

















The SEM and TEM images of Me PEG- b-PCL PMs showed that the micelles were discrete and
round in shape.

Figure 2. TEM photograph of CPT PMs containing (a) 1:25 w/w drug polymer ratio of F4, (b) 1:25 w/w
drug polymer ratio of F8

PM particle size was measured using a Malvern Zetasizer and ranged from 0.437 um to 0.178 pm
(F1-F8) and for formulations containing F9-F14, it ranged from 0.921 pm to 0.615 um (shown in
Tables 3). ‘

Table 3. Particle size and polydispersity index of polymeric micelles containing camptothecin

Formulation code | Mean particle diameter (um) | Polydispersity index
Fl 0.437+0.10 0.31+0.02
F2 0.408 + 0.09 ) 0.34 £ 0.04
F3 0.369 +£0.17 0.41 £ 0.09
F4 0.197 £0.16 0.29 + 0.03
F5 0.332 +£0.05 0.44 +0.08
F6 0.296+0.11 0.46 +0.06
F7 0.241 £0.13 0.52 £0.07
F8 0.178 £ 0.09 0.47 £0.06
F9 0.921 £0.15 0.86 +0.11
F10 0.853+0.21 0.75 +0.03
F1l 0.743 £0.23 0.71 £0.12
Fl12 0.799 £ 0.19 0.85 +0.09
F13 0.648 + 0.25 0.70 + 0.05
Fl14 0.615+0.11 0.66+0.13

It was observed that increasing the molecular weight of Me PEG-b-PCL increased the particle
size; however, increasing the PEG chain length with similar PCL chain length produced a
smaller particle size. This is because PEG was able to moderate the association of the copolymer
molecules during the formation of the particles (Watanabe et al. 2006). It can be seen that the
higher the copolymer concentration in organic phase, the larger the polymeric micelle. The
higher copolymer concentration leads to slower diffusion of the organic phase into the aqueous
phase, which may result in larger PMs. (Zhang et al. 2007). PMs prepared with THF showed
higher average diameter (0.9-0.6pm) and some aggregation with higher polydispersity.

The CPT PMs containing F4 (Me PEG 5000-b-PCL 13,000, 1:25 ratio) and F8 (Me PEG 5000 -
b- PCL 5000, 1:25 ratio) showed smaller particle size and narrow size distribution when
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compared with other formulations. From the zeta potential measurement, it could be found that
the zeta potential of micelles containing F4 (PI, 1:25) and F8 (PIL, 1:25) was in the range of -6.8
and -7.05 respectively. The increase of zeta potential might be related to the shielding of ion
charge by PEG shell because of its non-ionic nature (Zhang et al. 2007).

Drug loading and encapsulation efficiency

Several factors may affect drug loading and encapsulation efficiency of the core shell structured
PMs prepared by ESE: ' '

a) The affinity of the loaded drug for the core-forming polymer
b) The volume of the hydrophobic core ‘
“¢) Drug-drug interaction (i.e., its ability to self-aggregate) (Opanasopit et al. 2004).

Among these three, the compatibility between the drug and the core-forming block is said to be
the main factor.

In order to obtain PMs with high drug loading, formulations containing 14 different ratios of
drug and polymer were prepared. For CPT-PMs prepared using chloroform: acetonitrile, the
results indicated that the encapsulation efficiency of camptothecin was around 82.7 + 0.5% for
PMs containing a 1:12.5 ratio of polymer - I and 79.5 + 0.5% for PMs containing a 1:12.5 ratio
of polymer-II.

The encapsulation efficiency was 83.8 + 0.8% for PMs containing a 1:25 ratio of polymer-I and
82.0 £ 0.4% for PMs containing a 1:25 ratio of polymer-II, analyzed by HPLC. For PMs
containing 1:5 ratio of block copolymer, the encapsulation efficiency was around 78.02 = 0.5%
for polymer-I and 77.89 + 0.7% for polymer-II. For PMs prepared using THF, the encapsulation
efficiency was very low and ranged from 41.53 + 1.2% to 48.19 + 0.5% (Table 4).

Table 4. Encapsulation efficiency of camptothecin polymeric micelles (n=3)

Formulation code Drug:polymer ratio | Drug entrapped
. % + SD

Fl1 1:2.5 60.30+0.6 .
F2 , 1:5 ) 78.02+0.5
F3 1:12.5 82.75+0.5
F4 1:25 83.80+0.8
F5 1:2.5 56.21+0.8
F6 1:5 77.89+0.7
F7 1:12.5 79.50+£0.5
F8 1:25 82.00+0.4
Fo ' 1:5 41.53+1.2
F10 C 1125 45.61+0.9
Fl1 ’ 1:25 51.03+0.7
F12 _1:5 38.64+ 1.1
F13 1:12.5 4 44.54 £ 0.6
F14 1:25 48.19+0.5

It can be seen that PMs prepared with higher copolymer concentrations in the organic phase
yielded higher encapsulation efficiencies (Bin Shi et al. 2005). Higher copolymer concentrations
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would accelerate the solidification of PMs, which could in turn retain the drug in the polymer
matrix more effectively. In our study, the PMs prepared with a 1:25 ratio of block copolymer
showed higher encapsulation efficiency than PMs prepared with 1:5 and 1:12.5 ratios of the
same polymer. However, it was found that a drug /copolymer feeding ratio higher than 1:25
caused a large amount of particle aggregation and very low PM yield (data not shown). This is
important because the state of the incorporated drug in the PMs is the primary factor that
determines the release profile of a drug delivery system.

In vitro release behaviour

Camptothecin has very poor solubility in water and most organic solvents, which limits its
application as an anticancer drug. In this study CPT was loaded in PMs by ESE. CPT-loaded
PMs preserved their spherical shape and retarded CPT release (Zhang et al. 2006). The release
behaviour of a lipophilic compound from the core shell of structured PMs is largely dependent
on the hydrophobic property of the inner core. The other factors influencing rate of drug release
include:

a) release medium used
b) characteristics of the copolymer
¢) internal structure of the micelles

In this test, we used phosphate-buffered saline, pH 7.4, as the release medium in order to
investigate the other factors concerned. All the PM formulations exhibited an initial burst release
of CPT from the dialysis bag, indicating that the release lag time induced by the dialysis bag
could essentially be neglected (Chang et al. 2008). In vitro release profiles of all the formulation
were compared with a CPT solution. The cumulative percentage of CPT released within 6 hrs
was found to be 96.6 = 0.6% at 37°C in PBS. All samples exhibited a burst release of CPT at the
initial stage. This may be because a portion of the drug was deposited at the region near or
within the PEG shell and could gain access to aqueous medium without the need of a long
diffusion time. After the initial burst, the CPT release rate slowed down and became steady in a
controlled release manner.

In our study, CPT-PMs prepared using chloroform: acetonitrile containing a 1:5 ratio of
polymer-I exhibited a burst release of 17.124 £ 0.5% in the first h. For PMs containing a 1:12.5
ratio of polymer-I it was 19.547 + 0.1%, and for PMs containing a 1:25 ratio of block copolymer
it was 10.939 + 0.2%. For polymer-II PMs containing 1:5, 1:12.5 and 1:25 ratios of block
copolymer, the burst release was 21.062 £ 0.4%, 19.595 1 £ 0.5 % and 15.183 £ 0.9%
respectively. The maximum percentage of drug (96.6 £ 0.6%) was released within 6 h for a
solution of pure CPT. For the PM formulations containing CPT, however, the release was found
to be 32.078 £ 0.9% (F2), 42.671 £ 0.9% (F3), and 25.395 + 0.1% (F4) at 6 h. For the
formulations containing P-II (F6, F7, F8), the percent released within 6 h was 45.241 £ 0.7%,
43.321 £ 0.8%, and 35.294 £ 0.5% respectively. About 88.31 + 0.1% of the total loaded drug
was released from PMs containing 1:5 ratio of block copolymer I in 36 h. For the 1:12.5 ratio of
block copolymer I, it was found to be 82.613 + 0.1% and 78.58 £ 0.1% for PMs containing a '
1:25 ratio of block copolymer I. For PMs containing 1:5, 1:12.5 and 1:25 ratios of polymer-1I,
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the total CPT released in 36 h was 94.015 + 0.3,
(p<0.05) (Fig. 3 and 4).
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- For formulations prepared using THF as a solvent, the release rate was faster than formulations
prepared using chloroform:acetonitrile. For formulations F9, F10 and F11 the release was found
to be 96.66 + 0.5%, 92.62 + 0.8% and 90.44 + 0.8% respectively within 24 h. For formulations
F12, F13 and F14 the release was 96.34 = 0.2%, 94.91 £ 0.9% and 93.31 + 0.7% respectively
within 24 h (Fig. 5 and 6). '

The data show that the release rate decreased as the diblock copolymer ratio increased. PMs with
larger size have a slower release rate. Larger polymeric micelles have bigger hydrophobic cores
and smaller surface area, so it takes longer for the incorporated drug to diffuse across the
polymer matrix to the particle surface and finally into the aqueous medium, resulting in slower
release. These results also show that the longer the PCL chain length, the slower the drug
release. The longer chain length of PCL could result in larger particle size, smaller surface area
and greater diffusion layer thickness which slow down the drug release. All block copolymer
chains prepared by the emulsification solvent evaporation method existed as uniform micelles
without aggregation and showed slow release for a prolonged period. Therefore, these micelles
could be useful as injectable, circulating, slow-release drug carriers.
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Figure 6. In vitro release profiles of CPT from free drug and CPT loaded polymeric micelles (F12-F14) in
pH 7.4 PBS solution at 37°C. ‘

The slow steady release of CPT observed with all these preparations demonstrates that the drug
is more effectively encapsulated by our method. In addition, the presence of PCL can increase
the interaction between the polymer matrix and the loaded drug and further slow the release rate.

Critical micellar concentration (CMC)

The stability of micelles in vitro depends on the CMC values. The stability is a very important
parameter in the drug delivery application of polymeric micelles because intravenous injections
of micellar solutions are associated with extreme dilutions by circulating blood. If the
concentration of a micelle forming polymer in the circulation drops below the CMC, the
micelles may be prematurely destroyed resulting in the release of encapsulated drug into the
circulation before it reaches its target; this could be dangerous because a poorly soluble drug
may precipitate inside blood vessels. Upon dilution to CMC, micelles begin to dissociate into
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unimers and thus release drugs. The lower the CMC value, the better the micelle stability
(Yamamoto et al. 2007).

CMCs of block copolymers were analyzed using pyrene as a fluorescent probe. Pyrene is known
to exhibit a peak shift in its excitation spectrum upon incorporation into a hydrophobic inner
core. At very low concentrations of Me PEG-b-PCL, the fluorescence intensity was very low,
but in the presence of PMs, there was an increase in the fluorescence intensity.ratio.

The CMC was found to be 5-18 pg/mL for the PMs prepared using Me PEG-b-PCL, 5000-
13000. For the PMs containing Me PEG-b-PCL, 5000-5000, it was 12-32 pg/mL using
chloroform: acetonitrile as a solvent. For the PMs prepared using THF it ranges from 26-42
pg/mL (shown in Table 5). It is known that the stability of micelles both in vitro and in vivo
depends on the CMC values. Upon dilution to CMC, micelles begin to dissociate into unimers
and thus release drugs. In general, the lower the CMC value, the better the micelle stability
(Yamamoto et al. 2007). Also these results on experimental CMC values vs hydrophobic block
length coincide well with those reports given by Astafieva et al. (1996).They reported that the
onset of micellization was determined mainly by the nature and the length of the hydrophobic
block, where the nature of the hydrophilic block had only a slight dependence on the onset of
micellization. ‘

Table 5. Critical micellar concentration of CPT-PMs (n=3)

Formulation Drug:polymer CMC
code ratio (png/mL)
Fl 1:2.5 18
F2 1:5 10
F3 1:12.5 13
F4 1:25 5
F5 1:2.5 32
F6 1:5 28
F7 1:12.5 20
F8 1:25 12
F9 ' 1:5 34
F10 1:12.5 31
Fll 1:25 26
F12 1:5 42
F13 1:12.5 40
F14 1:25 38

Drug release kinetics

Camptothecin polymeric micelles were prepared by ESE using diblock copolymers to retard
release and achieve the required release profile. To study the release kinetics, data obtained from
in vitro release studies were plotted in various kinetic models viz., zero order, first order,
Higuchi’s and Korsmeyer-Peppas plots (Ju et al. 1995).

It was found that the in vitro release of CPT from PMs was best explained by Higuchi’s
equation, as the plot showed the highest linearity followed by first order, followed by zero order
for all the formulations. The log-cumulative percentage drug release vs. time plot for the
Korsmeyer-Peppas equation indicated a good linearity. The release exponent n was between
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0.52-0.78, which appears to indicate a diffusion and erosion mechanism for all the formulations
containing P-I and P-IL

Pharmacokinetic studies

Since in vitro studies of the formulations containing chloroform:acetonitrile showed smaller
particle size, low polydispersityb index, higher entrapment efficiency and slower release,
pharmacokinetic studies were carried out in rabbits for the formulations F4 and F8. The
pharmacokinetic parameters of CPT loaded in micelles after intravenous injection are shown in
Table 6. The Me-PEG-PCL micelles showed higher initial circulating levels in blood compared
with free CPT. :

Table 6. Pharmacokinetic parameters of camptothecin solution and camptothecin polymeric micelles

Parameters Drugin solution |y py 1.95) (i.v) F8 (PIL, 1:25)
(i.v) (i.v)
AUC 0-last Sk ®
(ng/mL h) 33.6 3519.3 68.71
t1 () 0.85 3.8%* 3.3*
MRT(h) 0.9 5.5%* 4.82*%
Total clearance (mL/min/kg) 59.1 9.47** 37.3*
V4 (mL/kg) 692.5 1923.9%* 1092.5*
K (min™) 0.85 0.18* 0.21*

Data are given as mean + SEM (n=3) Pharmacokinetic parameters of CPT PMs and CPT solution following i.v. administration in
rabbits. **denotes p<0.01, *denotes p<0.05 when compared with CPT solution (ANOVA followed by post hoc Dunnett’s test)

The concentration of F4 and F8 in blood at 5 h was about 19.5 ng/mL and 4.5 ng/mL
respectively. By 4 h, the free CPT had been removed from the circulation and could not be
detected (data not shown). On the contrary, Me PEG-b-PCL micelles exhibited a remarkably
delayed blood clearance. It could be seen that the Me PEG-b-PCL (F4 and F8) micelles
remained in the blood for 7 h. Me PEG-b-PCL micelles with PEG molecular weight of 5000
could extend the half-life of CPT to 3.8 h and 3.3 h respectively (F4 and F8). The AUC for CPT-
PMs also increased compared to free CPT.

Since Me-PEG5000-b-PCL13, 000 (F4, 1:25) micelles had longer PCL chain length and more
rigid structure, they possessed higher drug loading efficiency and it was understandable that they
would release the drug more slowly and have a relatively longer half-life. Significant increase
(p<0.01) in AUC, MRT and V4 was observed in F4 (PI, 1:25, chloroform: acetonitrile) when
compared to CPT solution and clearance was also found to be significantly low (p<0.01) when
compared with CPT in solution. Increase in MRT in plasma compared with the same dose of
CPT solution may be due to the coating of PEG on the surface of polymeric micelles and
sustained the release of CPT from CPTPMs. The high value for V4 confirms broad tissue
distribution for the copolymeric micelles to the various tissues and organs within a short period
of time. In this way, the penetration of the copolymeric micelles into tissues may be vnhanced.

The in vivo characteristics of Me-PEG-PCL micelles were consistent with the micclles’ in vitro
physicochemical characteristics. Since Me PEG-b-PCL (5000-13000) micelles had longer PCL
chain length and more rigid structure, they possessed higher drug loading efficiency and it was
understandable that they would release drug more slowly and have a relatively longcr hali-life.
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These data confirm that Me PEG-b-PCL micelles provide enhanced drug stability in the blood
and prevent the adsorption of various blood components onto their surface. These findings
suggest that the stable incorporation of CPT into PMs by the hydrophobic interaction of intact
CPT with inner core of PM may be important in maintaining drug stability in the circulation.

Discussion

Polymeric micelles have been widely studied for targeted drug delivery and other biomedical
application, especially for anticancer drugs. These carriers are able to provide a series of
unbeatable advantages - they can solubilise poorly soluble drugs by hydrophobic core resulting
in the increase of drug stability and bioavailability. They can stay in the body long enoﬁgh
providing gradual accumulation in the required area. Their size permits them to accumulate in
the body regions with leaky vasculature. The drugs loaded in the polymeric micelles can be well
protected from possible inactivation under the effect of biological surroundings and their
bioavailability is increased (Allen et al. 1999).

Camptothecin (CPT), a plant alkaloid extracted from Camptotheca acuminata, acts as a potent
anti-tumour agent by inhibiting the nuclear enzyme topoisomerase I. It inhibits the growth of a
wide range of tumours. However, the major drawbacks of the drug have always been water
insolubility and lactone instability. The lactone ring in CPT plays an important role in the drug’s
biological activity but it exists in a pH dependent equilibrium with an open ring carboxylate
form. The lactone ring opens at physiological pH or above, making this drug much less active
and highly toxic (such as myelosuppression, hemorrhagic cystitis and diarrhoea) and precludes
its clinical use (Hatefi and Amsten 2002).

Hence the aim of this work was to use amphiphilic block copolymer based micelles to develop a
novel delivery system. Camptothecin is chosen as a model drug and the polymeric micelle
formulation is developed and evaluated. The Me PEG-b-PCL block copolymers can successfully
form micelles in water with the hydrophobic domains (PCL) as the core of the micelles.

Thin film hydration technique was used to prepare micelles from Me-PEG-b-PCL copolymers
with varying the weight ratios of camptothecin to the block copolymer, following hydration of
the copolymer film in phosphate buffer saline; sonication was employed as a means to reduce
the size of the micelles.

Various formulation parameters were optimized by trial and error method to achieve uniform
and smaller size of polymeric micelles, higher encapsulation efficiency with improved in vivo
circulation and anti-tumour activity. To achieve this two different molecular weight copolymers
(Me PEG5000-b-PCL13,000 and Me PEG5000-b-PCL5000), a sonication time of 2 min, at
temperature in the RFE of 40 °C at 100 rpm, and centrifugation at 13,200 rpm for 1 h at 4°C
were used in the study. Hydration medium used was PBS pH 7.4. These parameters were kept
constant for all the formulations for reproducibility.

Since polymeric micelles size has a crucial impact on the in vivo fate of a particulate drug
delivery system, control over the micellar size is of great importance for drug carriers. Optical
microscopy results revealed that the PMs prepared with tetrahydrofuran showed higher average
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diameter with some aggregation and higher polydispersity when compared with PMs containing
chloroform: acetonitrile. The polydispersity index for the micelles containing chloroform:
acetonitrile found to be relatively low which usually leads to a more stable micelle system in
vivo. It can be seen that higher the copolymer concentration in organic phase, the smaller the
size of the polymeric micelle (PI- F4, F8 and PII- F11, F14, drug: polymer ratio 1:25).

The morphology of the polymeric micelles formed from block copolymer was also investigated
by SEM and TEM. The scanning electron microscopic analysis revealed a spherical morphology
of the micelles containing F4 (PI, 1:25) and F8 (PII, 1:25). The TEM showed smaller size (195.4
nm and 170.5 nm for F4 and F8 respectively) due to the shrinking of the thick PEG shell in the
drying process. The shrinkage and collapse during the drying process in TEM analysis, resulted
in an irregular shape of PMs. ‘

The CPT PMs containing F4 (Me PEG5000-b-PCL13,000, 1:25 1 ratio) showed smaller particle
size and narrow size distribution when compared with other formulations. From the zeta
potential measurement, it could be found that the zeta potential of micelles containing F4 (PI,
1:25) and F8 (PII, 1:25) was in the range of -6.8 and -7.05 respectively. The increase of zeta
potential might be related to the shielding of ion charge by PEG shell because of its non-ionic
nature (Lin et al. 2003).

The results obtained here imply that particle size adjustment could be achieved by employing
different copolymers via variation of the copolymer concentration in organic phase. The loading .~
efficiency increased as the content of hydrophobic PCL block in the copolymer increased
(Hamidreza Montazeri et al. 2006). When chloroform: acetonitrile was used as solvent, hlgher
encapsulation efficiency was obtained (F1-F8) than those obtained using THF (F9-F14) for all
the block co polymer ratios. Therefore, chloroform: acetonitrile is a more favourable solvent for
CPT than THF when emulsification solvent evaporation method was used (Sang, C.L et al.
2003).

The PMs prepared with a 1:25 ratio of block copolymer I (F4) showed higher encapsulation
efficiency than PMs prepared with 1:5 and 1:12.5 ratios of the same polymer. Higher copolymer
concentrations would accelerate the solidification of PMs, which could in turn retain the drug in
the polymer matrix more effectively. However, it was found that a drug /copolymer feeding ratio
higher than 1:25 caused a large amount of particle aggregation and very low polymeric micelle
yield.

The formation of core shell type structures of Me PEG-b-PCL was further confirmed by a
fluorescence probe technique applying pyrene as a hydrophobic probe. In very low
concentrations of Me PEG-b-PCL below CMC, the marker of pyrene was dissolved in a polar
environment of water and fluorescence intensity in I 339/ T 334 was very low. However in
presence of micelles, a hydrophobic micelle core solubilising pyrene resulted in an increase of
fluorescence intensity.

In this study the CMC of F4 (P1, 1:25, chloroform: acetonitrile) and F8 (PII, 1:25, chloroform:

acetonitrile) were found to be 5 and 12 pg/mL respectively, whereas for F11 (P, 1:25, THF) and

F14 (PII, 1:25, THF) it was found to be 26 and 38 pg/mL respectively. The polymeric micelles
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prepared using chloroform: acetonitrile showed decrease in CMC than the micelles containing
~ THF. Also the CMC decrease with an increase in the length of PCL core block (F1-F4 and F9-
F11), in which it has been shown that a larger lipophilic area facilitates and stabilizes micellar
formation (Yang et al. 2002).

The lower the critical micellar concentration value of a given amphiphilic polymer, the more
stable micelles are even at a low net concentration of amphiphile in the medium. This is
especially important, since upon dilution with a large volume of blood, micelles with a high
critical micellar concentration value may dissociate in to unimers and their content may
precipitate in the blood.

The in vitro dissolution reports showed that all samples exhibited a burst release of CPT at the
initial stage. This may be due to a portion of the drug deposited at the region near or within the
PEG shell and could gain access to aqueous medium without the need of a long diffusion time
(Chang and Chu 2008). After the initial burst, the CPT release rate slowed down and became
steady in a sustained-release manner. '

These results also show that the longer the PCL chain length, the slower the drug release. The
longer chain length of PCL could result in larger particle size, smaller surface area and greater
diffusion layer thickness which slow down the drug release. The slow steady release of CPT
observed with all these preparations demonstrates that the drug is more effectively encapsulated
by ESE method. In addition, the presence of PCL can increase the interaction between the
polymer matrix and the loaded drug and further slow the release rate.

All block copolymer chains prepared by the emulsification solvent evaporation method
containing higher molecular weight PCL with chloroform: acetonitrile as a solvent showed slow
release for a prolonged period of time when compared to PMs containing THF.

Conclusion

The ultimate goal for controlled drug release is to maximize therapeutic activity while
minimizing the negative side effects of the drug. In this regard, polymeric micelles have
emerged as a novel drug carrier system for hydrophobic anticancer drugs. We have shown that
camptothecin in polymeric micelles is a promising nanomedicine with improved drug solubility
and stability.

CPT-PMs containing two different molecular weight diblock copolymers were formulated and
their entrapment efficiency and in vitro release behaviour evaluated. In addition, a fluorescent
probe was used to measure the CMC. It was found that the composition of the copolymers and
the preparation conditions of PMs influenced the particle size, encapsulation efficiency and in
vitro release, which render this drug delivery system highly flexible and adjustable. These
characteristics suggest that PMs possess the ability to deliver larger doses of CPT in its more
active lactone form with long persistence in the circulation.

It is anticipated that, because of their size and steric stability, CPT-PMs will be passively
targeted to solid tumours in vivo, resulting in high drug concentration in tumours and reduced

258



drug toxicity to the normal tissues. In the years to come, it is expected that knowledge gained in
cancer biology and polymer chemistry will catalyze the further development of novel
multifunctional micellar systems with greater customization to achieve more efficacious
antitumor responses.
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