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ABSTRACT: As water-soluble amphiphilic polymers with the phospholipid polar group (PMB), 2-methacryloyloxyethyl 
phosphorylcholine(MPC) copolymerized with n-butyl methacrylate (BMA), were synthesized. The properties of the MPC 
polymers in water were investigated by surface tension measurement, 1H NMR and fluorescence spectroscopy, and light 
scattering measurement. The solubility of the MPC polymers in water depended on MPC unit composition and molecular 
weight. The surface tension of the aqueous solution depended on the MPC unit composition in the PMB. In the case of 
poly(MPC), the surface tension did not change as in the case of water at polymer concentrations from 10- 5 g dL- 1 to 
10- 1 gdL - 1 . However, introduction of the BMA unit in the MPC polymer induced decrease in surface tension considerably 
above 10- 4 g dL- 1 polymer concentration. This result clearly shows that the PMB forms aggregates in water. According to 
fluorescence spectroscopy results, the PMB aggregate formed a hydrophobic domain in water and the polarity of the hydrophobic 
domain was the same as that of n-butanol. From the NMR spectra of the PMB in D 2 0 at various temperatures, the 
phosphorylcholine groups were located at the surface of aggregate below 60oC. The light scattering measurement revealed that 
the size of the PMB aggregate in water was 23 nm. A hydrophobic fluorescence probe was entrapped in the hydrophobic inside 
of the PMB aggregate. The PMB aggregate thus quite likely has potential application as a novel drug carrier, to maintain 
hydrophobic drugs inside polymer aggregates stably. 

KEY WORDS Phospholipid Polymer I Polymer Aggregate I Polymeric Lipid Nanosphere I Hydrophobic 
Domain I Drug Carrier I Blood Compatibility I 

Molecular assemblies consisting of phospholipids, such 
as liposomes and lipid microspheres have the potential 
to carry bioactive molecules in the living organisms 
because of their excellent blood compatibility. 1 - 3 Al
though many studies have been carried out to realize 
their effectiveness on drug delivery systems, most efforts 
failed because of the lack of mechanical and chemical 
stability. The bioactive molecules entrapped in the inner 
phase easily leach out shortly after injection. Thus, the 
stability of these phospholipid assemblies must be im
proved. Polymerization of these phospholipids seems 
to be a most effective method for this improvement.4 •5 

However, the polymerization ability of the phospholipids 
having a diene or acetylene unit is not good and the 
methacryloyl or acryloyl groups in the phospholipids 
cannot polymerize using a conventional radical initia
tor when they form a bilayered structure. As another 
stabilization method of the molecular assemblies, a 
combination of polymers with these phospholipid 
assemblies has been reported. Sunamoto et al. 
investigated the complexation of a phospholipid 
liposome with polysaccharide modified with a small 
amount of hydrophobic cholesterol unit. 6 The poly
saccharide strongly interacted with the liposome and 
covered its surface. The stability of the modified liposome 
dramatically increased and could be directly injected in 
a vein. We tried to modify the liposome with a water
soluble phospholipid polymer, poly[2-methacryloyloxy
ethyl phosphorylcholine (MPC)], which has the same 
polar group as the phosphatidylcholines. 7 The poly-

t To whom correspondence should be addressed. 

(MPC) selectively interacted with dipalmitoylphos
phatidylcholine (DPPC) liposome and became attached 
to the surface. 8 Thus, the liposomal structure became 
strong and release of the fluorescent probe was 
suppressed from the liposome in the presence of the 
poly(MPC) even in plasma. Since blood compatibility of 
the liposome treated with poly(MPC) was the same as a 
normal liposome, it could be used as a carrier of 
hydrophilic drugs. 

MPC can copolymerize with a hydrophobic monomer 
and water-insoluble copolymers are obtained. 9 •10 Protein 
adsorption and platelet adhesion are suppressed even 
when blood contacted the surface of the MPC copolymer, 
that is, the MPC copolymer shows excellent blood 
compatibility. 11 - 14 The blood compatibility is an 
important property for drug carriers directly injected into 
the blood stream. From these points of view, we improved 
the solubility in water of the MPC copolymer for use as 
a drug carrier for hydrophobic drugs like the lipid 
nanosphere. 

The preparation of the water-soluble MPC copolymer 
with a hydrophobic moiety and evaluation of its basic 
properties as a hydrophobic drug carrier are reported. 

EXPERIMENTAL 

Materials 
MPC was synthesized as previously reported and 

recrystallized from acetonitrile. 9 n-Butyl methacrylate 
(BMA) was of commercial reagent grade from Nacalai 
Tesque Co., Ltd., Tokyo, Japan. and purified by di
stillation under reduced pressure and the fraction of 
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bp 63°Cj24 mmHg was used. As polymerization ini
tiator, Perbutyl-ND was obtained from Nippon Oil 
and Fats Co., Ltd., Tokyo, Japan, and used without 
further purification. Fluorescence probes such as sodium 
l-anilino-8-naphthalene sulfonate (ANS), perylene (Pe ), 
pyrene (Py), anilinonaphthalene (AN), and 1,6-diphenyl-
1,3,5-hexatriene (DPH), were commercially available 
reagents and used without further purification. All other 
solvents were distilled by a conventional method. 

Preparation and Characterization of Poly(M PC-co-BMA) 
Poly(MPC) and poly(MPC-co-BMA)(PMBa: "a" 

represents the unit mol% of MPC unit in PMB) with 
high MPC unit composition were synthesized by con
ventional radical polymerization in ethanol using 2,2'
azobisisobutyronitrile as an initiator. 10 

PMB with lower molecular weight was synthesized 
using Perbutyl-ND as an initiator. After polymeriza
tion, the reaction mixture was poured into hexane to 
precipitate the polymer. The polymer was filtered off and 
dissolved again in ethanol and precipitated in diethyl
ether. 

The chemical structures of the obtained poly(MPC) 
and PMB, were confirmed by 1H NMR and FT-IR 
spectroscopy. Molecular weight was determined by 
gel-permeation chromatography (GPC) using the Tosoh 
system (eluent: chloroform/ethanol= 8/2). The number
averaged molecular weight (Mn) was calculated by 
comparison of elution times of the sample with poly
( ethylene oxide) (PEO) standard. The chemical struc
ture and synthetic results of MPC polymers are indicat
ed in Figure 1 and Table I, respectively. 

General Measurements 
The surface tension of aqueous solution containing the 

MPC polymer at various concentrations was measured 
by the Wilhermy method with DCA-I 00 from Orientech, 
Tokyo, Japan. The temperature was controlled at 22°C. 
An 1 H NMR spectrum was obtained with a JEOL a-500 
high-resonance spectrometer. The fluorescence spectrum 

CH3 CH3 
I I 

o· 
I I + I 

OCH2CH20POCH2CH2N(CH3)3 O(CH2)3CH3 
II 
0 

MPCunit BMA unit 

Figure 1. Chemical structure of water-soluble MPC polymer, PMB. 

was recorded with a FP-750 spectroscope, JASCO, 
Tokyo, Japan. Light scattering measurement was car
ried out with a DLS-7000 dynamic light scattering meter, 
Otsuka Electronics, Osaka, Japan. 

Solubilization of Hydrophobic Fluorescence Probe 
The poly(MPC) and PMB30W was dissolved in pure 

water to make a 0.1 g dL- 1 solution. Excess fluorescence 
probe was suspended solution and the suspension was 
shaken 5 min and then allowed to stand for 15 hat room 
temperature (about 21 °C). The supernatant was carefully 
filtered off using millipore filter with 0.45 ,urn pore in 
diameter and fluorescence intensity of the filtrate was 
measured at room temperature. The same procedure was 
carried out using just pure water instead of the polymer 
solution. The fluorescence intensities of these solutions 
were compared to determine the solubilization ability of 
PMB30W. 

RESULTS AND DISCUSSION 

Solubility of MPC Polymers in Water 
Since the MPC unit was extremely hydrophilic, a 

poly(MPC) and PMB with high MPC unit composition 
could be dissolved in water. The polymer having about 
30 unit mol% ofMPC, PMB30, did not dissolve in water, 
but PMB30W whose molecular weight was low compared 
with that of PMB30 became water-soluble. This means 
the solubility of the PMB depends on MPC unit com
position and molecular weight of the polymer. The 
solubility of the MPC unit is quite unique compared 
with other non-ionic hydrophilic vinyl monomer units 
such as acrylamide and N-vinyl pyrrolidone(VPy). A 
large amount of hydrophobic BMA units could be 
solubilized in water by incorporation of only 30mol% 
MPC units. 

Morphology of PM B in Water 
The surface tension of water is very sensitive to 

solutes. 15 For example, dissolution of some inorganic 
ions increases the surface tension of water whereas 
general organic compounds induce its lowering, depend
ing on the molecular structure or aggregation state of 
the solute. Measurement of the surface tension of 
polymer solution is thus useful to evaluate the con
formation of polymer in water. 

The polymer concentration dependence of the surface 
tension was investigated in aqueous solution of water
soluble MPC polymers and the results are shown in 
Figure 2. In the case of poly(MPC), the surface tension 

Table I. Synthetic result of MPC polymers 

mol% ofMPC• Yield 
Code M.x 1o·sb Solubility in water• 

In feed In polymer % 

Poly(MPC) 100 100 89.2 0.80 ++ 
PMB80 80.0 71.0 69.0 3.5 ++ 
PMB60 60.0 52.0 61.0 2.7 ++ 
PMB30 30.0 27.0 79.0 3.8 
PMB30W 30.0 30.0 75.0 0.54 ++ 

•unit mol% of MPC for the MPC polymers. hEstimated by GPC with PEO standard, M. represents the number average molecular 
weight. c Solubility was determined by I mgmL -t each polymer sample and described as soluble ( + +) and insoluble (- ). 
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Figure 2. Relationship between concentrations of MPC polymers and 
surface tension of aqueous solutions at 22°C. (0) Poly(MPC), (6) 
PMB80, (D) PMB60, (e) PMB30W. 
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Figure 3. Relationship between concentration of PMB30W and 
fluorescence intensity of Py solubilized in PMB30W aqueous solution. 
[Py] =4.0 X w-s molL -I. 

of the solution maintained 72 mN m - 1 , the value of pure 
water till the polymer concentration became upto 
10- 1 g dL- 1 . Thus, it is considered that the hydrophobic 
part of the poly(MPC) does not face aqueous medium, 
because bulky but hydrophilic phosphorylcholine groups 
located outer side of the poly(MPC) molecule and 
backbone of the molecules is covered with the phos
phorylcholine groups. Every PMB used in this study 
was surface active. The surface tension began to decrease 
gradually at 10- 3 g dL- 1 and more clear with increase 
in the hydrophobic BMA unit composition in the PMB 
by comparing the curve of PMB60 with that of PMB80. 
The surface tension of the PMB30W aqueous solution 
strongly depended on the polymer concentration. It 
began to decrease from the 10- 3 g dL- 1 level and became 
constant over I 0- 2 g dL- 1 . This indicates that the 
PMB30W in water aggregates when the concentration is 
above 10- 2 g dL- 1 . 

Figure 3 indicates the ratio of the fluorescence emission 
intensity of Py at 386 nm and 480 nm (concentration of 
Py, 4.0 x 10- 5 molL- 1 and excitation wavelength, 
342 nm). This ratio represents the hydrophobicity of the 
molecular assemblies in aqueous solution. 16 The ratio 
began to decrease with increase in the polymer con
centration to 3 x 10- 3 g dL - 1 and then became constant 
at 2 x 10- 2 g dL- 1 . This polymer concentration depen
dence was almost the same as that of the surface 
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Figure 4. 'H NMR spectra of PMB30W m D 20 at vanous 
temperatures. [PM B30W] = 0.0 I g dL- 1. 

tension of PMB30W aqueous solution. 
To determine the interaction between the polymer 

chains of PMB30W in water, 1H NMR spectra were 
measured at various temperatures. In Figure 4, the 
representative spectra of PMB30W in D 2 0 are shown. 
The characteristic peaks of PMB30W , that is, choline 
methyl in the side chain and a-methyl in the backbone, 
were observed at 3.0-3.5ppm and 0.5-l.Sppm, re
spectively. When the measuring temperature increased, 
every NMR signal attributed to the PMB30W shifted 
towards lower magnetic field. This phenomena may be 
explained by increase in mobility of polymer chain by 
decrease in viscosity of the polymer solution. However, 
the NMR intensity of methyl groups in the choline moi
ety at 3.0-3.5 ppm did not change. The temperature 
dependence of the NMR intensity attributed to the a
methyl of the backbone versus that attributed to choline 
methyl in the MPC unit is shown in Figure 5. The value 
was almost constant between 20 to 60°C, but significantly 
increased at 7 soc. The intensity of the 1 H NMR signal 
of a functional group was strongly dependent on the 
environment surrounding the functional group. 17 If the 
specific functional group located on the surface of the 
polymeric aggregate faces the solvent, the intensity of 
NMR signals of the functional group should be constant. 
If the functional group is located on the inside of the 
polymeric aggregate, the intensity of the NMR signals 
is weak compared with that on the surface. Therefore, 
the ratio of the intensity of the NMR signal is related 
to functional groups located on the surface versus those 
located on the inside of the aggregate and represents 
the structure of the polymeric aggregate in the water. 

As shown in Figure 5, the ratio of NMR signals 
attributed to the choline methyl versus the a-methyl 
dramatically increased between 60oC and 75°C, corre
sponding to structural change of the PMB30W ag
gregates in this temperature range. The hydrophobic 
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interaction become weak above 60°C. 18 The structural 
change of the PMB30W aggregates may correspond to 
the weakness of the hydrophobic interactions between 
polymer chains. In other words, the dominant force for 
aggregation of the PMB30W molecules is hydrophobic 
interaction. The hydrophobic compounds can then be 
entrapped and maintained in PMB30W aggregates. 

To determine polarity in polymer aggregates compos
ed of PMB30W, fluorescence spectra of ANS in the 
PMB30W aqueous solution with various concentrations 
were measured. When ANS exist in a hydrophobic cir
cumstances, enhancement of the fluorescence quantum 
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Figure 5. Temperature dependence of ratio of NMR intensity 
attributed to oc-methyl group and choline methyl group in PMB30W. 
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Figure 6. Typical fluorescence spectra of ANS in PMB30W aqueous 
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yield and shift of the emtsston maximum toward the 
blue are observed. 19 An ANS molecule can bind only 
to a hydrophobic region near the aqueous medium like 
the surface of a surfactant micell or the hydrophobic 
cleft of globular proteins since a sulfonate group of an 
ANS molecule has to be in contact with the aqueous 
medium. 

Figure 6 shows typical fluorescence spectra of ANS in 
aqueous solution of the PMB30W at different polymer 
concentrations. No fluorescence was observed in ANS 
aqueous solution without PMB30W or at low polymer 
concentration below 5 x 10- 5 g dL- 1 level. This polymer 
concentration corresponded to that before the surface 
tension began to decrease. However, when PMB30W 
concentration increased, the fluorescence intensity of the 
ANS solution became strong and peak wavelength 
became much shorter. The concentration dependence of 
the peak wavelength of the ANS in PMB30W solution 
is shown in Figure 7(a), with the same tendency as that 
of surface tension as shown in Figure 2 and fluorescence 
behavior of pyrene as shown in Figure 3. This is due to 
aggregation of the polymer and formation of hydro
phobic domains in water by hydrophobic interactions 
between polymer chains. Figure 7(b) summarizes the 
relationship between solubility parameter of various 
solvents and maximum wavelength of ANS. The max
imum wavelength decreased with a decrease in the 
solubility parameter. By comparison of Figure 7(a) with 
Figure 7(b), good relation between PMB30W concentra
tion and solubility parameter is found, The polarity of 
inside of the PMB30W aggregate almost corresponds to 
that of n-butanol. 

The diameter of the PMB30W aggregate was 23 ± 
5 nm, as determined by a dynamic light scattering 
measurement at 1.0 x 10- 1 g dL - 1 . 

Solubilization of Hydrophobic Compounds with PMB30W 
Aggregate 
A hydrophobic fluorescent probe could be solubilized 

in PMB30W aggregates by stirring. Table II summarizes 
the ratio of fluorescence intensity of the fluorescent probe 
in an aqueous solution of PMB30W versus that in pure 
water or in poly(MPC) aqueous solution. Since every 
fluorescent probe tested here hardly dissolved in water 
and poly(MPC) aqueous solution, the fluorescence in
tensity was quite low. On the other hand, a strong 
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Figure 7. Concentration dependence of the fluorescence peak wavelength of the ANS in PMB30W aqueous solution (a) and relation between 
solubility parameter of the solvent and fluorescence peak wavelength of the ANS (b). MeOH, EtOH, and BuOH represent methanol, ethanol, and 
n-butanol, respectively. 
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Table II. Solubilization of hydrophobic compounds in PMB30W aqueous solution 
------·-----------------------------------------

Py 

Pe 

AN 

DPH 

Compound 

o-oCCO 
o-oo 

NH co 
[Polymer]= 0.1 g dL- 1 in water at room temperature. 

fluorescence intensity was observed in the presence of 
PMB30W. Although the fluorescence intensity also 
increased with decrease in the polarity of the solvent, it 
is reasonable that the amount of the fluorescent probe 
dissolved in water increased with the addition of 
PMB30W. The polar moiety of PMB30W, poly(MPC), 
could not dissolve the fluorescence probe significantly. 
The fluorescent probes could locate on the inside of the 
PMB30W aggregate. The chemical structure of the 
fluorescent probe did not affect the solubilization of 
the PMB30W aggregate. This is important because the 
PMB30W aggregate contains various drugs on the inside 
of the aggregate. 

Liposome and lipid microsphere are unstable in the 
presence of proteins since they are a molecular assembly 
of low-molecular-weight phospholipids. Therefore, it is 
difficult to use them as a drug carrier in the bloodstream 
for long-term circulation. The PMB30W aggregate, the 
polymeric phospholipid nanosphere is considered stable 
under biological conditions and may be used as a drug 
earner. 

In general, water-soluble polymers with amphiphilic 
character induce conformational changes of proteins. 20 

Though PMB30W is an amphiphilic polymer, it is con
sidered that a conformation of proteins in PMB30W 
aqueous solution does not change. We reported that when 
PMB30, insoluble in water, is coated on a substrate, 
proteins hardly are adsorbed on the surface, and even 
when proteins attached on the surface of the substrate, 
they retain their original secondary structures. 21 The 
activity of an enzyme, horse-radish peroxidase (HRP), 
in the MPC polymer aqueous solution was maintained 
at the initial level even when stored at room tempera
ture for 20 days. 22 The reason for such phenomena is 
not exactly understood at the present time. However, 
we considered one possibility, that is, the water struc
ture in the MPC polymer solution is quite unique com
pared with other aqueous solutions containing conven
tional water-soluble polymers such as poly(VPy) and 
PEO. 23 In the case of the MPC polymer, bound water 
on the polymer chains was less than that on the other 
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Ratio of fluorescence intensity 
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polymer chains. This means that the MPC polymer 
interacts with water molecules around the protein 
molecules quite mildly, and thus does not induce the 
denaturation of proteins. 

Juliano et at. reported interactions between the 
polymeric phospholipid liposomes and platelets. 24•25 The 
coagulation of platelets did not change after the 
polymeric liposome composed of the phosphatidylcho
line derivative was added. The phosphorylcholine group 
thus has no adverse effect on platelet function. From the 
NMR spectra of the PMB30W aggregate in D 20, the 
surface was found covered with phosphorylcholine 
groups. PMB30W aggregates with polymeric phospho
lipid nanosphere morphology may thus not significantly 
interact with platelets. 

CONCLUSIONS 

Amphiphilic polymers composed of MPC units with 
phosphorylcholine groups and hydrophobic BMA units 
were prepared. The polymer, PMB30W, was water
soluble when the molecular weight of the polymer was 
0.54 x 105 , but still a stable aggregate with polymeric 
phospholipid nanosphere morphology. The aggregate 
solubilized hydrophobic compounds and stably main
tained them. PMB30W should thus prove useful as a 
drug carrier which can be directly injected into the 
bloodstream. 
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