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Morphological transition of self-assembled
architectures from PEG-based ether-anhydride
terpolymers

Tao Chen,t? Xing Guo,t? Aijun Zhao,? Jie Wang,? Chunli Shi® and Shaobing Zhou*2?

Biodegradable micelles were fabricated by self-assembly in the aqueous solution of PEG-based ether-
anhydride terpolymer consisting of poly(ethylene glycol) (PEG), 1,3-bis(p-carboxyphenoxy) propane
(CPP) and sebacic acid (SA). Morphological transition of the micelles was investigated in terms of PEG
chain length, hydrophilic-hydrophobic segment ratio, polymer concentration and environmental
temperature. The effect of micellar shape on drug loading capacity and cytotoxicity was evaluated. The
cellular uptake efficiency was characterized qualitatively with the human hepatoblastoma cell lines
(HepG2) and fibroblast normal cells by fluorescence microscopy. Primary in vivo biodistribution of the
drug-loaded micelles with diverse morphologies in tumor and normal tissues was also assessed using
4T1 bearing mice. The results show that terpolymer micelles with rod-like shape possess better
biocompatibility and the in vivo biodistribution is dependent on micellar shape. Therefore, these
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Introduction

Molecular self-assembly technology is capable of producing
intermolecular complexes via controlling their primary,
secondary, tertiary, and quaternary structures; typical examples
include peptides and nucleic acids." Molecular self-assembly
has also been employed to produce intricate bio-inspired
nanostructures from synthetic block copolymers in dilute
solution, which may eventually be matched with natural bio-
logical structures in sophistication and precision.' To the best
of our knowledge, very limited progress has been made in the
comparison between these synthetic nanostructures and their
natural counterparts.

Polymeric micelles are emerging as promising nanocarriers
for drug delivery with many advantages, including small size
(10-200 nm), enhanced permeability, high structural stability,
and improved solubility and bioavailability for hydrophobic
drugs.>® They are formed usually by either hydrophobic inter-
actions that exist between hydrophobic blocks such as poly-
lactide,® polycaprolactone’® and polyacrylamides,"* or
electrostatic interactions'* which induce the self-assembly of
amphiphilic block copolymers into core-shell structures.
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polymer micelles have great potential as a novel drug vehicle in nanomedicine.

Recently, some endeavors have been made in the self-assembly
behavior of amphiphilic polymers. It has been found that the
amphiphilic polymers may form similar structures as their low-
molecular-weight counterparts in some special solvents.™
Besides of the common spherical core-shell structure, micelles
can also be worm-like, rod-like, tubed, lamellar shape and
ordered microporous films. It is generally believed that
macromolecular surfactants offer important advantages over
conventional low-molecular-weight amphiphilies.*

It is worth noting that morphology impacts the micellar
stability, capability of loading drug, release properties, as well
as in vivo pharmacokinetics and biodistribution.”*** Worm-
like polymeric micelles, bio-inspired by filovirus that infects
human cells, have been attracting great interest as a new drug
delivery carriers.”™ It is reported that the worm-like micelles
could load and solubilize twice as much hydrophobic pacli-
taxel as spherical micelles consisting of the same block
copolymer;"” flexible filomicelles are not rapidly cleared and
instead appear to circulate longer than spherical nano-
assemblies composed of very similar PEG based diblock
copolymers;'® worm-like micelles or rod-like micelles consist-
ing of PLLA-b-PEG display slower DOX release behaviors
compared to spherical micelles.>® Therefore, micellar shape is
a crucial parameter influencing the characteristics and
performance in drug delivery.

Morphogenesis of amphiphilic block copolymers in
aqueous media have been extensively studied.** However,
amphiphilic triblock copolymers or terpolymers have received
less attention than the diblock counterparts. Recent studies
show that they can also assemble into complex architectures.”®
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The capability to change the morphology in a controlled
manner is of great interest due to the potential advantages and
applications of nonspherical aggregates in the field of drug
delivery. In this study, we extend our investigation to the design
and synthesis of biodegradable amphiphilic PEG-based ether-
anhydride terpolymers via melt polycondensation. In contrary
to the CPP and SA chains comprising the hydrophobic blocks,
PEG is chosen as the hydrophilic block in the backbone of
amphiphilic poly(PEG : CPP : SA) terpolymers. The amphiphilic
terpolymers can self-assemble into polymeric micelles with a
colloidal size in aqueous solution. The PEG outer shell is
considered a critical factor in the reduction of micelle uptake
by the mononuclear phagocyte system (MPS).*” In addition, the
hydrophobic polyanhydride (CPP and SA) possess favorable
biodegradability and biocompatibility.?® To our knowledge, the
amphiphilic terpolymer is firstly used for fabricating micelles
with different morphologies. The morphology of micelles in
aqueous solution is controlled by altering the length of PEG
chains, hydrophilic-hydrophobic ratio, concentration of poly-
mer in solution and environmental temperature. In particular,
the effect of these morphologies on the drug-loading, the
cellular uptake in vitro and biodistribution in vivo was also
investigated.

Experimental section
Materials

Succinic anhydride, sebacic acid (SA), acetic anhydride,
poly(ethylene glycol) (PEG, M,, = 2, 4, 8 kDa), 1,3-dibromo-
propane, p-hydroxybenzoic acid were obtained from Chengdu
KeLong Chemical Reagent Company (Sichuan, Chengdu,
China). Before use, succinic anhydride was refluxed over and
distilled from magnesium; SA was recrystallized twice from
ethanol. All other solvents were used as received without
further purification. 1,3-Bis-(carboxyphenoxy) propane (CPP)
was synthesized by the method described in ref. 29. The
PEG-based ether-anhydride terpolymers were synthesized via
melt-condensation polymerization without catalyst.”® Human
liver carcinoma cell lines (HepG2) were purchased from
Sichuan University (China). Doxorubicin hydrochloride
(DOX-HCl) was purchased from Zhejiang Hisun Pharmaceu-
tical Co., Ltd (China).

Micellization

The polymeric micelles were prepared using a precipitation
method.?° First, preweighed POly(PEG 400 : CPP : SA)
(20 : 20 : 60) terpolymers and DOX-HCI (0.1 mg) were dissolved
in a mixture of 4.9 mL tetrahydrofuran (THF) and 0.1 mL water;
the solution obtained was then added dropwise into 10 mL
deionized water using a disposable syringe (21 gauge) and
stirred for 4 h at room temperature to facilitate the removal of
THF. Once the THF had been removed completely, the drug-
loaded micelles were transferred into a dialysis bag (MWCO
8000-12 000) with distilled water to remove the unloaded
DOX-HCl.  Drug-loaded gathered Dby
lyophilisation.

micelles were
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Characterization

The morphology of micelles was characterized by atomic force
microscopy (AFM; Tapping mode; CSPM5000, Being, China).

The samples were prepared by casting dilute micelles solution
on a silicon piece, which were then dried under vacuum. The
morphology of micelles was also observed with a Transmission
electron microscope (TEM) (Hitachi H-700H, Japan) at an
acceleration voltage of 150 kV. The mean size and size distri-
bution were determined by Zeta sizer, MALVERN Nano-ZS90
(Malvern Ltd., Malvern, UK) in water at room temperature. All
data were averaged over three measurements. By using a UV-vis
spectrophotometer (UV-2550, Shimadu, Japan), drug-loading
efficiency was determined from the ratio of the weight of
DOX-HCI in micelles to the total amount of DOX-HCI. Drug-
loading content was determined from the ratio of the weight of
DOX-HCI loaded to that of the micelles.

In vitro cytotoxicity study

The cytotoxicity of blank micelles with different morphologies
was evaluated using an MTT assay. The HepG2 tumor cells were
planted at a density of 5 x 10° cells per well in 500 pL of
medium in 48-well plates and grown for 48 h. The cells were
then exposed to a series of polymeric micelles with different
morphologies (rod-like, worm-like and spherical) for 48 h.
Finally, the plates were read in an automated microplate spec-
trophotometer (ELX800 Biotek, USA) at 570 nm as reference.
The same tests were performed as mentioned above every 24 h
until 48 h. All data were expressed as the mean +S.D.

The effect of micelle morphology on cellular uptake

For qualitative cellular uptake analysis, HepG2 cells were
seeded into 12-well plates at 5 x 10* cells per well with 2 mL
RPMI 1640 medium. The cells were kept in the incubator at
37 °C in humidified atmosphere containing 5% CO,. After
incubation for 24 h, worm-like, rod-like and spherical micelles
loaded 5 ug mL™' DOX-HCIl were added. After incubation for
the predetermined time, the medium in the testing wells was
removed and the wells were washed with PBS three times to
remove the micelles outside of the cells. Afterwards the cells
were fixed with 2.5% glutaraldehyde for 30 minutes and then
the cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI, blue) for three minutes. The procedure for the normal
cells, fibroblast, cultured with the three types of micelles was
similar as mentioned above. A fluorescence microscope
(Olympus IX51, Japan) was used to observe the cellular uptake
of DOX-HCl-loaded micelles with different morphologies.

The effect of micelle morphology on biodistribution in vivo

DOX-HCI was used as a fluorescent indicator for the pharma-
cokinetics and biodistribution studies. Murine breast cancer
cell 4T1 (2 x 10° cells) were inoculated into female Balb/c mice
(6-7 weeks, 20 + 2 g) subcutaneously in the right back of mice,
and the tumor was allowed to reach a volume of about 50 mm?®.
24 mice were divided into four groups randomly and injected
via the tail vein with free DOX-HCl and DOX-HCl-loaded
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micelles with spherical (S), rod-like (R) and worm-like (W)
shapes at an equivalent DOX-HCI dose of 5 mg kg™ ". After 6 h
and 24 h respectively, the predetermined mice were sacrificed,
tumors and normal organs, ie. liver, heart, spleen, lung and
kidney were excised and collected (12 mice at each time
point) and immediately frozen in liquid nitrogen until further
analysis.

For the qualitative evaluation, fluorescence microscopy
(Olympus IX51, Japan) was used to visualize the accumulation
of DOX-HCI in tumor cryo-sectioned at 5-7 pm thickness. For
the quantitative measuring, the organs frozen in liquid nitrogen
were weighed and pestled. DOX-HCI distributed in tumors and
other tissues were extracted using DMSO solvent, and then the
mixtures were separated by centrifugation at 5000 rpm for
30 min. The concentration of DOX-HCI in the supernatant was
measured using a UV-vis spectrophotometer (UV-2550, Shi-
madzu, Japan) by the UV absorption at 482 nm.

Results and discussion

Most recently, micelles with tailored shape and size are paid
more and more attention for the production of well-defined
nano-objects. To study the micelle morphology is very impor-
tant because the morphology influences their application as
nanocarriers in drug delivery systems.** In this work, the
micellization is carried out by a self-assembly method based on
the amphiphilic poly(PEG : CPP: SA) terpolymers whose
chemical structure was investigated in detail as our previous
report.*” The real weight ratios of PEG, SA and CPP blocks in the
terpolymers calculated from 'H NMR are 17.6:18.9 : 63.5,
26.7:18.7:54.6 and 36.1:19.5:44.4 for poly(PEG g :
CPP : SA) with PEG,00o-CPP-SA segment ratios of 20: 20 : 60,
30:20:50 and 40 : 20 : 40, respectively. The molecular weight
(My,) is 63 kDa, 50 kDa and 41 kDa, and corresponding poly-
dispersity index is 2.23, 1.96 and 1.72 for poly(PEGo0o :
CPP : SA) with PEG,000-CPP-SA segment ratios of 20 : 20 : 60,
30:20:50and 40 : 20 : 40, respectively. We have demonstrated
the trigger of morphological transitions in aqueous solution not
only by changing the polymer structure but also by altering the
concentration of the terpolymer and the environmental
temperature.

Characterization of the function of the PEG chain length

Although diblock copolymers are the most popular promoters
of micelles, ABC triblock copolymers or terpolymer deserve
interest because of the higher complexity of the generated
nanostructures.®® From Fig. 1, it can be seen that the
morphology of these micelles can be controlled by changing the
length of the hydrophilic PEG chains. At the same concentra-
tion in aqueous solution, poly(PEGyggo : CPP : SA) (20 : 20 : 60)
terpolymer tends to assemble into the various non-spherical
structures, while poly(PEG 090 : CPP : SA) (20 : 20 : 60) cannot
do it. Different rod-like micelles can be found from poly-
(PEGs000 : CPP: SA) (20:20:60) terpolymer as shown in
Fig. 1a-c. The formation mechanism of the rod-like micelles in
our system remains unclear although we believe that adhesive

This journal is © The Royal Society of Chemistry 2013
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contact and fusion of micelles are involved. As exhibited in
Fig. 1c and e, the morphology of micelles is rod-like and
spherical, respectively, whereas the aggregates transform into
coexistence of worm-like and spherical micelles in Fig. 1d. The
average diameter of the worm-like and spherical micelles is
almost the same, and worm-like micelles may be associated by
spherical ones. The rod-like micelles also formed from these
spherical micelles as shown in Fig. 1c. Because it can be found
many spherical nodes in the rod-like micelles, and the diameter
of the rod is also the same with that of spherical micelles. One
possible mechanism involves adhesive collisions and repeated
aggregation of the spherical micelles to form the worm-like or
rod-like micelles.** In addition, the worm-like micelles are the
re-assembly of spherical micelles. The free energy balance from
forming such rod-like aggregates determined the micelle
morphology.

Fig. 1k-o show the AFM images of the micelles fabricated
from the poly(PEGggoo : CPP : SA) (20 : 20 : 60). It can be found
that at all concentrations most micelles have spherical
morphology, due to the longer PEG chains of poly(PEGggo :
CPP: SA) (20:20:60) than poly(PEGyge : CPP: SA) (20:20:
60). For PEG-based ether-anhydride amphiphilic terpolymer, the
longer the PEG chain, the more contribution to the overall free
energy there is. The spherical micelles rather than other types of
micelles tend to be formed when the PEG chain is longer.”*
Therefore, it can be concluded that terpolymer with shorter PEG
chains could assemble easily into micelles with more diverse
morphologies.

The TEM images in Fig. 2 further confirm the micellar
structure. It can be also observed that the morphologies of
micelles at the concentration of 1.0, 2.0 and 8.0 mg mL ™" are
worm-like, rod-like and spherical, respectively, as shown
in Fig. 2.

Characterization of the function of the hydrophilic-
hydrophobic segment ratio

Fig. 3 shows the AFM images of the micelles prepared from
POly(PEG 400 : CPP : SA) terpolymers with PEG-CPP-SA weight
ratios of 30 : 20 : 50 and 40 : 20 : 40 at different concentrations.
The morphology of all micelles formed from poly(PEG,go :
CPP : SA) (40 : 20 : 40) are spherical at every concentration as
shown in Fig. 3d-f. The diameters of the spherical micelles are
in the range of 70-120 nm. The reason may be ascribed to an
increase of hydrophilicity in the terpolymer. Because water-
soluble blocks are relatively long, it is inclined to form spherical
micelles. However, the diameter of the spherical micelles
decreases with the increasing concentration of polymer. The
reason can be attributed to the increasing interactions among
macromolecules as the concentration increases which makes
the PEG chains curl and shrink.

For poly(PEG 09 : CPP : SA) (30 : 20 : 50), worm-like micelles
are formed at 1.0 mg mL ™" (Fig. 3b). As shown in Fig. 1f and h,
3b and e, the micellar morphologies of poly(PEG,gg0 : CPP : SA)
terpolymers change from spherical to rod-like with increasing
the ratio of CPP and SA segments, while spherical micelles
occur at all different concentrations for the terpolymer with

Soft Matter, 2013, 9, 3021-3031 | 3023


http://dx.doi.org/10.1039/c2sm27173g

Downloaded by University of Pennsvlvania Libraries on 06 March 2013
Published on 22 January 2013 on http://pubs.rsc.ora | doi:10.1039/C2SM27173G

Fig. 1
8.0 mg mL™" (all scale bars are 2 um).

PEG-CPP-SA weight ratio of 40:20:40. The free energy of
aggregation is affected by the inter-coronal chain interaction,
the core-coronal interfacial energy and the degree of core-chain
stretching. Here, these polymeric micelle characters are capable
of forming specific interactions via self-association through the
hydrophilic-hydrophobic balance and thus the hydrophilic-
hydrophobic segment ratio plays an important role in deter-
mining the morphology of the micellar corona. This can be
qualitatively explained by Vilgis theory.** The folding amount of
CPP and SA increases with the hydrophobic CPP and SA
segments expanding, thus the diameter of micellar core
increases. Consequently, it makes the space occupied by PEG
chains in micellar corona larger, which leads to a decrease of
interaction among macromolecular chains within corona.

View Article Online

AFM images of poly(PEG : CPP : SA) (20 : 20 : 60) micelles with PEG000 (a—€), PEG4000 (f-j) and PEGgooo (k-0) at the concentrations of 0.5, 0.75, 1.0, 2.0 and

Additionally, the process is not favorable to entropy change, so
the micellar morphology will transform if the environmental
condition is suitable.*

Characterization of the function of the polymer concentration

We studied the effect of polymer concentration on micelle
morphological transition by fixing the composition of
terpolymer and only altering the PEG chains length. Fig. 1a-e
show the AFM images of the micelles formed from poly-
(PEGy000 : CPP : SA) (20 : 20 : 60) at different concentrations in
water. Rod-like and spherical micelles can be observed in
Fig. 1a. At the low concentration, the rod-like micelle is more
stable than the spherical micelle. For decreasing the free energy

Fig. 2 TEM images of poly(PEG,000 : CPP : SA) (20 : 20 : 60) micelles at the concentration of 1.0 (a), 2.0 (b) and 8.0 (c) mg mL™" (all scale bars are 200 nm).
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Fig. 3 AFM images of poly(PEG4000 : CPP : SA) micelles with PEG4000—CPP-SA segment ratios of 30 : 20 : 50 (a—e) and 40 : 20 : 40 (d—f) at the concentrations of 0.5,

1.0 and 8.0 mg mL~" (all scale bars are 2 um).

of aggregation, the spherical micelles reassemble other
morphologies. With increasing the concentration, complex
morphologies become longer and tend to transform to rod-like,
corresponding to the shapes in Fig. 1b-d. When the polymer
concentration reaches 4.0 mg mL ', all micelles change to
uniform spherical structure as shown in Fig. 1e. For the micelles
formed from poly(PEG,g00 : CPP : SA) (20 : 20 : 60) (Fig. 1f-j)
and poly(PEGgqg : CPP : SA) (20 : 20 : 60) (Fig. 1k-o), the effect
of the polymeric concentration on morphological transitions is
almost similar to that of poly(PEG,gg, : CPP : SA) (20 : 20 : 60),
and the concentration at which the rod-like micelles transform
to spherical micelles decreases with increasing PEG chain
length. The range of polymer concentration to form rod-like
micelle becomes wider, and the value of highest concentration
to obtain rod-like micelles is increased.

To further demonstrate the influence of polymer concen-
tration on micellar morphological transition clearly, we also
focused on studying the morphologies of poly(PEG,ooo :
CPP : SA) micelles. As displayed in Fig. 3, poly(PEG,go : CPP :
SA) terpolymers have the same tendency of morphological
transition as a function of the concentration. Large numbers
of studies have emphasized on the morphology of aggregates
formed from amphipathic copolymers whose hydrophobic
blocks are longer than the hydrophilic blocks.> Morphological
transition from rod-like to worm-like and then to spherical
micelles can be seen in Fig. 2a-c. Fig. 3a shows the coexis-
tence of rod-like and spherical structures when the terpolymer
concentration is 0.5 mg mL ', the diameter of rod-like micelle
is the same with that of spherical micelles but the length is
20-50 times longer than their diameter. At 1.0 mg mL™" of the
terpolymer concentration (Fig. 3b) the worm-like micelles
were formed. The worm-like micelles have the same cross-

This journal is © The Royal Society of Chemistry 2013

sectional structure as the spherical micelles, but their length
can reach up to a bigger scale and often possess a branched or
randomly networked structure. At 8.0 mg mL ™", only spherical
micelles (Fig. 3c) can be observed with an average diameter of
120 nm. These changes usually occur with the decrease of the
polymer concentration, resulting from the decrease of repul-
sive force. The reason was discussed in Eisenberg and Shen's
report.** With increasing water content in the micelle solu-
tion, the solvent tends to be poorer to dissolve the core-
forming CPP and SA segments, thus the interfacial tension
increases, while the corona interaction may not change too
much since both THF and water are good solvents for the
corona-forming PEG segment.®*® The influences of the inter-
facial tension and the repulsion are contrary but the core
chain stretching plays a key role in micellar transition.
Therefore, the change from rod-like to worm-like and to
spherical shape is a result of stressing the stretching of
polymer chains in the core.*

Characterization of the function of the temperature of micelle
solution

As deionized water added into micellar solution, the change in
temperature of the system has an effect on the polymer-solvent
interaction parameters.’” In our previous report, we find that
the PEG-based ether-anhydride terpolymers micelles solution
displayed an excellent thermo-sensitive property.*® The
morphological transition with increasing temperature is also
investigated as shown in Fig. 4a. Spherical micelles formed
from poly(PEG 4000 : CPP : SA) are observed at 4.0 mg mL ™", and
temperature increase results in a morphological transition from
spherical to short rod-like (Fig. 4f and j) to an aggregation of the

Soft Matter, 2013, 9, 3021-3031 | 3025
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Fig. 4 AFM images of poly(PEG4g00 : CPP : SA) micelles with PEG4000—CPP-SA segment ratios of 20 : 20 : 60 (a-d), 30: 20 : 50 (e-h) and 40:20: 40 (i-) at the
concentration of 4.0 mg mL™" at 25 °C, 30 °C, 37 °C and 45 °C, respectively (all scale bars are 2 pm).

micelles (Fig. 4c, g and ). The thermo-responsive transition is
mainly influenced by the structure of the amphiphilic
terpolymer. The thermo-responsive transition of micelles from
Poly(PEG,000 : CPP : SA) (20 : 20 : 60) is more obvious and the
micrometer-sized granules are obtained at 45 °C (Fig. 4d). Such
a temperature-dependent morphological transition is coinci-
dent with the thermo-sensitive phase transition of poly-
(PEGy4000 : CPP : SA) micelles as studied previously.*® When the
temperature is below the cloud point, the polymeric micelles
are randomly suspended in aqueous solution. During the
thermo-sensitive transition, the hydrophilic PEG chains as
surrounding corona of the micelles shrink at the initial stage of
heating because of the dehydration, and then connect together
to form the larger aggregates driven by the intermicellar
hydrophobic interaction.*® The micelle diameter obtained by
DLS and the morphological transition were controlled by the
temperature.*’ To sum up, individual primary micelles tend to
combine together (intermicellar aggregation) gradually with
increasing solution temperature, and the tendency to form
combined micelles is stronger for poly(PEG,¢o : CPP : SA) with
higher weight ratio of CPP and SA.

3026 | Soft Matter, 2013, 9, 3021-3031

The diameter of poly(PEG4g00: CPP:SA) (20:20 :60)
micelles increases and the size distribution becomes more
extensive at elevated temperatures as shown in Fig. 5a-c.
However, poly(PEG4ogo : CPP : SA) (40 : 20 : 40) micelles are
more stable, which is attributed to its higher hydrophilicity. The
increase of the temperature results in the increases in the
Z-average diameter of the micelles because of the aggregation of
micelles. Fig. 5d displays the average diameter changes of
micelles formed from poly(PEG 400 : CPP : SA) with PEG content
of 20%, 30% and 40% in their aqueous solution (4.0 mg mL )
as a function of temperature. The diameters increase from 90 to
220 nm and from 120 to 400 nm for poly(PEG,g : CPP : SA)
(40 : 20 : 40) and poly(PEG,g00 : CPP : SA) (20 : 20 : 60), respec-
tively, as temperature increased from 25 °C to 55 °C. The cloud
point of poly(PEG400o : CPP: SA) (20:20:60) and poly-
(PEGy4000 : CPP : SA) (30 :20 : 50) micelle solution at 4.0 mg
mL ™" is 33.5 °C and 37.5 °C, respectively, whereas no cloud
point was observed for poly(PEG,gg : CPP : SA) (40 : 20 : 40)
micelle solution due to its higher hydrophilicity.*® The stable
micelles from the terpolymers could be obtained due to the
hydrophilic-hydrophobic balance in aqueous solution below

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Micellar size distribution of poly(PEG4000 : CPP : SA) micelles with PEG4000~CPP-SA segment ratios of 20 : 20 : 60 (a), 30 : 20 : 50 (b) and 40 : 20 : 40 (c) at the
concentration of 4.0 mg mL~", and diameter changes as a function of temperature (d).

the cloud point. The result is in agreement with our previous
report that the hydrophilic-hydrophobic balance of the thermo-
responsive terpolymers is a critical factor to make micelles
stable.**

The effect of the micelle morphologies on drug-loading
efficiency

The drug-loaded micelles could be self-assembled in aqueous
solution from the amphiphilic terpolymers as illustrated in
Fig. 6. The various morphologies (rod-like, worm-like and
spherical) of DOX-HCl-loaded micelles formed from poly-
(PEG4000 : CPP : SA) (20 : 20 : 60) were controlled by altering the
polymer concentrations. The micelle morphology has a great
impact on its drug loading efficiency as summarized in Table 1.
The amount of DOX-HCI (0.1 mg) added is very small compared
with the polymer mass (20 mg), resulting in the low loading
amount. Therefore, herein we only use the drug loading effi-
ciency to discuss the impact of morphology. For the rod-like
micelles, the DOX-HCI loading efficiency is 81.2%. With the
morphology changing, the drug loading efficiency is reduced.
For the spherical micelles, the DOX-HCI loading efficiency is
the lowest (70.5%). In our previous report, we find that the
DOX-HCI is encapsulated in the micelle core and partially
adsorbed on micelle surface.®® Thus, the higher drug loading
efficiency and loading content would be contributed to the

This journal is © The Royal Society of Chemistry 2013

larger core volume (per carrier) and the more cavities of the
aggregation (rod-like micelles).

In vitro cytotoxicity study

The MTT assay was performed to evaluate the toxicity of
terpolymers micelles with different morphologies in order to
investigate whether micelle morphology influences the viability

Fig. 6 A mechanism for the self-assembly of the drug-loaded poly-
(PEGu4000 : CPP : SA) (20 : 20 : 60) micelles as a function of concentration.
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Table 1 Characteristics of micelles with different morphologies
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Polymer concentration

Drug-loading Drug-loading

Morphology Drug/polymer in water (mg mL ™) Size (nm) PDI efficiency (%) content (%)
Rod-like 0.1/20 0.5 235 0.279 81.2 £ 1.8 0.40 £ 0.06
Worm-like 0.1/20 1.0 153 0.253 72.3 £ 1.5 0.36 + 0.03
Spherical 0.1/20 8.0 123 0.231 70.5 £ 1.5 0.35 = 0.04

of the HepG2 tumor cells (Fig. 6a). The polymeric micelles with
various morphologies at different concentrations significantly
influence the growth of the HepG2 tumor cells. At the same
concentration, cell viability in a group treated with spherical
micelles is the lowest, whereas the highest cell viability is for the
group treated with rod-like micelles. It is speculated that the
nonspherical micelles can disrupt flow in the vasculature or be
difficult for cellular internalization.”® According to the MTT
assay in Fig. 7a, it also can be found that the micelles at the
concentration of 1.0 mg mL ™" with diverse shapes display slight
cytotoxicity compared to the control group. Secondly, the
difference of cell viability for these micelles was reduced by the
2™ day. It was demonstrated that these nonspherical micelles
could transform into spherical micelles, which was driven by
hydrolytic degradation of the CPP and SA by an “end-cleavage”
mechanism.*” The mean size decreases gradually during the
transition from the rod-like and worm-like micelles to spherical
micelles, thus the nonspherical and spherical micelles are of
the analogical endocytosis effect for HepG2 tumor cells by the
2™ day, with a further decrease in the difference of the cell
viability. Fig. 7b displays the optical microscope images of
HepG2 cells cultured with poly(PEG,g00 : CPP : SA) (20 : 20 : 60)

Fig.7

micelles with different morphologies at the concentrations of
0.25 and 2.0 mg mL™" for 1 day and 2 days. The results are
consistent with the MTT assay. From these images, it can be
seen that the general state of cell is the best, and the amount
was the most in the rod-like group on the 1°* day, suggesting
that the rod-like micelles possess the best biocompatibility.

The effect of micelle morphology on cellular uptake

Fig. 8 displays a series of fluorescence images of fibroblast and
HepG2 cells treated by DOX-HCl-loaded micelles with rod-like,
worm-like and spherical shapes for 0.5, 3 and 6 h, respectively.
It can be found that the fluorescence intensity of DOX-HCl
inside cells increased as the culture time prolonged. At 6 h, the
red fluorescence in cells is very obvious for all the cells treated
with micelles. It should be mentioned that the intensity in
fibroblast cells is not stronger than that in the HepG2 tumor
cells at the same time. The reason may be that the micelles
prefer to enter tumor cells. By comparison, the fluorescence
intensity of cells treated with spherical micelles is the highest
among the three types of micelles, indicating that the spherical
micelles are more likely to be taken up by these cells. Most

In vitro tumor cell growth inhibition assay (a) and optical microscope images (b) of HepG2 cells cultured with poly(PEG4000 : CPP : SA) (20 : 20 : 60) micelles with

different morphologies at the concentrations of 0.25 and 2.0 mg mL~" for 1 day and 2 days (all scale bars are 50 um).
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Fig. 8 Fluorescence microscopy images of (1) fibroblast and (2) HepG2 tumor cells incubated with DOX-HCl-loaded micelles (red) of different morphologies for 0.5 h
(A), 3 h (B) and 6 h (C), respectively. The scale bars are 40 um in all the images and cell nuclei stained with DAPI (blue).

micelle drug delivery systems can enter cells through caveolae-
mediated endocytosis.**™*

The effect of micelle morphology on biodistribution in in vivo

Nanocarriers can evidently change in vivo biodistribution of the
therapeutic drug loaded. The optimum biodistribution
improves the bioavailability of drug and diminishes side
effects.*® In vivo biodistribution of the DOX- HCl-loaded micelles
in normal and tumor tissues is displayed in the typical fluo-
rescence microscopy images at 6 h and 24 h in Fig. 9. Fig. 9A
displays that DOX-HCl accumulated in the tumor can be
detected clearly in all groups at 6 h. Higher fluorescence
intensity could be observed in the groups treated with
DOX-HCl-loaded micelles compared with the free DOX-HCI
treatment. The highest fluorescence intensity is for the group
treated with rod-like micelles. After 24 h the fluorescence
intensity in the tumor sites shows a decrease to some extent in
all groups, especially for the free DOX-HCI treatment, whereas
the fluorescence intensity in the group treated with rod-like
micelles is still the highest, maybe because the rod-like carrier
has the capability of circulating longer than the spherical
vector. The rod-like carrier is more likely to be taken up or
eliminated by cells of the immune system, and more readily to

This journal is © The Royal Society of Chemistry 2013

accumulate in the tumor site than the normal tissues because of
the enhanced permeation and retention (EPR) effect.’®*”

To analyze the in vivo biodistribution of free DOX-HCI and
the three types of DOX-HCl-loaded micelles quantitatively, UV-
vis spectrophotometry was employed to measure the content of
DOX-HCI in normal and tumor tissues. Biodistribution of free
DOX-HCI and DOX-HCl-loaded micelles of different morphol-
ogies at 6 h and 24 h is shown in Fig. 9B. It must be pointed out
that the DOX-HCI level in both tumor and normal tissues
decreased with the time. As shown in Fig. 9B, the content of free
DOX-HCI is much lower than that of DOX-HCl-loaded micelles
at the tumor site, and free DOX-HCI in normal tissues is more
than these micelles. For the three types of micelles, the longer
the micelles are, the more the DOX-HCI accumulates in the
tumor site, due to the tumor-featured EPR effect. It is also
demonstrated that the DOX-HCl-loaded micelles can circulate
invivo for a longer time, especially for the rod-like micelles. The
result is in agreement with the report by Discher et. al.*® The
longer circulation time may be due to the fact that the formu-
lation of micelles can protect DOX-HCI and prevent it from
being taken up by the RES and macrophages.*® In addition, we
also find that the content of the DOX-HCl-loaded micelles are
prone to accumulate in the liver and spleen with the time
increasing, which is beneficial to eccrisis. The results suggest
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(A) Fluorescence microscopy images and (B) biodistribution profiles of DOX-HCl in tumor and normal tissues from mice with 4T1 breast tumors after intra-

venous administration of free DOX-HCl and rod-like, worm-like and spherical DOX-HCl-loaded micelles at an equivalent DOX-HCl dose of 5 mg kg~ at the time of 6 h

and 24 h.

that the DOX-HCl-loaded micelles have lower toxicity to normal
tissues than free DOX-HCL

Conclusions

To the best of our knowledge, there are few comprehensive and
systematic reports about the effects of different factors on the
morphology of polymeric micelles, especially the morphological
transition, prepared with PEG-based ether-anhydride terpoly-
mers. In this study, micelles with various morphologies (rod-
like, worm-like and spherical) formed from the amphiphilic
poly(PEG : CPP : SA) terpolymers are prepared. The morpho-
logical transition of the micelles can be controlled by changing
PEG chain length, the hydrophilic-hydrophobic segment ratio,
concentration of polymer and the environmental temperature
due to the entropy change and free energy balance. As drug
nanocarriers, the longest rod-like micelles possess the highest
drug-loading efficiency, which could be contributed to their
large core volume and large area of the aggregation cavity. MTT
assay reveals that micelle morphology affects the cell viability of
HepG2, and rod-like micelles exhibit the best biocompatibility.
The fluorescence microscopy images of tumor tissues suggest
that rod-like micelles have the capability of circulating longer
than other vectors which are easier to be eliminated by cells of
the immune system. Therefore, the micellar shape is very
important when the micelles are selected as drug carriers in
nanomedicine.
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