric charges (positive for chitosan and negative
for the activated Pluronic F127) without forming any
amide bond because the cross-link reaction is extremely
slow in the absence of EDC catalysis. As a result of the
loose structure in the wall of the nanocapsule (or more
exactly, nanocomplex), the empty core—shell structure
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Figure 3. FTIR spectra of the Pluronic F127(10%)—chitosan nanocapsules prepared by allowing different times for cross-
linking (A) and the area ratio of peak 1 (amide I) to peak 2 (glucosamine, the building unit of chitosan) illustrating the change
in the extent of cross-link formation in the nanocapsules with the EDC catalysis time (B). The error bars represent the stan-

dard deviation.

is evident. With the formation of more amide bond
and addition of more chitosan, the wall of the nanocap-
sule should become denser and tighter as the EDC ca-
talysis time increased, which ultimately made the
empty core—shell structure invisible in the TEM image
even though the lumen was still there. Interestingly, the
nanocapsule without a visible empty core—shell struc-
ture also appears smaller than those with a visible
empty core—shell structure, probably because the poly-
mers in the nanocapsule wall became more tightened
with the formation of the covalent amide bond of the
cross-link.

The size of the nanocapsules in 1X PBS was further
studied quantitatively by dynamic light scattering (DLS)
at various temperatures from 4 to 45 °C, and the re-
sults are shown in Figure 5. A broad thermal responsive-
ness over the temperature range is observable for the
nanocapsules. A schematic illustration of the nanocap-
sule at 4 and 37 °C is also shown in the figure. Overall,
the nanocapsules exhibit a change in diameter (D) and
volume (V « D3 of more than 6 and 200 times between
the two temperatures, respectively. Moreover, the ther-
mally responsive properties are dependent on the EDC
catalysis time and the feeding percentage of the acti-
vated Pluronic F127 during synthesis. For example, the
Pluronic F127(10%)—chitosan nanocapsules synthe-
sized with 10 min EDC catalysis are bigger than that
synthesized with 20 h EDC catalysis at or below room
temperature, which is consistent with the TEM data
shown in Figure 4. Moreover, by allowing 20 h EDC ca-

) 5 _ * - ‘8) v
Figure 4. Typical TEM images of Pluronic F127(10%)—chitosan nano-
capsules prepared by allowing no EDC catalysis (A), 10 min EDC cataly-
sis (B), 20 h EDC catalysis (C) of the cross-link formation. The scale bar
shown in panel A also applies to panels B and C.
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talysis, the use of more activated Pluronic F127 (30 vs
10%) to synthesize the nanocapsule significantly affects
the temperature range (~25—30 vs 15—37 °C) over
which the thermal responsiveness occurs, although the
nanocapsule size either below 15 °C or above 37 °C is
not significantly affected. Interestingly, the temperature
range over which the thermal responsiveness occurs
for the nanocapsule synthesized with 10% activated
Pluronic F127 and 10 min EDC catalysis is closer to that
for the nanocapsule synthesized with 30% Pluronic
and 20 h EDC catalysis than that for the nanocapsules
synthesized with 10% Pluronic and 20 h EDC catalysis.
These observations suggest that the temperature range
over which the thermal responsiveness occurs narrows
with the increase of Pluronic F127 with regard to the
amount of chitosan (or the extent of cross-link forma-
tion) in the nanocapsule wall. Moreover, the cross-link
in the nanocapsule wall could stop the expansion of the
nanocapsules at low temperatures (e.g., <15 °C) but ap-
pears to have minimal impact on the nanocapsule con-
traction at high temperatures (e.g., >37 °C).
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Figure 5. DLS (dynamic light scattering) data of the effec-
tive diameter of Pluronic F127—chitosan nanocapsules pre-
pared under three different conditions as indicated in the
figure legend. Also shown in the figure is a schematic illus-
tration of the thermal responsiveness of the nanocapsules in
size between 4 and 37 °C. The error bars represent the stan-
dard deviation.
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Figure 6. (A) Schematic illustration of the procedure for encapsulating (i—v) ethidium bromide (EB) in the Pluronic
F127—chitosan nanocapsules and the cold shock treatment (v—vii) to achieve temperature-controlled release of the encap-
sulated EB and (B) cumulative release of EB encapsulated in the Pluronic F127—chitosan nanocapsules synthesized using
either 30% (circle) or 10% (triangle) Pluronic F127 out of the nanocapsules into water in the 1 mL dialysis tube and further

into the 45 mL deionized water outside the dialysis tube at 37 °C before and after the cold shock treatment at 3 h. The

error bars represent the standard deviation.

Encapsulation of Ethidium Bromide (EB) for Controlled Release
and Intracellular Delivery. A schematic illustration of the
procedure for encapsulating EB in the Pluronic
F127—chitosan nanocapsules is given as steps i—v in
Figure 6A. Briefly, EB was loaded into the nanocapsules
(20 h cross-link formation during synthesis) by soaking
(i) the probe (3 mg) and nanocapsules (10 mg) in water
(300 L) at 4 °C when the nanocapsules are swollen
with a high wall-permeability. After soaking, the sample
was freeze-dried (i,ii) to remove water altogether. The
dried mixture of free and encapsulated EB was then
was then dissolved (iii,iv) in 37 °C DI water and dialyzed
(iv,v) against DI water to remove any free (non-
encapsulated) EB. The amount of EB encapsulated in
the 10 mg nanocapsules was determined colorimetri-
cally to be 41.8 = 1.7 and 13.7 = 1.6 pg for the nano-
capsules synthesized using 30 and 10% Pluronic F127,
respectively. In other words, the encapsulation capac-
ity (or payload) is 4.18 = 0.17 and 1.37 = 1.6 ng(EB)/
mg(nanocapsules) for the two nanocapsules under the
above loading/encapsulation conditions. The much
lower encapsulation capability of the Pluronic
F127(10%)—chitosan nanocapsules compared to that
of the Pluronic F127(30%)—chitosan nanocapsules sug-
gests that the wall-permeability of the former prob-
ably is not as low as that of the latter at 37 °C to hold
the small molecules. Consequently, a significant
amount of EB might leak out of the Pluronic
F127(10%)—chitosan nanocapsules during the rigor-
ous washing (iv, v in Figure 6A) at 37 °C to remove free
EB, resulting in the much reduced encapsulation pay-
load under the same loading conditions. Of note, the
encapsulation capacity is also dependent on the prop-
erties (molecular weight/size, solubility, and chemical
structure) of the probe used.

Release of the encapsulated EB out of the nanocap-
sules into the dialysis tube (1 mL) and further into the
45 mL DI water outside the dialysis tube at 37 °Cis
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shown in Figure 6B. When kept at 37 °C for 3 h, the
amount of EB in the 45 mL dialysate was negligible.
Moreover, after a cold shock treatment (steps v—Vvii in
Figure 6A) of the 1 mL sample in the dialysis tube to lib-
erate the EB from the nanocapsules, a burst release of
the probe into the 45 mL DI water was evident. The re-
lease reached equilibrium in approximately 2.5 and

0.5 h after the cold shock treatment for the nanocap-
sules synthesized using 30 and 10% Pluronic F127, re-
spectively. Of note, the 0.5 and 2.5 h times are for the
probe to diffuse through the wall of dialysis tube into
the 45 mL dialysate. Apparently, it takes more time for
the diffusion to reach equilibrium if there are more
probes in the dialysis tube. Release of the probe from
the nanocapsules into the T mL water in dialysis tube
should be instant.* The total amount of EB released
into the 45 mL dialysate was determined to be 39.4 *
3.2 and 11.9 = 1.8 g for the two nanocapsules, which
is approximately 94 and 87% of the total amount of EB
encapsulated in 10 mg of the two nanocapsules. This
slight difference in the release percentage of EB per
cold shock treatment probably is due to experimental
variations and the slight difference in thermal respon-
siveness of the two nanocapsules between 4 and 37 °C,
as shown in Figure 5 (20 h EDC catalysis): the nanocap-
sules synthesized using 10% Pluronic F127 are slightly
bigger at 37 °C than that synthesized using 30% Plu-
ronic F127, although their sizes are quite similar at 4 °C
on average. These results indicate that the wall-
permeability of the Pluronic F127—chitosan nanocap-
sules is indeed thermally responsive and can be used to
encapsulate small molecules for controlled release us-
ing a procedure shown in Figure 6A. Moreover, the con-
centration of the Pluronic F127 (and presumably the
concentration of chitosan and the time for EDC cataly-
sis) used for synthesizing the nanocapsules can signifi-
cantly affect the wall-permeability and thus the capabil-
ity of the nanocapsules for encapsulating small
molecules.
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Figure 7. Typical confocal micrographs showing the morphology (DIC,
differential interference contrast), nuclei (stained blue using Hoechst
33342), intracellular EB (red), and the merged view of the blue and red
channels of the MCF-7 (A) and C3H10T1/2 (B) cells after incubated (at
37 °C for 45 min) in serum-free culture medium containing 0.5 mg/mL
Pluronic F127(30%)—chitosan nanocapsule loaded with EB either
with or without a cold shock (CS) treatment at 4 °C. The control cells
were incubated in serum-free culture medium without any EB-loaded
nanocapsules. The scale bar in each panel applies to all micrographs in
the same panel.

We further investigated the capability of the Plu-
ronic F127(30%)—chitosan nanocapsules in carrying
the encapsulated EB for temperature-controlled release
inside living cells. Typical confocal images showing
such capability of the nanocapsules are given in Figure
7A,B for MCF-7 and C3H10T1/2 cells, respectively. The
DIC (differential interference contrast) images show
the cell morphology, which is clear for the MCF-7 cells
but not as clear for the C3H10T1/2 cells probably be-
cause they spread much thinner than the MCF-7 cells.
The cell nuclei were stained blue using Hoechst 33342
and are clearly visible for both cells. Successful intracel-
lular delivery of EB (red fluorescence) is evident for
MCF-7 cells incubated with the EB-loaded nanocap-
sules either without or with a cold shock treatment but
not in the control cells that are incubated in serum-
free medium without any EB-loaded nanocapsules. For
the C3H10T1/2 cells, the red fluorescence is evident in
the cells with a cold shock treatment (although it is not

A"“L%\N) VOL.4 = NO.11 = ZHANG ET AL.

as clearly visible in the cells without cold shock), indicat-
ing successful delivery of EB into the cells, as well. The
red fluorescence in the C3H10T1/2 cells is constantly
weaker than that in the MCF-7 cells, indicating the cell-
type-dependent uptake of the EB-loaded Pluronic

F127 —chitosan nanocapsules: the cancerous MCF-7
cells could take up the nanocapsules much faster than
the noncancerous C3H10T1/2 cells, which presumably
can be attributed to the much faster metabolic and en-
docytotic activity in cancerous cells. Moreover, the in-
tracellular red fluorescence is much stronger after cold
shock in both cells. Presumably, this observation is a re-
sult of the temperature-controlled release of EB from
the nanocapsules into the cytosol of the cells with cold
shock, as shown in Figure 6A (v—vii). This is because
the free EB in the cytosol tends to intercalate with both
RNAs and DNA (without appreciable base pair specific-
ity) in cells, leading to more than 10 times increase in
fluorescence intensity.>* % These results indicate the
feasibility of using the Pluronic F127—chitosan nano-
capsules to encapsulate small molecules for not only
delivery into both cancerous and noncancerous cells
but also temperature-controlled release of the mol-
ecules in the cells.

Cellular Uptake of the Pluronic F127 —Chitosan Nanocapsules
Labeled with Fluorescence Probe (FITC). To further our under-
standing of cellular uptake of the Pluronic
F127 —chitosan nanocapsules, we labeled the nanocap-
sules (synthesized using 10% Pluronic F127) with FITC
(a green fluorescence probe) permanently and stained
the endosome/lysosome system in MCF-7 cells using
LysoTracker Red (a red fluorescence probe). Typical con-
focal micrographs showing cellular uptake of the FITC-
labeled nanocapsules, and their intracellular distribu-
tion is given in Figure 8 for MCF-7 cells either without
(top panels) or with (bottom panels) a cold shock treat-
ment at 4 °C for 15 min. The cell morphology is shown
in the DIC images, and the cell nuclei were stained blue
using Hoechst 33342. Cellular uptake of the FITC-
labeled nanocapsules is demonstrated by the apparent
green fluorescence in cells either without or with the
cold shock treatment. Moreover, many more spotted lo-
cations with bright green fluorescence are visible in
the cells without cold shock, while the green fluores-
cence in cells with cold shock is much more homo-
geneous. Interestingly, many more spotted locations
with bright red fluorescence representing endosome/
lysosome are also visible in cells without cold shock.
Furthermore, the spotted locations with bright red and
green fluorescence overlap in the cells without cold
shock, resulting in the spotted, bright, yellowish ap-
pearance in the merged view of the green and red
channels. These observations indicate that endocytosis
via the endosome/lysosome system is an important
mechanism for cellular uptake of the Pluronic
F127—chitosan nanocapsules. The bright, yellowish
spot is not readily identifiable in the merged view for
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Figure 8. Typical confocal micrographs showing the morphology (DIC), nuclei (stained blue using Hoechst 33342), intracel-
lular nanocapsules (labeled green using FITC), endosome/lysosome (stained red using LysoTracker Red), and the merged
view of the green and red channels of MCF-7 cells after incubated (at 37 °C for 45 min) with the FITC-labeled Pluronic
F127(10%)—chitosan nanocapsules (0.5 mg/mL) in serum-free culture medium containing 50 nM LysoTracker Red either
with or without cold shock (CS) at 4 °C for 15 min. The control cells were incubated in serum-free medium without any nano-
capsules. The scale bar applies to all micrographs in the figure.

cells with cold shock, which presumabily is due to break-
ing the endosome/lysosome by the nanocapsules as a
result of the significant (more than 200 times) volume
expansion of the nanocapsules in response to cooling
during cold shock. As shown in Figure 5, the diameter
(~240 nm) of the nanocapsules at 4 °C is much bigger
than that of the endosome/lysosome (~150 nm).5%6!
Cytotoxicity of Pluronic F127 —Chitosan Nanocapsules. The
immediate cell viability and 3 day proliferation of both
MCF-7 (Figure 9A,C) and C3H10T1/2 (Figure 9B,D) cells
after being exposed to the Pluronic
F127(30%)—chitosan nanocapsules (45 min at 37 °C fol-
lowed by a cold shock at 4 °C for 15 min) at different ex-
tracellular concentrations from 0 to 10 mg/mL are

Endo/lyso some Merged

shown in Figure 9. The immediate cell viability was
more than 99% on average under all of the experimen-
tal conditions for both cells. Moreover, the 3 day prolif-
eration of the cells exposed to nanocapsules up to 10
mg/mL was not significantly different from that of con-
trol (0 mg/mL) for both the MCF-7 (Figure 9C) and
C3H10T1/2 (Figure 9D) cells. Since a significant amount
of nanocapsules could be taken up by the cells during
the 45 min incubation period and the nanocapsules
could escape the endosome/lysosome system in re-
sponse to a cold shock treatment as demonstrated in
Figures 7 and 8, the results shown in Figure 9 (i.e., high
immediate cell viability and normal proliferation in 3
days) indicate that toxicity of the Pluronic
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Figure 9. Immediate cell viability and 3 day proliferation of MCF-7 (A,C) and C3H10T1/2 (B,D) cells after incubated with
serum-free medium containing 0—10 mg/mL Pluronic F127(30%)—chitosan nanocapsules (NCs) at 37 °C for 45 min fol-
lowed by cold shock at 4 °C in fresh culture medium. The error bars represent standard deviation.
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F127—chitosan nanocapsules to either the cancerous
(MCF-7) or noncancerous (C3H10T1/2) cells is negli-
gible, at least for the concentrations tested. Moreover,
the process of breaking the endosome/lysosome sys-
tem by a cold shock treatment to release the nanocap-
sules into the cytosol did not result in significant injury
to the cells either.

DISCUSSION

Pluronic F127 is an amphiphilic triblock copolymer
with a formula PEO;o-PPOgs-PEQ;, in which the sub-
scripts 100 and 65 indicate the number of PEO (polyeth-
ylene oxide) and PPO (polypropylene oxide) blocks per
molecule, respectively. A distinctive feature of Pluronic
copolymers is that they exhibit a sol—gel transition be-
havior in agueous solution when temperature increases
from below to above its lower critical solution temper-
ature (LCST)."%2 The solution to gel transition is accom-
panied with a significant volume contraction as a re-
sult of dehydration of the PPO blocks (i.e., the PPO
blocks become more hydrophobic with the increase of
temperature), which is presumably responsible for the
significant volume change (e.g., more than 200 times
contraction from 4 to 37 °C) observed for the nanocap-
sules synthesized in this study. Such volume change has
also been reported for other Pluronic F127-based nano-
capsules. For example, the volume contraction from 4
to 37 °C of Pluronic F127—PEI (polyethylenimine) nano-
capsules was found to be 20—40 times,>' 3% and it is
more than 1000 times for Pluronic F127 —heparin nano-
capsules.® The volume contraction of the Pluronic
F127—chitosan nanocapsules reported in this study is
between those of the PEl and heparin cross-linked Plu-
ronic nanocapsules. Presumably, the difference in the
extent of volume transition is a result of the difference
in their intrinsic properties of the three cross-linkers.
Chitosan and heparin are soluble only in water, while
PEI could be dissolved in both the organic and water
phases. The capability of PEl to diffuse into the organic
phase would lead to the formation of the thickest and
tightest cross-linked wall.3" In addition, chitosan has less
charge when compared with PEI of similar molecular
weight but has more charge than heparin. The electro-
static interaction between the cross-linkers in the nano-
capsule wall could resist contraction during heating,
which could explain why at 37 °C the Pluronic F127—PEl
nanocapsules (~90 nm) are much bigger than the Plu-
ronic F127—chitsoan nanocapsules (~37 nm) and the
Pluronic F127 —heparin nanocapsules (~32 nm). Taken
together, the thermal responsiveness in size (and the
empty core—shell rather than a solid micelle structure)
of the Pluronic F127-based nanocapsules presumably is
a result of the complicated balance between the
temperature-dependent hydrophobic interactions
(leading to temperature-dependent volume contrac-
tion and expansion) within the Pluronic F127, the cross-
link interaction between Pluronic F127 and chitosan to

\\&) VOL. 4 = NO. 11 = ZHANG ET AL.

resist overexpansion at low temperatures, and electro-
static interaction between the cross-linker molecules to
resist collapse at high temperatures.

In view of the more than 200 times change in vol-
ume of the Pluronic F127—chitosan nanocapsules in
aqueous solution between 4 and 37 °C, one might hy-
pothesize that the wall-permeability of the nanocap-
sules should be thermally responsive, as well: it should
be high at 4 °C when the nanocapsules are swollen and
low at 37 °C when the nanocapsules are shrunken. We
validated this hypothesis by encapsulating a small fluo-
rescence probe (ethidium bromide or EB) in the nano-
capsules for temperature-controlled release and intra-
cellular delivery, as demonstrated in Figures 6 and 7.

It has been shown that both hydrophilic and hydro-
phobic therapeutic agents with a molecular weight
greater than 1 kD can be effectively withheld in appro-
priately designed Pluronic-based hydrogel or nanocap-
sules with minimum release for up to 2 days at a tem-
perature above their LCST.?%36 The results from this
study demonstrate that the Pluronic F127-based nano-
capsules are capable of withholding even smaller mo-
lecular weight molecules (i.e., EB, MW = 394.3 Da) at 37
°C. Moreover, by utilizing their temperature-dependent
wall-permeability, the nanocapsules were used to suc-
cessfully encapsulate small molecules post their synthe-
sis in this study, while in the literature, therapeutic
agents (including anticancer drugs) were directly en-
capsulated in the hydrogel or nanocapsules during their
synthesis.?>¢ This new approach allows the processes
of nanocapsule synthesis and drug encapsulation to be
performed at different times, which can significantly re-
duce the shipping and maintenance cost. In addition,
the nanocapsule wall-permeability can be controlled by
altering the time of EDC catalysis, Pluronic concentra-
tion, and presumably chitosan concentration according
to Figures 3—6. Therefore, we believe this novel ap-
proach for encapsulation utilizing the temperature-
dependent wall-permeability of the Pluronic-based
nanocapsules is of great importance to encapsulate
therapeutic agents of various molecular weights for in-
tracellular delivery and temperature-controlled release.

The results shown in Figure 8 demonstrate the im-
portance of thermal responsiveness in size of the nano-
capsules for cellular uptake.3'3? For example, the small
size (~37 nm) of the nanocapsules at 37 °C is important
for cellular uptake because the nanocapsules must be
small enough to be enwrapped in the endosome (~150
nm) before they can be internalized by the cells via en-
docytosis. After internalization, the nanocapsules can
mechanically break and escape the endosome/lysos-
ome system as a result of the more than 200 times vol-
ume expansion in response to a cold shock treatment
at 4 °C. Moreover, water sucked into the nanocapsules
during the cooling phase can dissolve the encapsulated
small molecules so that they can be released into the
cytosol when the cells are heated back to 37 °C, as dem-
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onstrated in Figures 6 and 7 using EB. Of note, the ca-
pability of the nanocapsules to break the endosome/ly-
sosome and release the encapsulated small molecules
into the cytosol in response to a cold shock treatment is
of critical importance for intracellular delivery of the
molecules. This is because drug degradation (for biode-
gradable nanoparticles encapsulated with pH and en-
zyme sensitive molecules) in the strongly acidic and en-
zymatic endosome/lysosome and exocytosis (for slowly
or nonbiodegradable nanoparticles) of the encapsu-
lated molecules has been reported to be a major bottle-
neck for cytosolic drug delivery using
nanoparticles.>63-6°

Figures 7 and 8 also demonstrate that a significant
amount of nanocapsules could be internalized by the
MCF-7 cells in a short incubation period of 45 min, indi-
cating that an accelerated endocytosis (rather than pi-
nocytosis) was involved in the uptake process.53 % The
accelerated endocytosis (also called adsorptive endocy-
tosis)® presumably is due to the positively charged sur-
face of the nanocapsules (because of the cross-linked
chitosan, a polycation), which has a high affinity with
the negatively charged cell plasma membrane as a re-
sult of electrostatic attraction. In short, as a result of its
positively charged surface and thermal responsiveness
in size and wall-permeability, the Pluronic
F127—chitosan nanocapsules can be used to encapsu-
late small molecules (therapeutic agents) for intracellu-
lar delivery and temperature-controlled release into the
cell cytosol. Of note, we used serum-free medium for
the uptake studies. The presence of serum could inter-
fere with cellular uptake of the nanocapsules, which can
be resolved by surface modification of the nanocap-
sules with stealth molecules such as polyethylene gly-
col (PEG).57~¢°

We further demonstrated the nontoxic nature of
the Pluronic F127—chitosan nanocapsule in Figure 9
(>99% immediate viability and normal proliferation),
which could be attributed to the excellent biocompati-
bility of its constituent polymers. Pluronic F127 has

MATERIALS AND METHODS

Materials. Pluronic F127 (MW = 12.6 kD) was kindly provided
by BASF Corp. (Wyandotte, MI). Chitosan oligosaccharide of phar-
maceutical grade (MW = 2.5 kD, 95% deacetylation) was ob-
tained from Shanghai Weikang Biological Products Co. Ltd.
(Shanghai, China). Ethidium bromide (EB), LysoTracker Red DND-
99, and the live/dead viability/cytotoxicity assay kit were pur-
chased from Invitrogen (Carlsbad, CA). The WST-1 cell prolifera-
tion reagent was purchased from Roche Diagnostics (Mannheim,
Germany). The 4-dimethylaminopyridine (DMAP), 1,4-dioxane,
triethylamine (TEA), succinic anhydride, and fluorescein isothio-
cyanate (FITC) were purchased from Sigma (St. Louis, MO) and
used as received.

Synthesis of Pluronic F127— Chitosan Nanocapsules. To synthesize
the Pluronic F127—chitosan nanocapsules, the chemically inert
Pluronic F127 was first activated. A total of 6.3 g of Pluronic F127
and 122.17 mg of DMAP were dissolved in 15 mL of 1,4-dioxane
with 139 pL of TEA. After stirring for 30 min under N, atmo-
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been approved by the FDA for use as food additives
and pharmaceutical ingredients.3*~3” Moreover, anti-
cancer drugs encapsulated in Pluronic (including F127)
micelles (not thermally responsive) have entered the
stage of phase Il clinical trial.”°~7> Chitosan is a natural
polysaccharide that is commonly found in seafood and
has been widely used for gene/drug delivery and tissue
engineering due to its cationic and nontoxic
nature.*?~% A previous study showed that the immedi-
ate viability dropped to below ~95% when exposing
mammalian cells to thermally responsive nanocapsules
(1 mg/mL) made of Pluronic F127 and polyethylenimine
(PEI) under the same experimental conditions,* which
further indicates the superior biocompatibility of the
Pluronic F127—chitosan nanocapsules reported here.

In summary, the nontoxic nature and the thermal re-
sponsiveness in size and wall-permeability make the
Pluronic F127—chitosan nanocapsules unique to en-
capsulate small molecular weight therapeutic agents
for the treatment of diseases (particularly cancer as a re-
sult of the differential uptake rate of the nanocapsules
by cancerous vs noncancerous cells, as demonstrated in
Figure 7). Moreover, the special property of the Plu-
ronic F127—chitosan nanocapsules to release the en-
capsulated agents in response to a cold shock treat-
ment makes them a natural combination of cryotherapy
for destroying diseased tissue (using both drug and
freezing) as the cooling and heating steps of cold shock
are a natural part of a cryotherapy procedure that has
been widely investigated as a minimally invasive alter-
native to radical surgical intervention in essentially all
surgical subspecialties.”®~® Lastly, the nanocapsules
can be easily (because of the residual primary amine
groups of chitosan on the nanocapsule surface) modi-
fied with stealth and targeting moieties for target-
specific delivery to further enhance its specificity of tar-
geting diseased rather than normal cells and tissues
and reduce the drug systemic toxicity, which is ongo-
ing in our lab.

sphere, 125 mg of succinic anhydride in 5 mL of 1,4-dioxane
was added dropwise into the solution. The mixture was stirred
under N, atmosphere for 24 h at room temperature. The organic
solvent (1,4-dioxane) was then removed by rotary evaporation,
and the residual sample was filtered and precipitated in ice-cold
diethyl ether three times. Finally, the precipitate was dried un-
der vacuum overnight to obtain the white powder of dicarboxy-
lated (activated) Pluronic F127.48* The activation efficiency was
determined using acid—base titration,®> for which a total of 640
mg of activated Pluronic F127 was dissolved in 10 mL of deion-
ized (DI) water (0.005 M). Titrations of the polymer solution with
1 M NaOH solution were performed at room temperature. Phe-
nol red was used as a visual pH indicator, and the pH value was
determined quantitatively using a pH meter.

The thermally responsive Pluronic F127—chitosan nanocap-
sules were prepared using a modified emulsification/solvent
evaporation method (Figure 1). Briefly, a total of 100 mg of acti-
vated (dicarboxylated) Pluronic F127 and 5 mg of 1-ethyl-3-[3-
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dimethylaminopropyllcarbodiimide hydrochloride (EDC for ca-
talysis) were dissolved in 1 mL of dichloromethane (CH,Cl,) for
15 min to produce a 10% Pluronic F127 solution. To make a 30%
solution of Pluronic F127 in 1 mL of dichloromethane, 300 mg
of activated Pluronic F127 and 15 mg of EDC were used. The Plu-
ronic F127 solution was added dropwise into a 10 mL aqueous
solution of chitosan (7.5 mg/mL) at pH 5. The small molecular
weight chitosan was used because of its good solubility in wa-
ter and capability of diffusing into the matrix of Pluronic F127 to
form cross-links not only on the surface but also inside the outer
shell of the Pluronic micelle (Figure 1). The oil-in-water mixture
was emulsified for 4 min using a Branson 450 sonifier (Danbury,
CT). The emulsion was further stirred gently for up to 20 h to al-
low cross-link formation between the activated Pluronic F127
and chitosan on the aqueous side of the oil—water interface. The
organic solvent (dichloromethane) in the emulsion was then re-
moved by rotary evaporation until the solution became clear.
The sample was further dialyzed against DI water with a Spectra/
Por (Spectrum Laboratories, Rancho Dominguez, CA) dialysis
tube (MWCO = 50 kD) for 1 day to remove EDC and any re-
sidual, non-cross-linked polymers.3

Characterization of the Nanocapsule Surface Chemistry, Morphology, and
Size. Both FTIR (Fourier transform infrared) and 'H NMR (proton
nuclear magnetic resonance) spectroscopy were used to charac-
terize the surface chemistry of the synthesized nanocapsules.
For all FTIR studies, the Pluronic F127(10%)—chitosan nanocap-
sules were dissolved/suspended in dichloromethane, applied on
the FTIR sample holder, and dried in a fume hood to form a
homogeneously thin layer of nanocapsules on the holder. FTIR
spectra (in the transmission mode) of the nanocapsule sample
were then recorded at room temperature with dichloromethane
as the control using a Shimadzu FTIR-8400 spectrometer and fur-
ther analyzed using Origin (OriginLab, Northampton, MA). For
the "H NMR studies, deuterated water (D,0) was used as the sol-
vent and the chemical shifts were measured in parts per million
using D,0 as the internal reference. The 'H NMR spectra were ob-
tained using a Mercury Varian 400 NMR (Varian Inc., Palo Alto,
CA) at room temperature.

The morphology of the nanocapsules was studied using
transmission electron microscopy (TEM). For TEM analysis, one
drop (2 pL) of the aqueous nanocapsule solution (2 mg/mL) was
dried on a copper TEM grid for 10 min. The dried nanocapsule
specimen was then stained by adding a drop (~2 L) of 2% (w/v)
uranyl acetate solution followed by drying for 10 min. The
sample was then examined using a Hitachi H-800 transmission
electron microscope. All of the procedures were performed at
room temperature.

The size of the nanocapsules in physiologic (1) PBS (phos-
phate buffered saline) at a concentration of 1 mg/mL at various
temperatures from 4 to 45 °C was assessed via hydrodynamic ra-
dius measurements using a Wyatt (Santa Barbara, CA) DynaPro
MSX dynamic light scattering (DLS) instrument and software.

Cell Culture. The noncancerous mesenchymal stromal
(C3H10T1/2) cells derived from mouse embryos (ATCC, Manas-
sas, VA) were cultured in high glucose DMEM supplemented with
10% fetal bovine serum, 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C in a humidified, 5% CO, incubator. Hu-
man breast cancer MCF-7 cells (ATCC) were cultured in the same
way, except that the medium was further supplemented with
0.01 mg/mL insulin.

Encapsulation of Ethidium Bromide (EB) for Controlled Release and
Intracellular Delivery. To encapsulate ethidium bromide (EB, a red
fluorescence probe with a molecular weight of 394.3 Da that is
usually excluded by healthy live cells®®) in the Pluronic
F127—chitosan nanocapsules, we first soaked the probe (3 mg)
and nanocapsules (10 mg) in 300 pL of DI water overnight (~12
h) at 4 °C when the nanocapsules were swollen and their wall-
permeability was high. The sample was then freeze-dried to re-
move water both inside and outside the nanocapsules. To obtain
clean encapsulated EB without any free (non-encapsulated) EB
outside the nanocapsules, the freeze-dried mixture of free and
encapsulated EB was heated at 55 °C to shrink the nanocapsules,
dissolved in 1 mL of DI water at 37 °C in a Spectra/Por CE Float-
A-Lyzer G2 dialysis tube (MWCO = 50 kD), and dialyzed against 1
L of DI water at 37 °C for 10 h with the dialysis water being
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changed every ~3 h. The sample was then either used immedi-
ately or freeze-dried for future use.

For controlled release study, the clean encapsulated EB in 1
mL of DI water was further dialyzed against 45 mL of DI water
at 37 °C with constant stirring in a beaker. After 3 h, a cold shock
treatment was performed on the sample by transferring the
sample into a centrifuge tube to cool for 15 min at 4 °C (in ice wa-
ter). The sample was then transferred back to the dialysis tube
and dialyzed against the 45 mL of water for another 3.5 h at 37
°C with constant stirring. A total of 0.5 mL of the 45 mL dialysate
outside the dialysis tube in the beaker was collected at various
times to determine the EB concentration in the dialysate colori-
metrically using a UV/vis spectrometer (Beckman Coulter/DU
730), for which the absorbance of EB at 480 nm was measured
and compared with a standard curve of the absorbance and EB
concentration.>** The standard curve was constructed by meas-
uring the absorbance of EB in aqueous solutions of various
known concentrations. The total volume of the dialysate out-
side the dialysis tube was kept at 45 mL by replenishing it with
0.5 mL of DI water at each sampling time.

To study intracellular delivery of EB for temperature-
controlled release using the Pluronic F127(30%)—chitosan nano-
capsules, MCF-7 and C3H10T1/2 cells were seeded in 33 mm
Petri dishes at a density of 5 X 10° cells/dish in 1T mL medium.
After 24 h, the culture medium was replaced with serum-free
medium (1 mL) containing either 50 pL of the 1 mL clean encap-
sulated EB in the dialysis tube (which resulted in 0.5 mg/mL
nanocapsules in the medium) or 50 p.L of the last 1 L dialysis wa-
ter used to remove non-encapsulated EB (without any EB-loaded
nanocapsule in the medium for control). After incubating for 45
min at 37 °C, the cells were washed three times using warm (37
°C) 1 PBS. The cells were then fixed using 4% warm paraform-
aldehyde for 20 min at 37 °C either immediately or after a cold
shock treatment to liberate the fluorescence probe from the
nanocapsules by incubating the cells in 4 °C and then 37 °C 1X
PBS for 15 min at each temperature. After fixation and washing
twice using 1X PBS, the cell nuclei were stained with Hoechst
33342 (5 wMin 1X PBS for 10 min at room temperature) and fur-
ther washed twice using 1X PBS. Intracellular distribution of EB
in the cells was examined using a confocal microscope (LSM 510,
Carl-Zeiss Inc., Oberkochen, Germany) by taking both DIC (differ-
ential interference contrast) and fluorescence (red and blue
channels) images for further analysis.

Cellular Uptake of Pluronic F127 —Chitosan Nanocapsules Labeled with
Fluorescence Probe. To further our understanding of the mecha-
nism by which mammalian cells take up the Pluronic
F127—chitosan nanocapsules, we first labeled the nanocapsules
with FITC, a green fluorescence probe. For the labeling, a total of
30 mg of the freeze-dried nanocapsules (synthesized using 10%
Pluronic F127) was dissolved in 4.6 mL of 0.1 M sodium carbon-
ate buffer at pH 9, followed by adding 110 L of 26 mM FITC (in
DMSO) into the solution in a dropwise manner. Permanent label-
ing of the nanocapsules with FITC was done by keeping the so-
lution at 4 °C for 8 h with gentle and continuous shaking in the
dark. A total of 6.1 mg of ammonium chloride was then added
into the solution for 2 h at 4 °C to quench the labeling reaction.
The FITC-labeled nanocapsules were purified (to remove DMSO,
free FITC, and any other residual chemicals) by dialysis against DI
water in the dark for 24 h with the water being changed every
3—-5h.

To study cellular uptake of the FITC-labeled nanocapsules,
MCF-7 cells were seeded in 33 mm Petri dishes at a density of 5
X 10° cells/dish in 1 mL medium. After 24 h, the culture medium
was replaced with serum-free medium containing FITC-labeled
nanocapsules (0.5 mg/mL) and LysoTracker Red DND-99 (55 nM).
The latter is a red fluorescence probe that can permeate cell
plasma membrane and accumulates in subcellular organelles
(the endosome/lysosome system) with an acidic environment.
After incubation for 45 min at 37 °C, the cells were washed three
times using warm (37 °C) 1X PBS. The cells were then fixed either
immediately (for cells without a cold shock treatment at 4 °C)
or after a cold shock treatment, nuclei stained with Hoechst
33342, and washed using 1X PBS for confocal microscopy study
in the same way as that for the cells incubated with the EB-
loaded nanocapsules. The time allowed for the cells either with
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or without cold shock to take up the nanocapsules should be
similar considering that 4 °C can shut down some endocytotic
pathways.

Cytotoxicity of Pluronic F127—Chitosan Nanocapsules. Both immedi-
ate cell viability and long-term (3 day) cell proliferation were
studied to test the cytotoxicity of the Pluronic F127—chitosan
nanocapsules. For the immediate cell viability (i.e., short-term
toxicity) study, C3H10T1/2 and MCF-7 cells were seeded in 33
mm Petri dishes at a density of 2.5 X 10° and 5 X 10° cells/dish
in 1 mL medium, respectively. After 24 h, the cell culture medium
was replaced with warm (37 °C) serum-free medium containing
Pluronic F127(30%)—chitosan nanocapsules of various concen-
trations up to 10 mg/mL. After incubating for 45 min at 37 °C,
cells were washed three times using warm (37 °C) 1X PBS to re-
move any extracellular nanocapsules followed by a cold shock
treatment in fresh culture medium for 15 min at 4 °C. Cell viabil-
ity of the cells after cold shock followed by 15 min incubation
at 37 °C was determined using the standard live/dead assay kit
purchased from Invitrogen. The cells were examined using an
Olympus BX 51 microscope equipped with fluorescent cubes
and a QICAM CCD digital camera (QImaging, Surrey, BC, Canada).
Immediate cell viability was calculated as the ratio of the num-
ber of viable cells to the total number (at least 1200 for each
sample) of cells examined.

For long-term cell proliferation (long-term toxicity) studies,
C3H10T1/2 and MCF-7 cells were seeded in 96-well plates at
1.25 and 2.5 X 10* cells/mL in 100 pL medium, respectively. At
24 h, the cells were exposed to the Pluronic F127(30%)—chitosan
nanocapsules in the same way as that described above for imme-
diate cell viability studies. After cold shock, the cells were fur-
ther cultured for 3 days to monitor their proliferation. The Roche
WST-1 assay was used to determine the cell numbers each day.
Briefly, the medium was removed, and the cells were washed us-
ing 1X PBS. A total of 100 pL of fresh medium and 10 pL of the
WST-1 assay were then added into each well. After incubating for
4 h, the absorbance at 440 nm of the sample in each well was de-
termined using a Gen5 Synergy 2 plate reader (BioTek, Winooski,
VT). Finally, the absorbance was converted to the number of cells
using a standard curve of cell number versus the absorbance
constructed by measuring the absorbance of samples with vari-
ous known numbers of cells under the same experimental
conditions.

Statistical Analysis. All results were reported as the mean =
standard deviation of data from at least three replicates. Stu-
dent’s two-tailed t-test assuming equal variance was calculated
using Microsoft Excel to determine statistical significance (p <
0.05).
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