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Abstract

Unimolecular, amphiphilic polymeric nanocontainers based on poly(2-vinylpyridine)-b-polystyrene-polymacromonomers are dispersed in
organic solvents and loaded with different hydrophilic dyes in solution. The poly-2-vinylpyridine core of the nanocontainers is responsible
for the dye uptake, whereas the polystyrene corona grants the solubility and stabilization of the particles. The nanocontainers are 20—30 nm in
diameter and possess an excellent ability to sequester dye molecules up to 116% (w/w) or 3.20 mmol/g.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to the wide scope of potential applications, there has
been an increasing interest in amphiphilic polymeric
nanocontainers in recent times. Much of the research effort
has been triggered by the search for new and more efficient
drug delivery systems [1] and solubility enhancers [2].
Typical systems are block copolymer micelles [3], poly-
electrolyte capsules [4], and liposomes [5]. One feature of
these non-cross-linked systems is their-often desired-
structural instability upon changes of the external condition,
e.g. changes in the solvent quality or temperature. If
structural integrity is intended, it is necessary to construct
covalently fixed particles. Typical examples for amphiphilic
core-shell nanoparticles are dendrimers [6], star-shaped
block copolymers [7], cross-linked block copolymer
micelles [8], and alkyl modified hyperbranched polyesters
[9]. Another example is poly(organosiloxane) nanoparticles
that can be prepared with defined core-shell structures with
varying polarity [10]. Additional to the feature of structural
integrity of those systems mentioned above, it is possible to
introduce functionalities into the particles which would be
incompatible with the non-cross-linked systems, e.g. they
would prevent the particles from assembling. In cross-
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linked systems, the introduction of additional functionalities
can be achieved after the formation of the particles [10].

Typical unimolecular nanocontainer systems like cross-
linked blockcopolymer nanoparticles [11], hyperbranched
polymers [12,13] or dendrimers [14,15] show maximum
loading ratios of approximately 10% (w/w), one example up
to 36% (0.70 mmol/g) [16].

In this work, we report on the synthesis of nanometer-sized
polymeric particles with amphiphilic properties and demon-
strate their excellent ability to solubilize, otherwise insoluble
hydrophilic organic dye molecules in non-polar solvents. The
covalently fixed particles are prepared by a free radical
homopolymerization of end-functionalized block co-oligo-
mers (block co-macromonomers) consisting of polystyrene
(PS) and poly(2-vinylpyridine) (PVP), see Fig. 1 [17].

2. Experimental section

2.1. Materials

The solvents for purification purposes (benzene (Merck),
low boiling petrol ether, 40/60 (Fisher Chemicals)) were
refluxed over 0.1 wt% oo’ -azobisisobutyronitrile (Fluka,
recrystallized from methanol) for 4 h before being distilled.
1-Nitropropane (p.a., Merck), dichloromethane (Acros) and
ethanol (p.a., Merck) were used as received. Tetrahydrofur-
ane (p.a., Riedel-deHaen) was dried over lithium aluminum
hydride (Fluka). Styrene (Aldrich) and 2-vinyl pyridine
(Acros) were dried over lithium aluminum hydride or
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Fig. 1. Synthetic route for the preparation of amphiphilic core-shell nanoparticles.

calcium hydride (Aldrich), respectively. Ethylene oxide
(Fluka), sec-butyl lithium (1.3 M solution in cyclohexane,
Fluka) and bromomethane (Merck) were used as received.
Water was purified with a Milli-Q deionizing system. The
dyes calmagite and thymol blue, sodium salt (both Aldrich),
methyl orange, sodium salt, ethyl orange, sodium salt and
tropaeolin O, sodium salt (all Acros) were used as received.

2.2. Synthesis

Three different a-2-butyl-w-(methacryloyloxy)polystyr-
ene-block-poly(2-vinylpyridine) oligomers (block-co-
macromonomers) with varying block length ratios and
molecular weights have been synthesized by anionic
polymerization techniques.[18] For a typical block-co-
macromonomer synthesis, 6.9 mmol sec-butyl lithium
(1.3 M solution in cyclohexane) were added to 500 mL
tetrahydrofurane at — 30 °C under argon. The solution was
cooled to —75 °C and styrene monomer (312 mmol) was
added dropwise. After 30 min, 2-vinyl pyridine (104 mmol)
was added dropwise. A condenser is used for the addition of
ethylene oxide and the temperature was slowly increased to
room temperature. After 1h, methacrylic acid chloride
(10 mL) was added via syringe. Precipitation of the block-
co-macromonomer in petrol ether yielded 95% of the crude
product, which was purified by lyophilization from benzene.
The core-shell nanoparticles with a non-polar shell consist-
ing of polystyrene and a polar core of poly-2-vinylpyridine
(poly(block co-macromonomer)) were obtained by free-
radical polymerization of the block co-macromono-
mers.[19] Typically, 1 mL of a solution of AIBN in benzene
(2 mg/mL) was added to 2 g block-co-macromonomer
under argon and kept at 60 °C for 7 days. The solution
was diluted with 10 mL benzene and the polymer was
obtained by precipitation in petrol ether. Subsequent
purification from the unreacted block co-macromonomer
was performed by precipitation from benzene solution by
slow addition of ethanol. Fig. 2 shows an example of this
separation from unreacted macromonomer for P(PS3;—
PVPy)44, as measured with SEC.

For the preparation of the quaternized polymer-brushes,
in a typical experiment 1 g of the neutral polymer was
dissolved in 1-nitropropane and 5 g of cooled bromo-
methane were added at —20°C. The reaction mixture was
stirred at room temperature for one week. The product was
isolated by precipitation in low-boiling petrol ether and
finally freeze-dried from benzene.

2.3. Dye loading experiments

Polymer solutions were prepared with concentrations of
Cpolymer=0.5 g/L in different organic solvents. Typically,
2 mL of the polymer solutions were brought into contact
with an excess of solid dye powder (5 mg) or 2 mL dye
solution in Milli-Q water (concentrations c=2.5 g/L). Phase
transfer experiments were carried out in tightly sealed
containers at room temperature in the dark without any
stirring. After completion of the transfer, all phases were
examined by UV/Vis spectroscopy. Colored solutions were
diluted with pure solvent and/or freed from solid dye
powder by filtration through Millipore Dimex-13 (0.2 um)
filters, if necessary.

2.4. Characterization

Proton NMR spectra in CDCI; were recorded on a Bruker
AM-400 spectrometer operating at 400 MHz.

Size exclusion chromatography was performed on a
system with a Waters 510 HPLC pump equipped with
Styragel polymer columns (10°, 10*, 10° A nominal pore
diameter) in DMF (+ 1 g/L LiBr) at a flow rate of 1 mL/min
at 60 °C and refractive index detection with a Waters 410
differential refractometer and a Water 486 UV-absorption
detector operating at A=275 nm.

Matrix-assisted laser desorption ionization time-of-flight
(MALDI-ToF) mass spectra were recorded with a Micro-
mass TofSpec E in reflection mode. Samples have been
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Fig. 2. SEC trace of P(PS37—-PVPy)64 (left peak) and the corresponding
macromonomer (right peak). Dotted: reaction mixture before fractionation;
dash-dotted: macromonomer and solid: polymacromonomer after fraction-
ation. Solvent: DMF, 1 g/L LiBr.
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prepared on a target using 1 pL of 5:5:2 mixed solutions of a
1 g/L solution of the polymer, 10 g/ 3-indoleacrylic acid
(TIAA) and silver trifluoroacetate, each in THF.

Static and dynamic light scattering was performed at 20 °C
with an ALV SP-86 goniometer, a ALV/High QEAPD
Avalanche photodiode fiber optic detection system, an
ALV-3000 correlator, and a helium-neon laser (JDS Uni-
phase, A=632.8 nm, 25 mW). Measurements were carried out
from 30 to 150° in 5 and 20° steps (static and dynamic
measurements, respectively). Samples were prepared by
dissolution in DMF (+1 g/L. LiBr) and filtration using
Millipore FG filters (0.2 um) prior to the measurements. The
refractive index increments were calculated according to
dn/dc=0.165mg+0.157mpyp, with mg, and mpyp being the
mass fractions of styrene and poly-2-vinylpyridine of the
block co-macromonomers, respectively.[20]

UV/Vis spectra were measured with a Cary 100 Bio
spectrometer (Varian) employing 1 mm-quartz glass cuv-
ettes (100-QS type, Hellma) from 300 to 700 nm.

3. Results and discussion

The synthesis of the nanocontainers involves two steps
(Fig. 1). First, block co-macromonomers are prepared by an
anionic polymerization technique, which provides an
excellent control of the average molecular weights and the
polydispersity of the oligomers. The second step is the free-
radical polymerization of the block co-macromonomers to
finally obtain the polymer comb in which each repeating
unit of the methacrylate main-chain carries a poly(2-
vinylpyridine)-b-polystyrene side-chain. The final product
resembles a micellar structure, which is covalently fixed by
the main-chain (unimolecular micelle). The overall shape of
the polymer comb depends on the degree of polymerization
of the main chain, which itself is influenced by the
molecular weight of the macromonomer; in case of side-
chain masses larger than approximately 4000 g/mol, more
or less spherical structures are built, in case of lower
molecular weights cylindrical nanoparticles can be obtained
[21]. In both cases a core-shell topology is obtained. The
non-polar shell of PS grants the solubility in organic
solvents such as toluene or dichloromethane, while the core
consists of polar PVP. In an additional step, the core’s
pyridine-units can be quaternized with e.g., methylbromide
to obtain a polyelectrolyte with increased polarity compared
to the neutral polymer.

By this synthetic route, polymeric core-shell nanoparti-
cles with varying amounts of PVP with weight average
molecular weights of 410 and 850 kg/mol and diameters of
20-30 nm have been obtained. Table 1 summarizes the
characterization data.

As an example, the SEC trace of P(PS3;—PVPy)64 in
DMF is shown in Fig. 2. The determined polydispersities of
the samples are modest and range between 1.33 and 1.70.
The characteristic ratio p=R,/R;, as obtained by static and

Table 1

Characterization data of the investigated polymers

Quaternized poly(block co-
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Subscribed numbers in the polymers’ names indicate the number average degree of polymerization of the corresponding block.

4 MALDI ToF MS.

b Degree of functionalization, 'H NMR.

¢ Static light scattering; solvent: DMF+LiBr (1 g/L).
d Dynamic Light Scattering; solvent: DMF+LiBr (1 g/L).

¢ Degree of polymerization of main chain.

T Weight ratio of block comacromonomer, determined by SEC; solvent: DMF~+LiBr (1 g/L); rest: macromonomer.
€ Polydispersity obtained by SEC; solvent: DMF+LiBr (1 g/L), calibrated with linear poly(2-vinylpyridine) standards.

" Degree of quaternization determined by elemental analysis; quaternized with methylbromide.
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dynamic light scattering measurements ranges between 1.07
and 1.18. This leads to the conclusion that the nanoparticles
have an ellipsoidal shape in solution. The nanoparticles
were visualized by atomic force microscopy. As examples,
P(PS37—PVP9)164 and PQ—(PS37—PVP9)164 are shown in Flg
3a and b, confirming the average size and shape determined
by light scattering.

In the present study, the polymer-assisted phase transfer
of hydrophilic molecules into organic solvents is investi-
gated. Several hydrophilic dyes are being used as models
(Fig. 4), since they are available in a large variety (chemical
structure, charge, etc.) and the transfer process is easily
monitored, qualitatively even with the bare eye, quantitat-
ively by UV/Vis spectroscopy.

(a)

(b)

(c)

(d)

Fig. 3. (a) AFM picture (amplitude) of P(PS37—PVPg);¢4, spin-cast onto mica from a 1:2 mixture of dichloromethane and cyclopentane (c=0.166 g/L). Scale
bar: 250 nm. Average diameter D=24.6 nm. (b) AFM picture (amplitude) of PQ—(PS37;-PVPy);44, spin-cast onto mica from a 1:2 mixture of dichloromethane
and cyclopentane (¢=0.033 g/L). Scale bar: 250 nm. Average diameter D=25.3 nm. (c) AFM picture (height) of P(PS;5-PVP,);3s, loaded with Calmagite,
spin-cast onto mica from a 1:2 mixture of dichloromethane and cyclopentane (c=0.033 g/L). Scale bar: 250 nm. Average diameter D=31.8 nm. (d) AFM
picture (height) of PQ—(PS;3—PVP; )33, loaded with Calmagite, spin-cast onto mica from a 1:2 mixture of dichloromethane and cyclopentane (c=0.033 g/L).

Scale bar: 250 nm. Average diameter D=33.1 nm.
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Fig. 4. Overview of the employed dyes.

Fig. 5 illustrates the two different routes to transfer
hydrophilic molecules into non-polar organic solvents. Fig.
5a shows the solid/liquid phase transfer. An organic solution
of the polymer is simply brought into contact with the solid
dye powder.

Depending on the dye and polymer used, a coloration of
the organic phase is observed almost instantly, indicating a
successful transfer of the hydrophilic dye molecules.
Without any agitation of the solution, the phase transfer is
complete after 72 h, i.e. the absorption of the organic phase
does not increase any further. An example of the solid/liquid
phase transfer experiment is presented in Fig. 6a.

Fig. 5b depicts the second possibility to transfer
hydrophilic molecules into the organic solvent by liquid/
liquid phase transfer. Here, the organic solution of the
polymer is brought into contact with an aqueous solution of
the dye. The dye is removed from the water phase and
transferred into the non-polar solvent by the polymer as seen
for example in Fig. 6b.

The decrease of the dye concentration in the water phase
is monitored quantitatively by UV/Vis spectroscopy and this
depletion, as determined by A, is related to the amount of
dye transferred into the polymeric nanoparticles under the
assumption of absence of precipitation of the dye or the
polymer at the interface. Absorption measurements of
the organic phase yield only relative values, because the
dye itself is not soluble in the non-polar solvent and no
calibration according to Lambert-Beer’s law is obtainable.
The corresponding data obtained at A,,,, are summarized in
Table 2.

a) Solid / Liquid phase transfer

Organic
solvent \ _ g

dye/

Diffusion

Probably the most dominant factor that promotes the
phase transfer is the interaction of the dye with poly(2-
vinylpyridine). Linear oligomeric PVP, which is reasonably
soluble in, e.g. toluene, dissolves the hydrophilic dye,
whereas polystyrene does not support a phase transfer of
hydrophilic dyes into organic solvents (data not shown).
Thus the relative amount of PVP influences the maximum
dye uptake by the polymer, whereas PS grants the solubility
of the nanoparticles.

Quantitative investigation of the dye uptake by liquid/li-
quid phase transfer yields the number ratios npy./nx, where
the number of dye molecules is related to the number of
pyridine units or pyridinium units in the neutral or
quaternized polymers, respectively.

The mass ratio mpye/Mpoiymer is Of interest with respect to
potential applications. High ratios mean that a large amount
of the desired polar molecules is made soluble (or
compatible with a matrix) with the help of small amounts
of encapsulating agent.

Additionally, Table 3 shows the number ratio npy./
Mparicles €Mphasizing the high dye uptake capacities of the
presented polymeric nanoparticles.

Some general observations are made when comparing
the liquid/liquid with the solid/liquid phase transfer. The
former is more effective, i.e. the dye uptake is higher, when
one compares the absorbance of the organic phase (see
Table 2).

Water obviously promotes the transfer process as can be
seen from Table 2, but it is not necessarily required. Even
when all substances are thoroughly dried and handled in an

b) Liquid / Liquid phase transfer

Organic

solvent Diffusion

Water

Fig. 5. Phase transfer experiments for the incorporation of hydrophilic dyes into polymeric particles.
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(b)

Fig. 6. (a) Picture of a solid/liquid phase transfer experiment: Shown are the
results of the phase transfer for EONa into dichloromethane. No addition of
polymer (left) yields no transfer of the dye into the organic solvent, the
neutral polymer P(PS3;7—PVPy)64 (middle) is more effective than the
quaternized PQ—(PS37;—PVPy) ;¢4 (right). (b) Picture of a liquid/liquid phase
transfer experiment: Shown are the results of the phase transfer for
Calmagite into toluene (upper layer). No addition of polymer (left) yields
no transfer of the dye into the organic phase, the neutral polymer P(PS;q3—
PVP;);3 (middle) and the quaternized polymer PQ—(PS,3—PVP;);3 (right)
are almost equally effective in the phase transfer.

inert atmosphere, a phase transfer of the dye into the non-
polar solvent takes place and almost comparable uptakes are
observed (data not shown), as compared to the solid/liquid
phase transfer experiments with solvents and dyes employed
as received and as discussed above. In most cases, higher
dye uptakes are achieved by the liquid/liquid phase transfer.

When sodium salts of the dyes are used (TBNa, MONa,
EONa, TONa) a strong influence of the polymer’s charge is
evident. The cationic polyelectrolyte can interact with the
anionic dye molecules and a counterion exchange can take
place. From quantitative measurements no complete ion
exchange (number of anionic dye molecules vs. number of

Table 2

Comparison of solid/liquid phase transfer (S/L) and liquid/liquid phase transfer (L/L).

TONa®
S/Lf

TBNa® MONa® EONa¢
S/L' S/Lf

S/LS

CALM?
S/L'

L/L®

L/

L/L®

L/L®

L/L®

0.307
0.758

0.292

0.670
1.327
0.033

0.983

1.122 0.413 <0.01 0.234 0.242
1.049
0.494
0.407

0.948

DCM"

P(PS37-PVPo) 64

0.059

0.429
0.181

0.526 0.109 1.096
<0.01 0.015

<0.01

0.617

0.501

DCM"

PQ—(PS37-PVPy) 64

0.029

0.018

0.045
0.296

0.423

DCM"

P(PS03—PVP7)33

0.314

0.020
<0.01

0.546
0.038

0.461 0.214

<0.01

0.171
<0.01

0.248
<0.01

0.282

DCM"
Tolf
Tol

PQ-(PS103-PVP7)33

0.010

0.088

0.401 0.043

0.231

P(PS103-PVP7)33

0.024

0.444 0.020

0.050

0.371

<0.01

0.209 0.134

0.385

0.123

PQ—(PS03-PVP7)33

Table lists the absorption (Amax) of the organic phase after phase transfer. Initial polymer concentration is cpolymer="0.5 g/L.

# Calmagite.

b Thymol Blue, sodium salt.

¢ Methyl Orange, sodium salt.

4 Ethyl Orange, sodium salt.

¢ Tropaeolin O, sodium salt.
T Solid/liquid phase transfer.

€ Liquid/liquid phase transfer.
" Dichloromethane.

' Toluene.



Table 3

Dye loading capacities of different polymers via liquid/liquid phase transfer for several dyes

EONa

MONa‘®

TBNa”

CALM?

o
g

nD/ Npart

196
472

f

np/ny
0.22
0.53
0.12
0.58
0.02
0.55

mp/mp"

14
30

g
Np/Mpar(

160
579

f

np/nyn
0.18
0.65
0.27
0.87
0.03
0.68

mplmp"

np/Mpar®
11

f

np/ny
0.01
0.51
0.30
0.74
0.66
0.74

nD/n sz.g mD/mPe

np/nyt

1.

mp/mp®
116
104

1

40

1586
1622

78
82

DCM"

P(PS37-PVPo)164

34

454

1.

DCM"

PQ—(PS37-PVPo) 64
P(PSp3-PVP7)33

21
102

47
152

53
130

420
438
315

2.40
2.50
1.80
1.77

51
52
38

DCM"!

16 12

21

DCM"
Tol'

PQ—(PS,03-PVP7)33
P(PS03-PVP7)33

116
130

19
21

96

11

119

13

310

Tol!

PQ—(PS03-PVP7)33

Given are the mass loading ratios mpye/Mpolymer in percent and the number ratios npy/ny of dye molecules per pyridine/pyridinium unit in the polymer.

# Calmagite.

b Thymol blue, sodium salt.
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¢ Methyl orange, sodium salt.

4 Ethyl orange, sodium salt.

¢ Mass loading ratio mpye/Mmpotymer i percent.

! Number of dye molecules per pyridine/pyridinium unit in the polymer.

€ Number of dye molecules per particle npye/fparicic.

" Dichloromethane.

! Toluene.

cationic pyridinium units of the polymer) is achieved in
liquid/liquid phase transfer, as can be seen in Table 3.

For the azo-dyes methyl orange, ethyl orange and
tropaeolin O, the general trend is observed that there is a
strong increase in transfer capacity of the polymer, if its core
(PVP) is quaternized and if the transfer takes place across
the water/organic solvent layer interface (i.e. liquid/liquid
phase transfer), as seen in Table 2. The first is attributed to
the specific interaction between ions of dislike charge
(anionic dye, cationic polymer), while the presence of water
promotes the phase transfer for these dyes and is linked to
the latter observation. In addition, the PVP-core of the
neutral polymer should form the same kind of microenvir-
onment in both transfer types (water is a poor solvent for
neutral PVP and thus is probably not incorporated
significantly into the particle’s core), and consequently the
dye loading ratios are comparable for both kind of phase
transfers (Table 2). In contrast, water is a solvent for the
quaternized PVP-core and is also transferred into the
polyelectrolyte in the liquid/liquid phase transfer [22],
creating a more ‘dye friendly’-microenvironment, thus
enhancing the loading capacity of the polymer. If water is
missing, as in the solid/liquid phase transfer, a lower dye
uptake by the quaternized PVP is observed (Table 2).

Interestingly, the triphenylmethane dye thymol blue is
also incorporated better into the quaternized PVP-core
(Table 2), but in this case water does not promote the phase
transfer. This leads to the conclusion that water and the
polarity of the dye have a strong influence on the phase
equilibrium and the dye uptake by the nanoparticles. The
complex details of the water uptake by the nanoparticles in
liquid/liquid phase transfer are currently being investigated.

A special behavior is observed for the sulfonic acid
calmagite. In solid/liquid phase transfer, the neutral polymer
is clearly favored, which could be explained by protonation
of the pyridine-units of the nanoparticle’s core and
subsequent specific ionic interaction. In liquid/liquid phase
transfer, this effect is not as evident. It is obvious that pure
specific ionic interaction cannot be the sole factor for the
dye loading ratios and that additional interactions between
the hydrophilic dye and the polymer, as for example the
polarity of the microenvironment or hydrophobic inter-
actions, may play a role especially for calmagite. The dye
loading ratios (npye/ny) are all larger than 1.75 and thus very
high numbers of dye molecules per particle are observed.
This makes calmagite an interesting candidate for future
investigations of the transfer kinetics and the transfer
mechanism. AFM pictures of P(PS;3—PVP),35 and PQ-
(PS33—PVPq1);3g, both loaded with calmagite by liquid/li-
quid phase transfer using dichloromethane as solvent, are
shown in Fig. 3c and d, respectively. The loading capacities
are determined to mpy/mp=100%, npy./ny=1.34 and
nDye/an=1194 for P(PS38—PVP11)138 and mDye/mp=
80%, npye/nn=1.22 and npye/np,=1087 for PQ—(PS3s—
PVPy)135. The average diameters of the nanoparticles on
the surface are 31.8 and 33.1 nm, respectively. In addition,
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dynamic light scattering of the calmagite filled nanoparti-
cles P(PS;3—PVP )33 was performed in toluene solution.
Due to the fact that all employed dyes still possess
substantial absorption at the wavelength of the laser of
632.8 nm, the data have to be treated carefully. Never-
theless, in this case an apparent hydrodynamic radius R, =
16.4 nm was determined, in good agreement with an
increase in radius as compared to the unloaded
nanoparticles.

The influence of the organic solvent used in the transfer
experiments is quite obvious. In both solid/liquid and
liquid/liquid phase transfer, dichloromethane is the better
choice compared to toluene for achieving higher loading
ratios. This is understood, because dichloromethane has the
larger dielectric constant and promotes the phase transfer. In
addition, the solubility of the core’s PVP in this solvent is
better, making it easier accessible for the dye molecules.

The influence of the polymer’s side chain composition on
the dye uptake capability of the nanoparticles can be seen
from the comparison of the npy./ny ratios for P(PSs;—
PVPy),64 and P(PS;93-PVP;)33 (and their quaternized
counterparts) from Table 3. It is evident that the particles
with the larger PS blocks in the side chains can complex
more dye molecules in their poly(2-vinylpyridine) cores. A
reasonable explanation for this observation is the fact that
the longer PS corona hinders the diffusion of the dye back
into the less favorable solvent more effectively. The mass
loading ratios mpye/Mmporymer also indicate that PS affects the
dye loading only indirectly and that PS is not responsible for
the interaction with the polar molecules.

4. Conclusion

We have shown that it is possible to synthesize versatile
polymeric core-shell nano-containers with high loading
capacities for hydrophilic molecules by a macromonomer
approach. The structures of these particles resemble
unimolecular micelles that keep their integrity even upon
isolation and dissolution in non-selective solvents. Hydro-
philic dyes were incorporated into the polymeric particles
via solid/liquid or liquid/liquid phase transfer, respectively.
The quantification of the dye uptake is possible for the
liquid/liquid phase transfer and yields mass loading ratios
up to 116% (3.20 mmol/g). These high loading capacities,
especially in case of calmagite, might be explained by the
‘perfect’ microenvironment provided by the nano-contain-
ers and the comparably ‘open’ structure of the polymer
combs. After the incorporation of the otherwise insoluble
dyes, the dye-polymer conjugates can be isolated from
solution and are fully redisperisable in organic solvents.
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