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Chain-length dependence of polyion complex
architecture bearing phosphobetaine block
explored using SAXS and FFF-MALS

Shunsuke Sakamoto1,2, Yusuke Sanada1,2, Mizuha Sakashita1,2, Koichi Nishina1, Keita Nakai3, Shin-ichi Yusa3

and Kazuo Sakurai1,2

Synchrotron small-angle X-ray scattering (SAXS) was measured from aqueous solutions of polyion complexes (PICs), which

were prepared by mixing oppositely charged diblock copolymers MAPTAC-b-PMPC and AMPS-b-PMPC. MAPTAC represents

polycationic (3-(methacryloylamino)propyl)trimethylammonium chloride, AMPS represents polyanionic sodium 2-(acrylamido)-2-

methylpropanesulfonate and PMPC represents hydrophilic poly-zwitterion (2-(methacryloyloxy)ethyl phosphorylcholine). The

degrees of polymerization of MAPTAC and AMPS were selected to be the same for each complex, and the ratio (Rp) of the

polymerization degree for the cationic to neutral chains was changed from 0.27 to 9.5. The aggregation number (Nagg) of PIC

was determined with light scattering combined with field-flow fractionation (FFF). The inner structures of PIC were determined

by analyzing SAXS with the core-corona model. When the MPC chain was much longer than the charged ones (Rp¼0.27), a

star-like spherical conformation was formed. With an increase of Rp, Nagg increased, while the spherical form was maintained

up to Rp¼1.0. When Rp¼4.7 and 9.5, the PIC became a worm-like cylinder and vesicle, respectively. Based on the

determined structural parameters and aggregation numbers, the index to describe how the tethered PMPC chains were crowded

on the shell was determined. It was observed that the crowding parameter was much smaller than that of poly(ethylene glycol

in spherical core-shell polymeric micelles.
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INTRODUCTION

Mixing two oppositely charged homo-polyelectrolytes results in poly-
ion complexes (PICS), and their isoelectric mixing normally results in
water-incompatible aggregates, which gradually coagulate to form
larger aggregates and eventually precipitates.1,2 Harada and Kataoka3

reported that when oppositely charged diblock copolymers H-A and
H-C are mixed, where H, A and C represent non-ionic hydrophilic,
anionic and cationic chains, the A and C blocks form a water-
incompatible complex and the hydrophilic H chains cover to conceal
the A/C complex from water. Thus, secondary coagulation is drastically
reduced. In other words, the isoelectric H-A/H-C mixtures take a core-
shell type micelle. In contrast to the case of classical PICs, the aqueous
solutions dispersing these micelles are quite stable and their size shows
an extremely narrow distribution. Presumably, their micellar structures
are determined by a combination of the polyions and hydrophilic chain
lengths and their chemical structures. This type of PIC micelles is
denoted by PIC micelles in distinction from classical PICs prepared
from homopolymers. It is interesting that the PIC micellar formation is
quite similar to that of amphiphilic block copolymers.4

One of the major applications of PIC micelles is drug-delivery
systems.5 In most cases, poly(ethylene glycol) (PEG) is used as the
hydrophilic block with a similar purpose, with micelles made from
amphiphilic block copolymers, that is, biocompatibility and
enhancement of blood circulation.6 Thus, PEG has been used in
many systems in biological applications and the coined term of
‘pegylation’ has become popular. Recently, several groups have
emphasized a drawback of PEG: it can induce an immunological
response for frequent dosing. This phenomena was first reported by
Ishida et al.7,8 for pegylated liposomes. According to these authors,
pegylated liposome was rapidly cleared from the blood and
accumulated in the liver when injected twice in the same rat or
mouse at several-day intervals, called the ‘accelerated blood clearance
phenomenon’. As an alternative, a photophilic polymer bearing a
zwitterion as a side chain such as poly poly(2-(methacryloyloxy)
ethylphosphorylcholine) (pMPC) has been synthesized using the
reversible addition-fragmentation chain transfer radical polymerizat-
ion method.9 According to Morisaku et al.,10 each MPC repeating
unit is associated with B24 water molecules, whose number is much
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larger than that of PEG, which explains why pMPC is more
biocompatible than PEG. In fact, biological systems use zwitterion-
type phospholipids in which an anionic phosphate group is combined
with a cationic choline. These phospholipids are the major
component of all cell membranes, and these zwitterions form the
biological surface of cells.

Recently, we synthesized a series of diblock copolymers consisting
of an MPC block and either a cationic MAPTAC or anionic AMPS
block using reversible addition-fragmentation chain transfer-
controlled radical polymerization. Here, MAPTAC and AMPS repre-
sent poly(3-(methacryloylamino)propyl)trimethylammonium chlor-
ide and poly(2-(acrylamido)-2-methylpropanesulfonate), respectively
(Figure 1). The mixing of aqueous solutions of oppositely charged
diblock copolymers, pMPC-b-pMAPTAC and pMPC-b-pAMPS, led
to the spontaneous formation of PIC micelles.11 The aim of this study
is to characterize these PIC micelles using synchrotron small-angle
X-ray scattering (SAXS) and multi-angle light scattering (MALS) to
elucidate the details of the micellar architecture.

EXPERIMENTAL PROCEDURE

Materials and micelle preparation
Ten samples of pMPC-b-pMAPTAC or pMPC-b-pAMPS were newly synthe-

sized using a pMPC-based chain-transfer agent for this study. The synthetic

details are presented elsewhere.12 The molecular characters and the sample

codes used in this paper are summarized in Table 1, where P, M and A

represent pMPC, pMAPTAC and pAMPS, respectively, and the following

number indicates the degree of polymerization for each block. The number-

averaged molecular weight was determined using 1H NMR.12 PEG with a

molecular weight of 400 g mol�1 was obtained from Wako Pure Chemical

Industries, Ltd (Osaka, Japan) and denoted PEG400.

The obtained pMPC-b-pMAPTAC and pMPC-b-pAMPS were dissolved

separately in distillated water containing 0.1 M NaCl (the salt concentration was

the same unless otherwise noted). After being left overnight at room

temperature, a pMPC-b-pMAPTA solution was added dropwise to a pMPC-

b-pAMP solution with stirring. The mixing ratio defined by f¼ [MAPTAC]/

([AMPS]þ [MAPTAC])) was 0.5 at the isoelectrical composition. We prepared

five PIC samples for the present work, and the sample codes and combination

of pMPC-b-pMAPTAC and pMPC-b-pAMPS are presented in Table 2. Here

we introduce the ratio of the polymerization degree of the cationic to neutral

chains (Rp), as indicated in the second column of the table.

FFF coupled with MALS
An Eclipse 3þ separation system (Wyatt Technology Europe, Dernbach,

Germany) was used as FFF, which was sequentially connected to a Dawn

Heleos II multiangle static LS detector (Wyatt Technology) and an Optilab rEX

DSP differential refractive index (RI) detector (Wyatt Technology) operating at

a wavelength of 658 nm, in that order from the upper stream. A Wyatt channel

(Eclipse 3 channel LC) was used, which had a tip-to-tip length of 17.4 cm and

a nominal thickness of 250mm and a membrane (Nadir cellulose membrane

10 kDa LC) was attached to the bottom of the channel. The specific refractive

index increment (qn/qc) of the PIC micelles in 0.1 M NaCl aqueous solution

was determined for each sample using a DRM-1021 differential refractometer

(Otsuka Electronics, Osaka, Japan). The obtained value was used to determine

the molar mass (MFFF) for each fraction from the LS intensity using the Berry

plots. The weight-averaged and number-averaged molar masses (Mw and Mn)

were calculated from RI and MFFF fractograms, assuming monodispersity for

all fractions. The average aggregation number Nagg was determined using

the relation of Nagg¼Mw/(MpMPC-b-pMAPTACþMpMPC-b-pANPS), where

MpMPC-b-pMAPTAC and MpMPC-b-pANPS are the number-averaged molecular

weight indicated by each subscript.

Figure 1 The chemical structure of the cationic diblock copolymer (PMPCm-b-PMAPTACn) (a) and the anionic diblock copolymer (PMPCm-b-PAMPSl) (b).

Table 1 Sample codes and their molecular characteristics used in

this study

Sample code Mn of pMPC Mn of pMAPTAC Mn of pAMPS

P100M27 2.98�104 6.01�103 —

P100A27 ibid — 6.10�103

P100M48 ibid 1.11�104 —

P100A45 ibid — 9.10�103

P100M96 ibid 1.92�104 —

P100A99 ibid — 2.05�104

P20M94 6.21�103 2.08�104 —

P20A96 ibid — 2.03�104

P20M190 ibid 4.33�104 —

P20A196 ibid — 4.23�104

Abbreviations: pAMPS, poly (2-(acrylamido)-2-methylpropanesulfonate; pMAPTAC,
poly ((3-(methacryloylamino)propyl)trimethylammonium chloride; pMPC,
poly(2-(methacryloyloxy)ethylphosphorylcholine).
Mn: determined with 1H NMR.

Table 2 Sample codes of the PICs and the molar mass, and its

distribution determined using FFF-MALS in [NaCl]¼0.1M

Code Combination RP

dn/dc/

cm3g�1

Mw/

gmol�1 Mw/Mn Nagg
a

C03 P100M27þP100A27 0.27 0.141 1.7�105 1.05 2.3

C05 P100M48þP100A45 0.48 0.139 8.3�105 1.02 10

C10 P100M96þP100A99 0.96 0.150 3.1�106 1.01 30

C50 P20M94þP20A96 4.7 0.150b 3.7�106 1.04 69

C100 P20M190þP20A196 9.5 0.150 1.0�109 1.19 1.1�104

Abbreviations: FFF, field-flow fractionation; MALS, multi-angle light scattering; PICS, polyion
complexes.
aDefined by Mw/(MpMPC-b-pMAPTACþMpMPC-b-pANPS).
bEstimated value based on the chemical composition.
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Synchrotron SAXS measurements
SAXS measurements were performed at BL40B2 of SPring-8, Japan.13 A

30 cm� 30 cm imaging plate (Rigaku R-AXIS VII, Tokyo, Japan) detector was

placed at 0.75 or 1.65 m away from the sample. The wavelengths of the incident

beam (l) were 0.071 or 0.10 nm. The 0.75 and 1.65 m set-ups provided q ranges

of 1.0–8.0 and 0.08–2.0 nm�1, respectively. The irradiation time was fixed at 300 s

for all the measurements. A bespoke SAXS vacuum sample chamber14 was used

and the X-ray transmittance of the samples was determined with an ion chamber

located in front of the sample and a Si photodiode for the X-ray (Hamamatsu

Photonics S8193, Shizuoka, Japan) after the sample. We verified that no

irradiation damage occurred in preliminary experiments.

As one of the strongest X-ray sources in the world was being used, we were

able to obtain the scattering profiles with a large S/N even at low concentra-

tions of 1.0 mg ml�1 for C03, C05, C10 and C50, and 0.5 mg ml�1 for C100. In

the previous study, we confirmed that the interparticle diffraction, that is, the

structural factor, was negligibly small and, thus, we considered only form

factors from scattering objects at these concentrations. The fitting model and

its theoretical equations are presented in the Supplementary Information.

RESULTS AND DISCUSSION

Determination of the aggregation number with FFF
Figure 2 presents the FFF elution fractograms recorded with LS at 901
(upper) and the concentration determined from refractive index (lower)
for three NaCl concentrations ([NaCl]) of C03. The values of MFFF

determined from MALS are plotted in the upper panel, indicating that
MFFF of the 0.1, 0.5 and 1.0 M solutions ranged from 2 to 3� 106, 2 to
5� 105 and 3 to 8� 104, respectively. Here, [NaCl] of the eluting
solvent was adjusted to be the same as that of the sample solution. We
injected the same amount of the sample; however, the 0.1 M solution
exhibited a much larger peak area than the others. When we calculated
the recovery ratio (defined by the ratio of the injected to eluted amounts
of solute), the ratio for the 0.1 M solution was almost 100%, while those
of the 0.5 and 1.0 M solutions were 47% and 58%, respectively,
indicating that almost half of the solutes for the 0.5 and 1.0 M solutions
did not come out and most likely went through the membrane filter
attached to the bottom of the FFF channel during the focusing or
measurement processes. These results can be interpreted as follows: at
the higher [NaCl], the polyion parings in PIC were more disturbed by
the ion exchange with sodium or chloride ions and, thus, the unimer/
micelle equilibrium shifted to be more favorable for unimer formation.
As the size of the unimer was small enough that the unimer was able to
pass through the membrane filter, the recovery decreased with an
increase of [NaCl]. As almost 100% recovery was attained at 0.1 M,
hereinafter, we performed all the measurements at [NaCl]¼ 0.1 M.

According to Yusa at et al.,12 dynamic LS revealed a similar ionic
strength dependence as that in Figure 2 (see Supplementary Figure 1).
The hydrodynamic radii thus obtained remained constant up to 0.1 M

and gradually decreased, eventually reaching o3 nm at [NaCl]40.9 M.
These results indicated that in this high [NaCl], PIC micelles
dissociated into unimers. These results indicated that PIC formed
stable aggregates unless [NaCl] exceeded 0.15 M, which is another
reason why we performed all the measurements at [NaCl]¼ 0.1 M.

Although the data are not shown, FFF-MALS were performed for
the other samples and the calculated Mw, Mw/Mn, and Nagg are listed
in Table 2. For C03: Rp¼ 0.27, Nagg was 2.3. For this complex, the
charged chains were much shorter than the neutral one, and the
aggregation number is considerably low. Therefore, we can presume
that C03 assumes a star-like conformation15 rather than core-shell-16

or core-corona-17 type micelles. With an increase of Rp up to 1.0, Nagg

increased. At Rp¼ 1.0, Nagg became 30. In the range of Rp41.0,
different results were observed. At Rp¼ 4.7, Ngg increased to 70 and at
Rp¼ 9.5, Nagg reached a magnitude of 104.

Small angle X-ray scattering
Figure 3 presents the SAXS profiles for all of the samples. For C03,
C05 and C10, the exponent a defined by I(q)Bqa was B0 at low q,
while aB�2 at high q. For C03 and C05, the scattering intensities at
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qo0.1 nm�1 contained parasitic scattering due to the beam stop.
Therefore, we did not use these regions for discussion. With an
increase of Rp, that is, from C03 to C05, the intensity minimum near
q¼ 0.35 nm�1 became more obvious and slightly shifted toward
lower q. For C10, the q dependence of I(q) at both high and low
regions were aB0 and aB�2, respectively; however, there was a clear
minimum at q¼ 0.40 nm�1. The value of aB�2 is characteristic for
the Gaussian chains, which means that the second term in
Supplementary Equation 1 dominates at high q for these three
samples due to relatively small Nagg. As described above, this second
term can be expressed by the Debye function of Supplementary
Equation 3, and its asymptotic behaviors at low-q and high-q are
FchBq0 and Bq�2 (see the Supplementary Information), respectively.
Therefore, one may suppose that the scattering profiles for these three
samples, especially for C03, can be fitted by an equation only
consisting of the Debye functions and an appropriate model
corresponding to such an expression, for example, star polymers
without solid core parts.18,19 However, such a model cannot
rationalize the presence of the intensity minimum at
q¼ 0.35 nm�1. To reproduce both the intensity minimum and the
decay of I(q)Bq�2, we need a Debye function and an additional
function that has a larger exponent of a, that is, ao�2 at high q.
Thus, we selected Supplementary Equation 4 to fit the data. As Nagg is
relatively small for C03, C05 and C10, we presumed that this core-
corona model is appropriate in terms of physical standpoints. For
analyzing the data, we rewrote Supplementary Equation 4 as follows:

IðqÞ ¼ ðr1 � r2ÞV1Asðq;R1Þþ ðr2 � rsolÞV2Asðq;RSÞ½ �2

þN ðr2 � rsolÞ
V2 �V1

N

� �2

FChðq;RgÞ

� ðr2 � rsolÞV2Asðq;R2Þ½ �2

N
:

ð1Þ

Here, r1, r2 and rsol are the electron density of the core, corona and
solvent regions, respectively. For rsol, we used 334 e nm�3 as
calculated from the density and composition of the solvent. V1 and
V2 are the volumes of the core and core-plus-corona region given by
Vi¼ 4/3pRi

3, respectively. When we fit the data to obtain R1, R2 and
Rg, we used the aggregation number given in Table 2 for Nagg and
treated r1 and r2 as adjustable parameters. For the fitting model to
make physical sense, we selected the same values of r1 and r2 for all
three samples, and Rg,pMPC o1/2(R2�R1). The best-fitting curves are
presented in Figure 3 as solid lines and are compared with the data,
and the used-fitting parameters are listed in Table 3. The agreement
between experiments and the model is sufficient to conclude that the
core-corona micelle model well represents the spherical micellar
structures of C03, C05 and C10.

With increasing Rp and thus the increasing Nagg, the core size
increased from 4 to 9 nm. The fully stretched chain lengths of pAMPS

were calculated to be 6.2, 12.4 and 24.9 nm, respectively, and these
lengths are much longer than the core sizes. This result implies that
the polyion pairs are randomly folded in the core, as expected. The
values of RS�RC are B6 nm and the values of Rg,pMPC are 3 nm for
all the samples. These unchanged corona sizes are consistent with the
length of pMPC not changing for all the samples.

The scattering profile for C50 contained a clear secondary peak at
q¼ 0.4 nm�1, and there was no Guinier region observed in the
present q range. These results indicated that the scattering object for
C50 was much larger than C10, which is consistent with a large Nagg,
and its local structure was well defined to yield the secondary peak.
Yusa et al.12 performed a transmission electron microscopy
examination for C50 and observed short worm-like cylinders (see
Supplementary Figure 2). Cylindrical objects are consistent with the
low-q behavior of SAXS, where the intensity appears to become
I(q)Bq�2 at qo0.1 nm�1. We fit the data using Supplementary
Equation 6 and the resultant parameters are summarized in Table 3.

Yusa et al.12 also performed transmission electron microscopy
observations and observed that C100 took a mono-layered vesicle.20

As the SAXS intensity at low-q appears to asymptotically merge into
the line of I(q)Bq�2, the vesicle model is consistent with the SAXS
data. To fit the data using Supplementary Equation 5, we need to
adjust seven parameters, although some of these parameters are not
independent. Fitting with such multiple parameters may not lead to a
unique combination of the parameters. We adopted a contrast-
matching technique21 to solve this problem as follows.

Contrast matching
When we sequentially add a third component that has a relatively
large electron density to the solvent and if we can assume that such an
addition does not change the micellar structure, the scattering profile
dramatically changes even from the same structures21 because such an
addition changes the r-value for the layer adjacent to the solvent, for
the monolayered vesicles described by Supplementary Equation 5, r2

and r4. As depicted in Figure 4 (right), we need to determine three
geometric parameters: R1, the inner diameter of the vesicle;
tcorona¼R2�R1¼R4�R3, the thickness of the corona layer; and
tcore¼R3�R2, the thickness of the core layer. Among these para-
meters, there are rules to follow in terms of the chemical structures.
The electron densities of bulk PEG and water are known to be
rPEG¼ 370 e nm�3 and rwater¼ 334 e nm�3, respectively, and thus,
rsol¼wrwaterþ (1�w)rPEG. Furthermore, we assumed that the
added PEG chains did not enter the pMPC domain, and thus,
rCh¼ 360 e nm�3 for all the experiment that have been determined
for the other samples.

Figure 4 demonstrates how the scattering profile was changed by
the addition of PEG400. On adding PEG to the C100 solution, the
secondary peak near q¼ 0.3 nm�1 become apparent at 5 and 10 wt%,
and then further addition caused the peak to shift to lower angles
and become less apparent at 30 wt%. The addition of PEG400

Table 3 The best-fitting parameters to reproduce the experimental data

Code R1/nm R2/nm R3/nm R4/nm L/nm r1/e nm
�1 r2/e nm

�1 r3/e nm
�1 r4/e nm

�1 s/RS Model d Rg,SAXS/nm

C03 4 10.5 — — — 400 344 — 0.20 Sphere 0.11 6.7

C05 5 11.5 — — — 400 344 — 0.20 Sphere 0.37 8.3

C10 8.7 15.8 — — — 400 344 — 0.25 Sphere 0.50 12.5

C50 13 15 — — 100 400 347 — 0.14 Cylinder 0.12 —

C100 100 104 122 126 — 334 360 400 360 0.12 Vesicle 1.09 —
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changed rsol from 334 to 345 e nm�3 at 30 wt%. For each profile, we
attempted to fit all the data using the same parameters, except for rsol.
The resulting theoretical curves are compared with the data in
Figure 4, and the obtained parameters are listed in Table 4. The
agreement between the values is good, indicating that the mono-
layered vesicle model is sufficient to describe C100.

The contrast-matching technique has been used commonly in
neutron scattering, normally changing the composition of H2O/
D2O.22 In this case, there is almost no risk that changing the
solvent composition alters the conformation or structures of the
solutes. To do the same in SAXS, we must add a third component to
the solvent to change its electron density, which may cause a change
in the structures of the solutes. As illustrated in Figure 4 (left), all of
the scattering profiles were able to be fitted by the same structural
parameters, although the scattering profiles were dramatically chan-
ged on adding PEG. This fact ensures that the added PEG did not
cause major changes in the structures as well as proving that the
obtained parameters were suitable.

Overcrowding nature of the MPC block
The manner in which the tethered chains are crowding on the flat
surface can be described by the chain density (d) reduced by the sum
of the cross-sectional area of the corona chains per surface area, where
Rg is the radius of gyration of the isolated chain at its unperturbed
state.23 When this index is o4, the tethered chains are not interacting
with each other. When this index is from 4 to 10, the chains cross over
with each other and the conformation of each chain deviates from a
sphere. In the range of s410, the chains are more stretched to the
direction normal to the surface. Svaneborg and Pedersen24 extended

this concept to the shell of polymeric micelles, and the reduced chain
density is given by

d ¼
NaggpR2

g;pMPC

4p RC þRg;pMPC

� �2 : ð2Þ

In this model, each corona chain is assumed to contact at
RCþRg,pMPC from the center of the core. From the same
viewpoint, s can be expanded to the surface of cylindrical and
unilamellar vesicles:

dcylinder ¼
NaggpR2

g;pMPC

2p RC þRg;pMPC

� �
L
; ð3Þ

dvesicle ¼
NaggpR2

g;pMPC

4p RC;in �Rg;pMPC

� �2 þ 4p RC;out þRg;pMPC

� �2 ; ð4Þ

where Rg,pMPC is the radius of gyration of the pMPC single chain; in
our case Rg,pMPC¼ 3 nm for MwB5000, and RC,in and RC,out are the
inner and outer radii of the core of the vesicle, respectively.

We already know all of the parameters needed to determine the
surface chain density d given by the three equations. The obtained
d-values of pMPC are listed in Table 3; these values increased from 0.1
to 1.0 with an increase of Nagg. Compared with the polymeric micelles
composed of PEG hydrophilic blocks, the values of d for C03, C05
and C10 were very small.25 It can be assumed from d¼ 0.11 for C03
that the pMPC chain was not crowded to completely cover the core.
In fact, the graft density of the pMPC on the core surface was B0.02
chains per nm2 (this value increased from 0.011 to 0.029 with an
increase of Nagg), which was quite small, compared with
1=R2

g � 0:06 nm�2. If the core is sufficiently hydrophobic, this
less-crowded shell may cause secondary aggregation. The stable
micelle formation for the present case can be attributed to the less
hydrophobic nature of the core prepared from polyion paring and/or
to the chemical nature of MPC, which can be associated with B24
water molecules.9

CONCLUSIONS

We performed FFF-MALS and SAXS for five PIC samples with
different block lengths. Nagg increased from 2.3 to 104 with an increase
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by Supplementary equation 5 (solid lines) and a schematic presentation of the electron density profile for the vesicle model.

Table 4 SAXS fitting parameter for PIC vesicle with contrast variation

PEG conc./wt% tcorona/nm rsol/e nm�1 s/R1

0 21.0 334.0 0.24

5 22.0 336 0.16

10 23.5 337.5 0.13

15 23.0 340 0.20

30 24.0 345.0 0.18

Abbreviations: PICS, polyion complexes; SAXS, small-angle X-ray scattering.
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of Rp from 0.27 to 9.5. The PIC structures were determined by
analyzing the SAXS data using an appropriate model. When
Rp¼ 0.27, a star-like spherical conformation was observed. With an
increase of Rp, the spherical form was maintained up to Rp¼ 1.0,
although the conformation transformed from the star to core-corona
type. For Rp¼ 4.7, the complex transformed into a worm-like
cylinder, and when Rp¼ 9.5 the complex became a vesicle. Based
on the determined structural parameters and the aggregation num-
bers, the crowding parameter (d) was determined. For all of the
samples, d was much smaller than that of PEG.
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