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1. Introduction

ABSTRACT

Amphiphilic copolymers with poly(N-isopropylacrylamide) and ethyl tryptophan, ethyl 4-amino-
benzoate, or ethyl glycinate as side groups were synthesized. Assemblies based on these copolymers
were employed as model systems to investigate the morphology transformation upon loading of various
hydrophobic drugs. TEM observation suggested that the loading of non-steroidal anti-inflammatory
drugs, including ibuprofen, ketoprofen, indomethacin, naproxen and mefenamic acid, can trigger
a significant morphological transformation of assemblies based on copolymers with low substitution of
hydrophobic group. On the other hand, the introduction of steroidal anti-inflammatory drugs
(medroxyprogesterone acetate, prednisone acetate and dexamethasone) and aliphatic acids (caprylic
acid, tetradecanoic acid and stearic acid) has no significant effect on the morphology of assemblies
derived from the same copolymers, although they do have some effect on the morphology of assemblies
based on copolymers with high content of hydrophobic group. In addition, the morphology of assemblies
is well correlated with drug loading efficiency. An occurrence of morphology transformation means
a higher drug loading, and vice versa. Various physicochemical parameters including partition coeffi-
cient, molecular volume and solubility parameters were calculated according to group contribution
method. Analysis of these data pointed to the fact that a combination of molecular volume and solubility
parameters can be used as a measure to judge whether one molecule is ‘active’ or ‘neutral’. This rule can
also be applied to evaluate the compatibility between candidate drugs and nanocarriers based on these
copolymers.

© 2009 Elsevier Ltd. All rights reserved.

macroscopic tubes [7-14]. Whereas spherical micelles have been
frequently studied as promising nanocarriers for drug delivery and

During the past few decades, polymeric aggregates assembled
by amphiphilic copolymers in aqueous solutions have been widely
studied as delivery vehicles for cosmetics, dyes, small molecule
drugs, macromolecular bioactive compounds, diagnostic agents
and imaging probes [1-6]. These polymeric assemblies exhibit
multiple morphologies, including spherical micelles, cylindrical
micelles, worm-like micelles, multicompartment micelles, toroidal
assemblies, vesicles, nanofibers, helical superstructure and
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gene therapy, little attention has been paid to the effects of shape,
which may be due to, in part, the absence of appropriate model
vehicles. More recently, research by Discher’s group suggested that
cylinder micelles, known as filomicelles by authors, exhibited
significantly longer circulation time compared with their spherical
counterparts after intravenous injection in rodents [15]. These
filomicelles can orient and stretch in a flowing stream in a manner
that is ideal for flow-intensive drug delivery applications. Conse-
quently, the vehicle morphology plays a strong role not only in
transport and trafficking, but also perhaps in application. As well
known, the shape of polymeric assemblies can be controlled or
modulated through polymer architecture design, preparation
procedure (e.g., dialysis or emulsion method and solvent mixtures),
and solution conditions such as pH manipulation, salt concentra-
tion and temperature [8-12,16-19]. However, knowledge on the
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polymer self-assembly in the presence of small molecules is still
limited. Most recently, the influence of an organic diamine on the
morphology of assemblies based on a linear poly(acrylic acid)-
block-poly(methyl acrylate)-block-polystyrene (PAA-b-PMA-b-PS)
triblock copolymer has been addressed by Cui et al [20]. By intro-
ducing 2,2’-(ethylenedioxy) diethylamine, different nanoscale
complex structures were generated by this block copolymer.
Nevertheless, as for a delivery system, it is important to elucidate
the effect of introducing guest molecules on the morphology of
polymeric assemblies. To the best of our knowledge, few studies
have been performed to address this issue so far. Our previous
study indicated that the loading of a model drug will lead to the
morphology transformation of polymeric assemblies based on graft
amphiphilic copolymers [21]. In this study, a series of hydrophobic
drugs with various chemical structures were selected as guest
molecules, to investigate their effect on the morphology of
assemblies based on various amphiphilic copolymers with different
hydrophobic groups.

2. Materials and methods
2.1. Materials

Hexachlorocyclotriphosphazene (Strem Chemicals) was purified
by recrystallization from hexane and subsequent sublimation at
80-90 °C. N-Isopropylacrylamide (NIPAm) obtained from Acros
Organics was recrystallized twice from hexane before use. 2,2’-
Azobisisobutyronitrile (AIBN) was purified by recrystallization in
a benzene/hexane mixture and in ethanol, respectively. Ethyl gly-
cinate (EtGly) and ethyl tryptophan (EtTrp) were synthesized
according to literature procedure [22]. 2-Aminoethanethiol
hydrochloride (AET-HCl), ethyl 4-aminobenzoate (EAB) and
aluminum chloride (99%) obtained from Acros Organics were used
as received. Mefenamic acid (MA), ibuprofen (IBU), ketoprofen
(KET), naproxen (NAP) and indomethacin (IND) were kindly
supplied by Juhua Group Pharmaceutical Factory (Zhejiang, China).
Dexamethasone (DMS), medroxyprogesterone 17-acetate (MPG)
and prednisone acetate (PNS) were purchased from Zhejiang
Xianju Pharmacy Ltd (Zhejiang, China). Caprylic acid (CA), tetra-
decanoic acid (TA) and stearic acid (SA) were obtained from Acros
Organics. All the other reagents were commercially available and
used without further purification.

2.2. Polymer synthesis and characterization

Oligo-poly(N-isopropylacrylamide) (PNIPAm) with a terminal
amino group was synthesized by free-radical polymerization using

AIBN and AET-HCl as initiator and chain transfer reagent respec-
tively [23]. Poly(dichlorophosphazene) was synthesized by thermal
ring-opening polymerization, 5.0 wt.% aluminum chloride was used
as catalyst [24]. Copolymer with PNIPAm as hydrophilic segment
and EtGly as hydrophobic group (PNIPAm/EtGly-PPP) was synthe-
sized as described previously [25]. Copolymers bearing PNIPAm and
EAB as side groups (PNIPAm/EAB-PPP) were obtained according to
literature procedure [26]. On the other hand, amphiphilic copoly-
mers containing PNIPAm and EtTrp as flanking units (PNIPAm/
EtTrp-PPP) were synthesized as reported in our previous work [18].

The molecular weights of both oligo-PNIPAm and amphiphilic
copolymers were determined by a gel permeation chromatography
(GPC) equipped with a Waters 515 HPLC Pump and a Waters 2410
refractive index detector. THF was used as solvent with a flow rate
of 1.5 ml/min at 40 °C and narrowly dispersed polystyrene as cali-
bration standards. In addition, the molecular weight of PNIPAm was
also quantified by elemental analysis and titration in nonaqueous
solvent. Copolymer composition of PNIPAm/EtGly-PPP was calcu-
lated based on S element analysis. As for PNIPAm/EAB-PPP, the
molar ratio of PNIPAm to EAB was calculated according to the UV
absorbance of EAB group at 284 nm. In the case of PNIPAm/EtTrp-
PPP, copolymer composition was also confirmed by UV-Visible
Spectrophotometer (TU-1800PC, Beijing Purkinje General Instru-
ment Co., Ltd, Beijing, China). Absorbance at 283 nm was used to
calculate the molar ratio of EtTrp to PNIPAm with the calibration
curve constructed by concentration dependent absorbance of EtTrp
at 283 nm in the same solvent. The critical micelle concentration
(CMC) of copolymers was determined by fluorescence technique
using pyrene as probe [27]. Fluorescence measurements were
conducted using an F-4500 fluorescence spectrophotometer
(Hitachi High-Technologies Co., Tokyo, Japan). All the physico-
chemical properties of polymers mentioned in this study are pre-
sented in Table 1.

2.3. Preparation of polymeric assemblies with various model
compounds

Polymeric assemblies containing various model drugs including
MA, IBU, KET, NAP, IND, DMS, MPG and PNS, were prepared by
a dialysis method. Briefly, mixture of small molecule compound
and copolymer with a certain weight ratio was co-dissolved in N,N-
dimethylacetamide (DMAc) with a final polymer concentration of
10 mg/ml. This solution was placed into the dialysis tubing (MWCO
12 kDa) for dialysis against distilled water for 48 h at 12 °C. The
outer aqueous solution was exchanged per 30 min for the first 2 h,
and then each 2 h for the remaining period of time. After filtered
through a 0.8 pm microporous membrane, the dialysis solution was

Table 1

Physicochemical properties of polymers.

Polymers Molar ratio My Mn CMC/(g/L)
Hydrophobic group PNIPAmM

PNIPAmM® 2000,* 1800°

PNIPAm/EtGly-PPP 0.33 1.67 26000 13000 0.018

PNIPAm? 1900,% 1400°

PNIPAm/EAB-PPP-1 0.20 1.80 43000 22000 0.037

PNIPAm/EAB-PPP-2 1.00 1.00 38000 19000 0.028

PNIPAmM® 1600*

PNIPAm/EtTrp-PPP-1 0.79 1.21 41000 32000 0.102

PNIPAm/EtTrp-PPP-2 113 0.87 39000 31000 0.058

PNIPAm/EtTrp-PPP-3 119 0.81 21400 12100 0.030

2 Obtained by GPC.

Determined by elemental analysis.

PNIPAm was used to synthesize PNIPAm/EtGly-PPP.
PNIPAm was used to synthesize PNIPAm/EAB-PPP.
PNIPAm was used to synthesize PNIPAm/EtTrp-PPP.
f Determined by fluorescence probe technique.

n o n o
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lyophilized to obtain the resultant polymeric aggregates loaded
with model drug. Exactly the same procedure was adopted to
prepare assemblies containing aliphatic acids.

2.4. Determination of drug content in polymeric assemblies

Reversed-phase HPLC (Agilent 1100 HPLC system) was per-
formed to quantify the weight content of model drug in the
resultant polymeric assemblies. A 5um ODS C;g 250 x 4.6 mm
column was adopted. Mobile phase consisting of 6 uM phosphoric
acid-acetonitrile (45:55, v/v) was adopted for MA, IBU, KET, NAP
and IND, and the column temperature was 40 °C. The flow rate was
2.0, 1.5, 1.5, 1.5 and 2.0 ml/min, while detection wavelength was
245, 215, 245, 245 and 245 nm for MA, IBU, KET, NAP and IND
respectively. On the other hand, mobile phase was composed of
methanol and water with a volume ratio of 70:30, and the flow rate
was 1.0, 1.5 and 1.0 ml/min for DMS, MPG and PNS respectively. The
column temperature was 25 °C, and the effluent was detected at
240 nm.

2.5. Determination of the content of aliphatic acid in polymeric
assemblies based on PNIPAm/EtTrp-PPP-1

The content of aliphatic acid in polymeric assemblies was
determined by an indirect method. Briefly, the weight of PNI-
PAm/EtTrp-PPP-1 in aliphatic acid containing polymeric
assemblies was quantified by UV measurement at 288 nm, and
then the weight of aliphatic acid was obtained by simple
subtraction.

2.6. Morphology observation by transmission electron
microscopy (TEM)

TEM images were obtained using a JEM 1200EX operating at
an acceleration voltage of 60KkV. Copper EM grids were
precoated with a thin film of Formvar. Samples were prepared at
12°C by dipping a TEM grid into the aqueous solution of
polymer assemblies, and extra solution was blotted with filter
paper. After water was evaporated at room temperature for
appropriate time, samples were observed directly without any
staining.

2.7. Particle size determination

Dynamic light scattering (DLS) measurement for the
assemblies in aqueous solution was performed with a Malvern
Zetasizer Nano ZS instrument at 25 °C. The results are listed in
Table S1.

2.8. Calculation of octanol-water partition coefficient (log P)

Method established by Moriguchi et al. was adopted to calculate
log P of various compounds [28].

2.9. Calculation of molar volume and total solubility parameters by
the group contribution method

The solubility parameter (6) and molar volume (V) of various
hydrophobic compounds and hydrophobic groups of amphi-
philic copolymers were calculated by the method reported by
Fedors [29].

AE 1/2
- (¥)
= ZAe,-
i
V = ZAUi
i

Where AE, is the energy of vaporization at a given temperature and
V is the corresponding molar volume, Ae; and Av; are the additive
atomic and group contribution for the energy of vaporization and
molar volume respectively.

2.10. Calculation of partial and total solubility parameters by group
contribution method

The partial solubility parameters 04, 0p and op, corresponding
to contributions from Van der waals dispersion forces, dipole-
dipole interactions, and hydrogen bonding respectively, were
calculated by the method developed by Van Krevelen [30].
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Scheme 1. The chemical structure of copolymers and various drugs employed in this
study.
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Where Fy;, Fpi and Ej,; are the specific functional group contributions
of dispersion forces (Fg;), polar forces (Fy), and hydrogen bonding
(Epi). The molar volume (V) of various drugs and the hydrophobic
groups of amphiphilic copolymers were obtained by the Fedors’
method as described above [29]. The total solubility parameter is
then the sum of the contributions from each of these forces.

3. Results

3.1. Drug loading and TEM images of assemblies based on PNIPAm/
EtTrp-PPPs and various model drugs

Amphiphilic polyphosphazenes with PNIPAm and EtTrp as side
groups were synthesized by a sequential two-step substitution
reaction of poly(dichlorophosphazene) with EtTrp and PNIPAm
[19]. The chemical structure of PNIPAm/EtTrp-PPP is illustrated in
Scheme 1. Three copolymers with various PNIPAm/EtTrp molar
ratios were employed in this study, and their physicochemical
characteristics are presented in Table 1. With the aim to address the
effect of drug loading on the morphology of assemblies, eight
lipophilic drugs with various structures were selected as models
(Scheme 1). Among these model drugs, IBU, KET, NAP and MA are
non-steroidal anti-inflammatory drugs with carboxylic group,
while MPG, PNS and DMS are considered as highly hydrophobic
steroidal drugs.

PNIPAm/EtTrp-PPPs based assemblies containing various model
drugs were prepared by dialysis method using DMAc as a common
solvent for both polymer and drug. TEM images of assemblies
derived from PNIPAm/EtTrp-PPP-1 and various drugs are shown in
Fig. S1B-]. Independent of the significant difference in the chemical
structure of model drugs, network-like assemblies were observed.
This morphology is similar to that of copolymer itself assembled in
an aqueous solution as shown in Fig. STA. This result suggests that
lower drug loading has no significant effect on the morphology of
resultant assemblies. To further investigate the influence of drug
content, assemblies of PNIPAm/EtTrp-PPP-1 containing various
contents of IND, IBU and MPG were prepared. For IND and IBU, drug
loading increased as the feed ratio increased, while no significant
change was observed in the case of MPG. Fig. 1 shows the TEM
images of PNIPAm/EtTrp-PPP-1 assemblies with various IND
loading. Interestingly, obvious morphology changes were observed.
With 6.1% IND, the assemblies still exhibited network morphology
to some extent (Fig. 1A). However, vesicles were observed as IND
loading increased to 14.7% (Fig. 1B and C). Further increasing IND
content resulted in the formation of nanospheres (Fig. 1D). For
assemblies prepared with extremely high IND feed (47.4%),
although the real IND loading was relatively lower (31.6%)
compared with that (37.2%) prepared with 41.2% IND feed, totally
nano-spherical particles were observed (Fig. 1E). As presented in
Fig. 2, a similar drug-loading effect was observed for IBU when its
loading was enhanced. For example, morphologies ranging from
network to vesicle and nanosphere were found as IBU loading

increased from 5.4% to 18.7% and 28.9%. On the other hand, MPG
loading almost did not change as its feed increased from 9.1% to
54.6%. In consistent with the lower drug loading, no significant
morphology change was observed as shown in Fig. S2.

Similar experiments were performed for assemblies based on
PNIPAm/EtTrp-PPP-2. With the same drug feed, drug loading was
slightly increased for this copolymer in comparison with that of
PNIPAm/EtTrp-PPP-1. Fig. S3 illustrates the TEM images of assem-
bles based on PNIPAm/EtTrp-PPP-2 and various drugs. Assemblies
of PNIPAm/EtTrp-PPP-2 alone exhibited network-like structure as
well observed in our previous study [18,21]. For assemblies con-
taining DMS and MPG, their morphology looked like that of
copolymer alone (Fig. S3A-C). However, in the case of assemblies
containing IBU, KET and NAP, dispersed particles were observed
(Fig. S3D-F). In addition, significant morphological changes were
also observed for assemblies containing various contents of IND
(Fig. 3). As IND loading increased from 7.2% to 30.4%, assemblies
were transformed from network to high-genus vesicles and even to
nanospheres (Fig. 3A-D). For assemblies with 28.2% IND prepared
with 47.4% IND feed, almost all of them were nanospheres (Fig. 3E).
On the other hand, morphology change did not occur for assemblies
containing MPG that were prepared with initial feed ranging from
9.1% to 33.3% and 54.6% (Fig. S4). This result was similar to that
observed for PNIPAm/EtTrp-PPP-1.

As far as assemblies based on PNIPAm/EtTrp-PPP-3 was con-
cerned, morphological changes were observed in the presence of
various drugs independent of their structure and loading amount as
shown in Fig. 4. Network-like assemblies, assembled by PNIPAm/
EtTrp-PPP-3 itself in aqueous solution, were transformed into
dispersed nanoparticles even when lower content of DMS (0.7%) or
MPG (1.3%) was introduced (Fig. 4A-C). Totally dispersed nano-
particles were also obtained as 4.1% IBU was loaded (Fig. 4D). In
addition, both vesicle-like assemblies and nanoparticles were ach-
ieved with the loading of 1.8% KET, 2.8% MA or 1.2% NAP (Fig. 4E-G).
As for IND, assemblies of vesicles and well-defined nanospheres
were achieved as IND loading increased from 6.5% to 29.5% (Fig. 5).

In combination of these results regarding assemblies based on
PNIPAm/EtTrp-PPPs and various drugs, it seems that drugs with
carboxylic group are prone to leading to the morphological changes
of drug-loaded assemblies, which is especially true when the drug
loading is higher. To demonstrate whether all the hydrophobic
compounds with carboxylic group will result to this effect, we
selected three hydrophobic aliphatic acids, i.e. CA, TA and SA as
guest molecules to prepare assemblies based on PNIPAm/EtTrp-
PPP-1. Compared with IBU and IND, the real loading of CA, TA or SA
was relatively lower despite the dramatic increase in initial feed.
TEM images of assemblies prepared with various contents of CA are
presented in Fig. S5. Obviously, almost no changes in the
morphology of assemblies containing CA can be observed, and
exactly the same result was obtained for assemblies containing TA
and SA as shown in Figs. S6 and S7. Interestingly, for the samples
prepared with the SA feed of 9.1% or 23.1%, even SA crystals can be
observed when no filtration was performed after dialysis process
(Fig. S7E and F). This suggests that the interaction between SA
molecules is stronger than that between SA and copolymer, which
might be responsible for the relatively lower loading of this type of
hydrophobic compounds.

3.2. Drug loading and TEM images of assemblies based on PNIPAm/
EAB-PPPs and various model drugs

To investigate the effect of copolymer structure on the
morphology transformation of assemblies mediated by small
molecules, amphiphilic polyphosphazenes with PNIPAm and EAB
as flanking groups (PNIPAm/EAB-PPPs) were also synthesized
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(Scheme 1). The physicochemical properties of polymers are also
listed in Table 1. Drug containing assemblies based on PNIPAm/
EAB-PPPs were prepared by dialysis method as well. For a certain
drug feed, drug loading was significantly higher for drugs like IBU,
KET, NAP and IND compared with drugs such as DMS, MPG and PNS.
This result is similar to that observed for assemblies derived from
PNIPAm/EtTrp-PPPs. In the case of morphology, assemblies formed
by PNIPAm/EAB-PPP-1 alone exhibited a network-like structure as
presented in Fig. S8A. For assemblies with 10.6% IBU, 7.9% KET, 6.8%
NAP, 8.8% IND, 0.4% DMS, 0.3% MPG or 0.5% PNS, network-like
structure was also observed (Fig. S8B-H). On the other hand, for
IND containing assemblies based on PNIPAm/EAB-PPP-1, separated

nanoparticles and nanospheres were achieved when IND content
was increased to 15.6% and 29.8% (Fig. 6A and B). For PNIPAm/EAB-
PPP-2 assemblies without drug, both network and spherical
structure were observed (Fig. 6C). As 16.5% IND was loaded, only
nanospheres were obtained (Fig. 6D).

3.3. Drug loading and TEM images of assemblies based on PNIPAm/
EtGly-PPP and various model drugs

In addition to copolymers with EtTrp and EAB as hydrophobic
groups, amphiphilic copolymer with PNIPAm and EtGly as side
groups (PNIPAm/EtGly-PPP) was also synthesized (Scheme 1 and

g4 g

Fig. 1. TEM images of assemblies derived from PNIPAm/EtTrp-PPP-1 containing IND (A) 6.1%, (B) 14.7%, (C) 24.1%, (D) 37.2% and (E) 31.6%; the corresponding theoretical IND loading

was 9.1%, 23.1%, 33.3%, 41.2% and 47.4% respectively.
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ot

Fig. 2. TEM images of assemblies based on PNIPAm/EtTrp-PPP-1 containing IBU: (A) 5.4%, (B) 18.7% and (C) 28.9%.

Table 1). IND containing assemblies based on PNIPAm/EtGly-PPP
were produced by dialysis technique. The encapsulation results
suggested that IND loading increased as initial feed increased.
Morphology study using TEM indicated the structure trans-
formation from network-like to vesicle and nano-spherical archi-
tecture when IND content was enhanced (Fig. 7) [31].

3.4. Calculation of octanol-water partition coefficient

As a parameter for the hydrophobicity, log P, that is the loga-
rithm of partition coefficient between octanol and water, has been
frequently used in quantitative structure-activity relationship
studies. In current study, log P of various small molecules was
calculated by the method established by Moriguchi et al.[28], to
compare the hydrophobicity of model drugs. In addition, log P
values of EtTrp, EAB and EtGly were also calculated. Log P values
thus obtained are listed in Table S2. The values of log P difference
(Alog P) between various hydrophobic compounds and hydro-
phobic groups are presented in the same table. It can be found that
all drugs and aliphatic acids have larger log P value compared with
that of the hydrophobic groups including EtTrp, EAB and EtGly. For
steroidal drugs, with the exception of MPG, DMS and PNS have
significantly smaller log P than non-steroidal drugs.

3.5. Calculation of molar volume

The molar volume (V) of various compounds and hydrophobic
groups of copolymers was calculated according to the atomic and
group contributions developed by Fedors [29]. Table S3 shows the

values of V and molar volume difference (AV) between various
compounds and hydrophobic groups. It can be seen that all the
model compounds have larger V compared with those of hydro-
phobic groups. In addition, the molar volume of steroidal drugs
such as DMS, MPG and PNS is significantly larger than that of non-
steroidal drugs including MA, IBU, KET, NAP and IND. Among the
aliphatic acids, CA has the smallest molar volume, which is also
smaller than those of the hydrophobic groups of copolymers, while
the Vvalues of TA and SA are significantly larger than those of EtTrp,
EAB and EtGly.

3.6. Calculation of partial and total solubility parameters

Solubility parameter (6) has been widely used to evaluate the
compatibility between various drugs in solid dispersions or
polymer-drug interaction in polymer based delivery systems
[32,33]. In this study, two methods were adopted to calculate 4.
The first method was established by Fedors, which is frequently
used to calculate total solubility [29]. The second method
developed by Van Krevelen can be used to calculate both partial
and total solubility parameters [30]. The values of ¢ obtained
according to the first method are summarized in Table S4.

Both partial and total solubility parameters were calculated
based on the method by Van Krevelen [30], and the results are
listed in Table S5. The difference of both partial and total
solubility parameters between various compounds and hydro-
phobic groups of amphiphilic copolymers is summarized in
Tables 2 and S5.
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Fig. 3. TEM images of assemblies derived from PNIPAm/EtTrp-PPP-2 containing IND (A) 7.2%, (B) 14.2%, (C) 27.3%, (D) 30.4% and (E) 28.2%; the corresponding theoretical IND loading

was 9.1%, 23.1%, 33.3%, 41.2% and 47.4% respectively.

4. Discussion

While network-like polymeric aggregates were assembled by
amphiphilic polyphosphazenes with PNIPAm and hydrophobic
groups as substitutes when the hydrophobic content was relatively
lower, morphology transformation was indeed observed in the
presence of various hydrophobic small molecules. However,
depending on specific drug-polymer pairs, difference was
observed. Results obtained based on PNIPAm/EtTrp-PPPs and
various drugs suggested that non-steroidal drugs including IBU,
KET, NAP, MA and IND can easily lead to morphology change as far
as their content was above a certain value (critical content), and this

effect was independent of copolymer composition. For steroidal
drugs like DMS, MPG and PNS, structure changes were only
observed for copolymer with higher EtTrp content. A similar
phenomenon was observed for assemblies based on copolymers
with EAB and EtGly as hydrophobic groups. Accordingly, the more
hydrophobic the copolymer is, the lower the critical content will be
needed for morphology change. In addition, the presence of
carboxylic group seemed to be a prerequisite for structure variation
of assemblies based on copolymers with lower content of hydro-
phobic group. However, experiments using three aliphatic acids
indicated that other hydrophobic groups in a hydrophobic small
molecule displayed an important role on triggering the
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Fig. 4. Assemblies based on PNIPAm/EtTrp-PPP-3 loaded with various drugs: (A) control, without drug; (B) 0.7% DMS, (C) 1.3% MPG, (D) 4.1% IBU, (E) 1.8% KET, (F) 2.8% MA, and (G)

1.2% NAP. The theoretical drug loading was 5% for all these drugs.
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Fig. 5. TEM images of assemblies derived from PNIPAm/EtTrp-PPP-3 containing IND: (A) 6.5%, (B) 12.9%, (C) 29.5%, and (D) 20.4%; the corresponding theoretical IND loading was

9.1%, 23.1%, 41.2% and 47.4% respectively.

morphology transformation of assemblies. For simplifying
description in the following discussion, small molecules that can
lead to morphology evolution are defined as ‘active molecule’,
while other molecules are called ‘neutral molecule’.

To correlate the morphology evolution with the physicochem-
ical characteristics of hydrophobic compounds and copolymers,
some parameters including log P, molar molecular volume, and
partial/total solubility parameters were calculated. Since the
hydrophobic cores of assemblies based on amphiphilic poly-
phosphazenes with PNIPAm and hydrophobic groups as co-
substitutes were mainly composed of hydrophobic groups, we only
calculated the parameters of EtTrp, EAB and EtGly for copolymers,
which were used to compare with those of small molecules. As
a general evaluation, log P was used to compare the relative
hydrophobicity of various guest compounds with EtTrp, EAB and
EtGly. However, as listed in Table S2, comparison of log P values of
all these compounds provided no useful information. This suggests
that the degree of hydrophobicity itself has no significant effect on
the morphology evolution of polymeric assemblies, that is, hydro-
phobicity is not a good parameter to evaluate whether a molecule is
an active/neutral molecule or not. Comparison of the data of V and
AV presented in Table S3 pointed to the fact that steroidal drugs
(DMS, MPG and PNS) have significantly larger value compared with
those of MA, IBU, KET, NAP and IND. Interestingly, the latter are
active molecules. Accordingly, it seems that molar volume might be
used as one parameter to predict the active or neutral nature of
a molecule. However, exception was observed for CA. Despite its
small V, no morphology change was observed for assemblies

containing CA as shown in Fig. S5. In addition, no morphology
change was found for assemblies based on PNIPAm/EtTrp-PPP-1
when ethyl tryptophan was loaded (Fig. S1J). Obviously, molar
volume should be used as a measure in combination with other
parameters.

Solubility parameter might be the most frequently used
parameter to predict the compatibility between polymer and
solvents or other small molecules [30]. For example, Liu et al. used
solubility parameter to evaluate the compatibility between an
anticancer agent ellipticine and various polymers, and the results
obtained can be used to select the most suitable polymer to develop
a micelle-type carrier for this drug [34]. The thermodynamic
criteria for the compatibility of two substances are based on the
free energy of mixing 4Gy Two compounds are mutually miscible
if AGy is negative. The AGy is defined by equation:

AGy = AHy — TASy

where AHy is the mixing enthalpy and ASy is the mixing entropy.
As ASy is generally positive, there is a certain limiting positive
value of AHy below which miscibility is possible. According to the
theory developed by Hildebrand, AHy can be calculated by the
following equation

AHy = 9195(01 — 63)°

where ¢q and ¢; are the volume fractions of compounds 1 and 2.
This suggests that maximal miscibility will be achieved when
01 = 02, which results in zero mixing enthalpy (AHy = 0). One may



J. Zhang et al. / Polymer 50 (2009) 1778-1789 1787

w I PRy

y 2 I
- ¥ 1,0 500 nm 200 nm

Fig. 6. TEM images of assemblies based on: (A) PNIPAm/EAB-PPP-1 with 15.6% IND; (B) PNIPAm/EAB-PPP-1 with 29.8% IND; (C) PNIPAm/EAB-PPP-2, without drug; and (D) PNIPAm/

EAB-PPP-2 with 16.5% IND.

conclude that as a requirement for the compatibility of a polymer
and a drug, their difference in solubility parameter has to be small,
as small as possible [30].

As listed in Table S4, comparison of solubility parameters of
various compounds and hydrophobic groups of amphiphilic
copolymers suggested that to a certain degree total solubility
parameter can serve as a parameter to predict whether a molecule

is active or neutral. For copolymers with EtTrp as hydrophobic
group, Ad calculation suggested that MA, KET and NAP are
compatible molecules, and they are also active molecules as evi-
denced by TEM studies. In addition, for neutral molecules, such as
DMS, MPG, CA, TA, and SA, they are also incompatible molecules
as suggested by the significant difference in Ad. Exception,
however, was observed for PNS, IBU and IND. Although both IBU

Fig. 7. TEM images of assemblies based on PNIPAm/EtGly-PPP with IND: (A) control, without IND; and (B) 25.3%.
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Table 2
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The difference between the partial and total solubility parameters for various model drugs and the hydrophobic groups of copolymers.

Compounds Adg (J'2)cm>?) Adp (M [em?P?) Ad, (JM2)cm>?) A6 (J'P[cm?>/?)

EtTrp EAB EtGly EtTrp EAB EtGly EtTrp EAB EtGly EtTrp EAB EtGly
DMS 0.9 —6.7 3.9 19 0.9 -0.7 6.7 6.6 49 44 —2.7 5.6
MPG —-14 -9.0 1.6 0.2 -0.7 —24 -31 -3.2 —-4.9 23 -9.5 -11
PNS —0.05 -76 3.0 1.8 0.8 -0.8 1.8 1.7 —-0.02 1.0 -6.1 23
MA 18 -5.8 48 -0.8 -1.7 -34 -0.5 —0.6 -23 13 -5.9 2.5
IBU —-23 -9.9 0.7 -1.2 —2.2 -3.8 -1.8 -1.9 —-3.5 -2.9 —10.1 -1.7
KET 04 -72 34 11 0.2 -15 -11 -1.2 -2.9 0.2 -7.0 1.4
NAP -0.8 —-83 2.2 -0.2 -11 2.8 -0.3 -04 —-2.2 -0.9 —-8.0 0.4
IND 4.2 -34 7.2 31 2.2 0.5 0.9 0.9 -0.8 4.7 -24 6.0
CA -3.9 —11.5 -0.9 -0.8 —-1.7 -34 -1.0 -11 -2.8 —4.1 -11.2 —2.8
TA —-3.7 -11.3 -0.7 -1.8 2.7 —-44 2.7 —2.7 44 —-4.6 —11.8 -34
SA -3.6 -11.2 —0.6 -21 -31 —-4.7 -33 -34 —5.1 —-4.38 —-12.0 -3.6
EtTrp — — — — — — — — — — — —
EAB = = = = = = = = = = = =
EtGly — — — — — — — — — — — —

and IND are active molecules, the calculated values of A¢ indicated
that they are incompatible molecules, and an opposite phenom-
enon was found for PNS. Interestingly, exactly the same result was
found for EAB containing copolymers. Total solubility parameter
calculated based on partial solubility parameters (Adq, Adp and
Adyp) has been considered to be more reliable to predict the
compatibility of various compounds [30,34]. Consequently, the
differences of partial and total solubility parameters between
various drugs and hydrophobic groups of amphiphilic copolymers
were also compared (Table 2). Whereas Adg and Adp cannot
provide a good correlation, Ad, seems to be a relatively good
predictor of active or neutral molecule despite the exception of
PNS and CA for all the copolymers. As for Aé based on partial
solubility parameters, inconsistency was found for PNS, IBU and
IND for EtTrp containing copolymers, and no good correlation can
be found for EAB containing copolymers, while for copolymers
with EtGly as hydrophobic group, MPG, MA and IND are excep-
tions. Unlike assemblies based on amphiphilic block copolymers,
the cores are not solely composed of hydrophobic groups or
segments for assemblies based on amphiphilic graft copolymers.
This might be one possible reason for the exceptions observed.
In addition, the calculation methods for some physicochemical
parameters such as molar volume and partial solubility
parameters need further modification to obtain more reliable
results.

In summary, we can conclude that the combination of
molecular volume, partial solubility parameter ¢p and total
solubility parameter may provide useful information regarding
the potential effect of small guest molecules on the morphology
of assemblies based on amphiphilic copolymers with PNIPAm as
hydrophilic segment. As we addressed in previous studies
[18,26], for assemblies based on amphiphilic polyphosphazenes
with PNIPAm and hydrophobic groups as side substitutes, the
morphology can be changed from network-like structure to
vesicles and nanospheres when the content of hydrophobic
group increased. As for assemblies containing hydrophobic
compounds, the morphology transformation should be due to
the presence of non-covalent interactions such as hydrogen-
bonding and hydrophobic interactions between copolymer and
small molecules. These non-specific interactions might enhance
the hydrophobicity of polymer-drug systems. For instance, the
hydrogen bonding interactions between PNIPAm and IND have
been evidenced by FT-IR [21]. However, the results obtained in
this study suggested that a synergistic effect of both hydrogen
bonding and hydrophobic interactions should be responsible for
the observed morphology transformation, and more detailed
studies are necessary to make a clear conclusion.

5. Conclusions

Assemblies based on amphiphilic copolymers with PNIPAm and
various hydrophobic groups as side groups were employed as
model systems, to study the effect of small guest molecules on the
morphological transformation by using an array of drugs with
various chemical structures. TEM observation suggested that the
loading of non-steroidal anti-inflammatory drugs, including IBU,
KET, IND, NAP and MA, can trigger a significant morphology
transformation of assemblies based on copolymers with low
content of hydrophobic group. On the other hand, the introduction
of steroidal anti-inflammatory drugs (MPG, PNS and DMS) and
aliphatic acids (CA, TA and SA) has no significant influence on the
morphology of assemblies derived from copolymers with low
content of hydrophobic group, although they do display some effect
on the morphology of assemblies based on copolymers with high
content of hydrophobic group. In addition, the morphological
transformation is well correlated with drug loading efficiency. The
occurrence of morphology transformation means a higher drug
loading, and vice versa. The first type of compounds is named as
active molecules, otherwise the molecules are considered to be
neutral. To correlate the chemical structure of a molecule with its
potentially active or neutral nature, various physicochemical
parameters including partition coefficient, molecular volume and
solubility parameter were calculated according to the group
contribution method. The results suggest that a combination of
molecular volume and solubility parameter (especially partial
solubility parameter due to hydrogen bonding) can be used as
a measure to judge whether one molecule is active or neutral. This
rule can also be applied to evaluate the compatibility between
candidate drug and nanocarriers based on these copolymers, since
the compatibility is the prerequisite to achieve efficient drug
loading. In addition, current study provides some insight on
designing and engineering nanostructured assemblies based on
macromolecules and small molecules.
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