
full papers

1756
Core/shell particles
DOI: 10.1002/smll.200800565
Environmentally Responsive Core/Shell Particles via
Electrohydrodynamic Co-jetting of Fully Miscible
Polymer Solutions
Abbass Kazemi and Joerg Lahann*
Keywords:
� core/shell particles

� electrohydrodynamic co-jetting

� environmentally responsive

� polyelectrolytes
Herein it is demonstrated that electrohydrodynamic co-jetting is not limited

to Janus-type particles, but can also be used for the preparation of core/shell

particles. Using side-by-side flow of miscible polymer solutions, electro-

hydrodynamic co-jetting offers an elegant and scalable route towards

preparation of core/shell particles with otherwise difficult-to-prepare

particle architectures, including particles with hydrophilic shell and core.

Throughout this study, electrohydrodynamic co-jetting of aqueous solutions

consisting of a mixture of PAAm-co-AA and PAA is used, and a range of

different types of particles with distinct compartments are observed.

Transition from Janus particles to core/shell particles appears to be caused

by changes in the relative conductivity of the two jetting solutions. After

crosslinking, the core/shell particles are stable in aqueous solution and

exhibit reproducible swelling behavior while maintaining the original core/

shell geometry. In addition, the pH-responsiveness of the particles is

demonstrated by repeatedly switching the environmental pH between 1.3

and 12. Moreover, the core/shell particles show surprising uptake selectivity.

For instance, a 450% increase in uptake of 6-carboxyfluorescein over

rhodamine B base is found.
1. Introduction

Particles with diameters between 100 nm and a few

micrometers are of immense interest because of their

potential applications as drug-delivery systems,[1–5] sen-

sors,[6–7] microreactors,[8] in combined imaging and therapeu-

tics (theranostics),[9] or as food-packaging materials.[10]

In particular, environmentally responsive particles, such as

pH-responsive core/shell particles, have been under intense
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investigation for their ability to produce custom-tailored

release profiles.[11,12] A series of methods to prepare core/shell

particles has been already established, including emulsion

polymerization,[13–16] layer-by-layer (LbL) adsorption onto

solid particles,[17–20] templated polymerization,[21–23] and

template-assisted electropolymerization.[23] Using a LbL

approach, pH-sensitive core/shell particles, as well as hollow

capsules, have been prepared.[19,20] Another approach to

prepare pH-sensitive core/shell particles is the assembly of

macromolecules that display pH-responsive properties[24–26]

and undergo biodegradation.[27] In related work, electrospin-

ning has been employed to prepare core/shell nanofibers by

co-jetting of two non-miscible solutions in a coaxial-needle

configuration.[28–34]

We have recently used electrohydrodynamic co-jetting to

prepare biphasic[35] and triphasic nanocolloids[36] (i.e., solid

particles with multiple compartments). This approach towards

designer nanocarriers is unique in that it enables design of

particles with multiple, distinct surface patterns or nano-

compartments. Because of its intrinsic simplicity and versa-
ag GmbH & Co. KGaA, Weinheim small 2008, 4, No. 10, 1756–1762
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Figure 1. a) Schematic illustration of the electrified-jetting set-up,

b) SEM image of microspheres after jetting, c) confocal microscopy

images of the microspheres after jetting, indicating the core/shell

structure with an average size distribution of 1.9� 0.4mm. All scale

bars represent 8mm.
tility, the electrohydrodynamic co-jetting process can be

applied to a wide range of specialty and non-specialty

materials. The fact that each compartment can be designed

independently of the other compartments allows combination

of multiple, essential materials functions. Using a side-by-side

arrangement of inlet flows to introduce multiple polymer

solutions into an electric field, we demonstrated that bi- and

triphasic particles can be obtained by simple co-jetting of

aqueous solutions containing poly(acrylamide-co-acrylic acid)

(PAAm-co-AA) and poly(acrylic acid) (PAA). Moreover,

these particles can be stabilized via thermal crosslinking[37]

and be selectively surface modified for each compartment.[35]

Biphasic nanoparticles showed satisfying biocompatibility in

short-term cytotoxicity studies.[38] In contrast to many of the

existing methods of particle fabrication such as emulsion

polymerization, this approach does not require use of

immiscible solutions.

Herein, we demonstrate that electrohydrodynamic

co-jetting is not limited to Janus-type particles, but can also

be used for preparation of core/shell particles. Using side-by-

side flow of miscible polymer solutions, electrohydrodynamic

co-jetting offers an elegant and scalable route towards

preparation of core/shell particles with otherwise difficult-

to-prepare particle architectures, including particles with

hydrophilic shell and core. Throughout this study, electro-

hydrodynamic co-jetting of aqueous solutions, consisting of a

mixture of PAAm-co-AA and PAA is used and a range of

different types of particles with distinct compartments is

observed. Transition from Janus particles to core/shell

particles appears to be caused by changes in the relative

conductivity of the two jetting solutions.

2. Results

Experimentally, electrohydrodynamic co-jetting relies on

parallel extrusion of two miscible solvents through a

macroscopic nozzle with a diameter of 0.46 mm. A counter-

electrode, which acts as the collection reservoir, is placed

about 33 cm away from the tip of the nozzle. The polymer

solution is then accelerated towards the collection electrode by

application of an electrical potential of approximately 16 kV,

which corresponds to an electric field of about 48 500 V m�1.

Due to acceleration in the electric field, the polymer thread

is rapidly elongated resulting in a reduction in diameter by

several orders of magnitude. This reduction in thread diameter

is accommodated by a dramatic increase in surface area, which

in turn results in instantaneous evaporation of the solvent, and

solidification of polymers and other additives that were

initially dissolved in the solvent. Because the solidification

process is faster than competing transport/mixing processes

between the individual solutions, the original droplet

geometry is maintained during the co-jetting, resulting in

solid particles with defined compartments. Electrohydro-

dynamic jetting is a rather complex process, and the ultimate

particle geometry depends on a variety of parameters, which

may be classified as material- or process-related factors.

Critical material-related parameters include viscosity, con-

ductivity, or free surface energy of the jetting solutions, while
small 2008, 4, No. 10, 1756–1762 � 2008 Wiley-VCH Verlag
process-related parameters include the magnitude of the

applied electric field, solution flow rates, nozzle geometry, and

temperature. In the case of the set-up used for electro-

hydrodynamic co-jetting in this study, the materials-related

parameters can be independently controlled for each polymer

solution, while most of the process-related factors cannot be

controlled independently.

Figure 1 illustrates the formation of the core/shell particles

by electrohydrodynamic co-jetting. In order to be able to

visualize the core/shell character of the particles, tetra-

methylrhodamine isothiocyanate- (TRITC) or fluorescein

isothiocyanate (FITC)-dextran were added to the polymer

solutions. The polymer solutions used for the jetting process

were PAAm-co-AA (5% w/v), PAA (0.9% w/v), TRITC-dextran

(0.4% w/v) and PAA (13.1% w/v), PAAm-co-AA (0.044% w/v),

NaOH (2.19% w/v), and FITC-dextran (0.4% w/v). Phases

containing FITC and TRITC form the particle core or

shell, indicated by green fluorescence or red fluorescence,

respectively.

As summarized in Table 1, the base polymers of PAA and

PAAm-co-AA were used for all solutions in our electro-

hydrodynamic co-jetting experiments. Addition of NaOH

alters the conductivity of the jetting solution, and the resultant

particle architectures range from Janus particles to core/shell

particles. Characteristic examples are shown in Figure 2. In the

case of the Janus particles (i.e., (biphasic)a0b particles;

Figure 2a), the ratio of PAA and PAAm-co-AA was identical

in both phases. It is important to note that the conductivity of

both jetting solutions [a0] and [b] was the same (5 mS cm�1). In

contrast, simply increasing the PAA ratio of one jetting

solution resulted in transition from Janus-type particles to

well-defined core/shell particles (core/shell)ab particles

(Figure 2d). In the case of (core/shell)ab particles, addition

of NaOH to only one jetting solution resulted in a conductivity

mismatch, where the conductivity of solution [a] was about 6

times higher than that of solution [b]. These relatively small

compositional differences have a profound impact on the

jetting behavior and the resulting particle geometries.

The difference in the resultant particle geometry is thought

to be due to the disparity in the polymer solution

conductivities. Electrohydrodynamic jetting relies on the
GmbH & Co. KGaA, Weinheim www.small-journal.com 1757
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Table 1. Composition of polymer solutions used for preparation of (core/shell)ab or (biphasic) a0b particles and particles with undefined geometry
([cb] particles or [db] particles).

jetting solutions

a b c d a0

polymer solution compositions [w/v %]

PAA 13.1 0.9 13.1 13.1 0.9

PAAm-co-AA 0.044 5 0.044 0.044 5

NaOH 2.19 – 0.75 1.75 –

dextran FITC: 0.4 TRITC: 0.4 FITC: 0.4 FITC: 0.4 FITC: 0.4

conductivity [mS cm�1] 32 5 12 27 5

[a]/[b]: used for preparation of the particles with core/shell geometry.

[a0]/[b]: used for preparation of the particles with Janus geometry.

[c]/[b] or [d]/[b]: same polymer concentrations as [a]/[b], but with different NaOH concentration, resulting in changes in jetting solution

conductivity.
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creation of surface charges during the acceleration of polymer

solutions in the high electrical field between the conductive

needle and the counterelectrode. In principle, the electro-

hydrodynamic co-jetting process is compatible with a range of

different polymer solutions, including aqueous and organic

solutions, which can be associated with a range of different

conductivities. If polymer solutions with significantly different

conductivities are co-jetted, each phase of the droplet

accelerates unevenly towards the counterelectrode. Solutions

with lower conductivity typically yield higher jet velocities due

to higher interfacial charge build-up. In a simplified model of

electrohydrodynamic co-jetting of two solutions with distinct

conductivities, the solution with lower conductivity functions

as the lead phase. The lead phase is initially accelerated, but

immediately creates a viscous drag on the second solution,

which is pulled along and may be considered a dependent

phase. In Figure 2d, the less conductive lead phase is indicated

in red, forming the shell of the resultant particles, while the

dependent phase tends to form the core. The degree to which a

concentric geometry is reached depends on the relative

conductivities of the two phases (Figures 2b and c). As the
Figure 2. From (biphasic)a0b to (core/shell)ab particles by using side-by-s

changing the conductivity of the jetting solution in one of the phases. a

particles, and b) (core/shell)ab particles imaged in de-ionized water. Sca

www.small-journal.com � 2008 Wiley-VCH Verlag Gm
differences in conductivity change from 6- to 3- to 1.3-fold

difference, the resulting particles lose their core/shell

character and begin to resemble Janus particles. While core/

shell particles have previously been fabricated using a coaxial

needle geometry with one needle embedded in the second one,

our work shows that electrohydrodynamic co-jetting using a

side-by-side arrangement of needles can result in both Janus-

and core/shell particles. Moreover, the transition between the

two characteristic morphologies can be controlled by simply

altering the relative conductivities of the jetting solutions.

Prior to suspension in aqueous buffer systems, thermal

crosslinking between amide and carboxylic groups was

necessary to prevent dissolution of the particles in aqueous

solutions and to provide differential swelling properties.

Polymer crosslinking was performed by placing the particles in

an oven at 170 8C for 2 h.[37] Under these conditions, the shell

phase was more extensively crosslinked due to the higher

content of acrylamide in the shell as compared to the core.

Particles show reproducible changes in swelling after incuba-

tion in aqueous solutions that were either acidic (pH 1.3) or

basic (pH 12). Under these conditions, the gross morphology
ide co-jetting and

) (Biphasic)a0b
le bars: 8mm.

bH & Co. KGaA, Weinhei
of the particles remained unaltered. Aver-

age particle diameters were measured using

confocal microscopy and mean values for

different conditions are presented in

Figure 3.

During electrohydrodynamic co-jetting,

a typical batch of particles had an average

diameter of 1.9� 0.4mm. After subsequent

incubation in de-ionized water, the average

size of the same batch of particles increased

to 6� 1.0mm, an increase of more than

300% in particle diameter. Next, particles

were alternately incubated in acidic (pH

1.3) or basic (pH 12) solutions. Under these

conditions, the particle diameter reprodu-

cibly switched between 3.5� 0.5mm and

6� 1.0mm. After 5 consecutive switching

cycles the particles maintained their integ-

rity and preserved the core/shell character,

suggesting excellent structural stability.

The increase in size of the particles in

water or basic solutions is due to pH-
m small 2008, 4, No. 10, 1756–1762
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Figure 4. a) SEM image of the particles, which were introduced in an acidic solution

(pH 0.4) and dried in air. b) Confocal microscopy image of (core/shell)ab particles in acidic

media at pH 0.4. c) Confocal microscopy image of the particles after increasing the

pH to 12 by adding NaOH solution to the media originally containing the particles at

pH 0.4. All of the scale bars represent 8mm.
induced swelling of polyacrylates. Prior to

exposure of freshly jetted and cross-linked

particles to water, PAA segments form coiled

chains. Subsequent exposure to water causes

hydration of the particles and results in

repulsive interactions between negatively

charged carboxylic acid groups. Under these

conditions the polyelectrolyte chains exhibit a

more stretched form, and inter- and intramo-

lecular repulsion causes increased absorption

of water and expansion of the particles. When

exposed to an acidic media, the carboxylic-

acid groups are protonated, eliminating

charge-charge repulsion and cause shrinkage

of the particles.[39,40] In Figure 3, histograms
are shown for each condition indicating the number of

particles that fall within one of four size ranges; smallest

(<25%); small/medium (26–50%); medium/large (51–75%);

and largest particle fraction (>75%). When exposed to a

sufficiently high pH, the acid groups are deprotonated and

repulsion between negatively charged polymer chains causes

expansion of the particles.
Figure 3. Representation of the swelling behavior of (core/shell)ab particle

to media at pH 1.3 or 12. The pH of the solutions were changed using HCl

bars: 8mm. Histograms indicate statistic calculations for size distributio

particles in acidic (Aindex) or basic (Bindex) environment in a given diame

shell)ab particles at pH 1.3: 0.6–2.5mm (A1), 2.5–4.4mm (A2), 4.4–6.3mm

(A4); (core/shell)ab particles at pH 12: 0.6–4.6mm (B1), 4.6–8.6mm (B2),

12.6–16.6mm (B4).

small 2008, 4, No. 10, 1756–1762 � 2008 Wiley-VCH Verlag
Figure 4 shows SEM and confocal microscopy images

of (core/shell)ab particles. Figure 4a shows representative

particles which were placed in strongly acidic solution

(pH 0.4) and dried in air, indicating that the surface of the

particles remains unaltered after introducing them to the

acidic medium. However, the confocal microscopy image

(Figure 4b) from the particles in acidic media (pH 0.4),
s when introduced

or NaOH. All scale

n of (core/shell)ab
ter range; (core/

(A3), 6.3–8.2mm

8.6–12.6mm (B3),

GmbH & Co. KGaA, We
suggests that particles became hollow when

placed in strong acid. A possible explana-

tion for the transition into hollow capsules is

that PAA, which is the dominant polymer in

the core, becomes fully protonated leading

to a retraction of the polymer chains into

the core/shell interface. Dissolution of the

core polymer or dye can be excluded as a

possible explanation, as particles fully

recovered their original core/shell structure

after incubation in basic (pH 12) solution

(Figure 4c). However, mixing of dyes may

occur to some extent, as indicated by the

color change of the cores from the original

green to a more yellowish appearance.

The ability to switch between capsules

and core/shell particles may be useful for

drug delivery applications or selective

absorption of small molecules, as well as

environmentally friendly applications, such

as remediation of toxins or contaminants.

Figure 5 shows digital photos of a

polymer scaffold consisting of (core/shell)ab

particles, after jetting, in de-ionized water

and in acidic media. Immediately upon

placing (core/shell)ab particles in water

(Figure 5b), the particles expand their size

resulting in swelling of the scaffold. After

altering the environment to an acidic media,

the swelling of the particles is reversed with

significant shrinkage (Figure 5c).

Next, we evaluated the ability of core/

shell particles to selectively absorb different

dyes. Initially (core/shell)ab particles with

colorless cores were prepared. For better

imaging, the shell was either loaded with

TRITC- or FITC-dextran. First, the FITC-
inheim www.small-journal.com 1759
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Figure 5. Vials containing (core/shell)ab particles after jetting a) in air,

b) in de-ionized water, c) in acidic media (pH 0.4). All scale bars: 5mm.
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loaded particles were suspended in water (Figure 6a) and a

dilute solution of rhodamine B base was added to the particle

suspension. After incubation for 3 h, the red dye was readily

taken up into the core of the particles (Figure 6b); enhanced

red fluorescence was observed in the shell as well as the core,

while the initial dye solution appeared to be depleted. In stark

contrast, (core/shell)ab particles without FITC-dextran did not

show any appreciable uptake of 6-carboxyfluorescein as shown

in Figure 6d for particles with TRITC-labeled shells.

We attribute the striking selectivity of (core/shell)ab particles

for different dyes (Figure 7) to electrostatic repulsion due to

differences in the net charge of the two dyes. The core/shell

particles are net negatively-charged and repel the negatively-

charged6-carboxyfluorescein.Tofurtherelucidatethemolecular

basis of this remarkable selectivity between dyes of similar size,
Figure 6. Confocal microscopy images; a) (core/shell)a,b particles in de-ionized water

(shell: PAAm-co-AA (5%w v�1), PAA (0.9%w v�1), FITC-dextran (0.4%w v�1), core: PAA (13.1%

w v�1), PAAm-co-AA (0.044% w v�1), NaOH (2.19% w v�1)). b) (core/shell)a,b particles (as in

Figure 6a) in dilute solution of rhodamine B base. c) (core/shell)a,b particles in de-ionized

water (shell: PAAm-co-AA (5% w v�1), PAA (0.9% w v�1)/TRITC (0.4% w v�1), core: PAA

(13.1% w v�1), PAAm-co-AA (0.044% w v�1), NaOH (2.19% w v�1)). d) (core/shell)a,b particles

(as in Figure 6c), in a dilute solution of 6-carboxyfluorescein. All scale bars: 8mm.
we conducted quantitative uptake studies

with 6 dyes (Figure 7). The dyes selected for

these experiments had molecular weights

rangingfrom204to643 g mol�1,andincluded

widely used fluorescence dyes, such as

rhodamine B, 6-carboxyfluorescein, eosin,

and aminoacridone. First, we dissolved pairs

of low molecular-weight dyes in aqueous

solutionsandthenaddedadefinedamountof

(core/shell)ab particles to the solution and

incubatedfor3 h.Here,neithercorenorshell

was loaded with any dye during electro-

hydrodynamic co-jetting. The particles were

separated by centrifugation and the super-

natantwas analyzed byUV/vis spectroscopy.

We defined selectivity as the ratio of the two

dye concentrations after particle exposure,

each being normalized to the initial dye

concentration:

S ¼ C1=C
0
1

C2=C0
2

S¼ dye selectivity; C1 and C2¼ dye con-

centration after incubation with particles;

C0
1 and C0

2¼ initial dye concentrations

The previously studied rhodamine B

base/6-carboxyfluorescein pair (i.e., the

pair shown in Figure 6) exhibited the

highest selectivity with S¼ 4.5. The inset

of Figure 7 shows the dye solution before

and after incubation with particles. A clear

change in color due to selective removal of
www.small-journal.com � 2008 Wiley-VCH Verlag Gm
rhodamine B base (RBB) can be observed. In contrast, the

initially colorless particles are indicated with a bright red color

due to selective uptake of only the red dye. A comparable

selectivity was achieved for a solutions containing rhodamine

B base and either eosin yellowish solution (EYS) or 3-acetyl-

umbelliferon (AU). When combined with 6-carboxyfluor-

escein (CFI), the uptake selectivity of rhodamine B (RB) was

2.3, which is significantly lower than the uptake selectivity of

rhodamine B base relative to CFI. Moreover, the uptake of

ACC was 2.5-fold higher than the uptake for AU, in spite of

the fact that AU is the smaller molecule. However, the

selectivity of ACC versus AU is significantly lower than the

relative selectivity of RB versus AU. Again, this effect does

not correlate with molecular weight because the molecular

weight of RB is higher than the molecular weight of ACC or

AU. Based on these outcomes, several common trends can be

identified: i) the presence of carboxylic acid groups in a

molecule reduces uptake into particles, presumably due to

charge repulsion; ii) amino groups enhance dye uptake - with

tertiary amines showing higher uptake than primary amines;

iii) presence of a free acid group in RB decreases uptake and

reduces selectivity as compared to RBB; and iv) within the

limited number of molecules tested, the process appears to be

independent of the molecular weight of the molecules. Future

work is needed to further elucidate the underlying mechanism

and the boundaries of this striking selectivity.
bH & Co. KGaA, Weinheim small 2008, 4, No. 10, 1756–1762
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Figure 7. Selective uptake of different dyes. Each data point represents

the n-fold increase in dye uptake after adding core/shell particles to the

solution. a) Solution of rhodamine B base and 6-carboxyfluorescein

before adding (core/shell)a,b particles. b) Solution (as in Figure 7a)

upon addition followed by removal of the (core/shell)a,b particles. c)

Confocal microscopy image of (core/shell)a,b particles after being

exposed to a solution of rhodamine B base (Figure 7a) and 6-carbox-

yfluorescein (Figure 7b). The particle core was initially made colorless.

Scale bars for (a) and (b): 5mm, scale bar for (c): 8mm.
3. Conclusions

In summary, this work provides a method for preparation

of core/shell particles with well-defined structures using

electrohydrodynamic co-jetting of two aqueous polymer

solutions, containing poly(acrylic acid) and poly(acrylamide-

co-acrylic acid). Controlled variation of relative conductivities

of the two jetting solutions resulted in polymer particles with

either Janus-type or core/shell geometries for the same

polymer system. After cross-linking, core/shell particles were

stable in aqueous solutions, and exhibited reproducible

swelling behavior, while maintaining the original core/shell

geometry. In addition, pH-responsiveness of the particles was

demonstrated by repeatedly switching the environmental pH

between 1.3 and 12. Moreover, core/shell particles show 450%

increase in uptake of 6-carboxyfluorescein over rhodamine B

base; in fact, this appears to be a general trend, as similar

selectivities were observed for a number of different dyes.

Differential uptake of small molecules and environmental
small 2008, 4, No. 10, 1756–1762 � 2008 Wiley-VCH Verlag
responsiveness are key features when designing novel drug

delivery vehicles or particles that can be used for cleanup and

remediation of environmental contaminants or toxic waste.
4. Experimental Section

Materials: PAAm-co-AA (MW¼200000 gmol�1, 10% carboxyl)

was obtained from Polysciences, Inc. PAA (MW¼250000 gmol�1,

35 wt% solution in water), FITC-dextran (MW¼ 250000 gmol�1)

and TRITC-dextran (MW¼155000 gmol�1) were purchased from

Sigma-Aldrich. All chemicals were used as received. De-ionized

water was used for preparation of the solutions.

Polymer solutions used for co-jetting: Polymer solutions used

for co-jetting were made of PAA (13.1% w/v), PAAm-co-AA

(0.044% w/v), NaOH (2.19% w/v), and FITC-dextran (0.4% w/v)

(together solution [a]), PAAm-co-AA (5% w/v), and PAA (0.9% w/v),

TRITC-dextran (0.4% w/v) (together solution [b]) and PAAm-co-AA

(5% w/v), PAA (0.9% w/v), and FITC-dextran (0.4% w/v) (together

solution [a0]).

Electrohydrodynamic co-jetting with side-by-side dual capil-

laries: The solutions were separately charged into 1mL syringes. A

dual-channel tip (FibriJet, Micromedics, Minnesota, USA) with two

capillaries (26 gauge, length of 4 inch) was connected to the

syringes and placed 33 cm above a surface of aluminum foil. In

order to obtain stable polymer jetting, a flow rate of 100mL h�1

and a voltage difference of 16–17 kV between the capillaries and

the collecting surface were applied.

Crosslinking reaction: The crosslinking reaction between

amine and carboxylic groups present in the particles was

performed by incubating the particles at 170 8C for 2 h.[37]

Confocal microscopy: Confocal microscopy images were

obtained using a SP2 confocal laser scanning microscope (Leica,

USA). FITC and TRITC were excited by an Ar-ArKr (488 nm) and an

GreNe (543 nm) laser, respectively. Fluorescence emissions were

collected in the range of 508–523 nm for FITC and 568–583 nm for

TRITC.

Scanning electron microscopy (SEM): Samples were used

without further coating with a conductive layer for SEM imaging

using a FEI quanta 200 3D environmental scanning electron

microscope.

Average size distribution calculations: Average diameters of

the particles in water, acid, or base solutions were determined

based on confocal microscopy images by measuring diameters of

more than 100 particles and calculating a mean value.

Molecule uptake studies: 2-aminoacridone (�98%, HPLC)

(AAC, 3-acetyl-umbelliferon (�98%, HPLC) (AU), 6-carboxyfluo-

rescein (�95%, HPLC) (CFI), Eosin yellowish solution (EYS),

rhodamine B (RB), rhodamine B base (RBB) were purchased from

Sigma-Aldrich. Solutions of AAC (0.0006% w/v), AU (0.00004%

w/v), CFI (0.0004% w/v), EYS (0.0001% w/v), RB (0.00004% w/v)

and RBB (0.00013% w/v) were prepared in deionized water, and

solutions of dye pairs were prepared with a 1:1 (v:v ratio). To

examine the selective absorption behavior of the core/shell

particles, the particles were incubated in solutions of dye pairs for

3 h, and then separated from the solutions by centrifugation at

12 000 RPM for 10min.
GmbH & Co. KGaA, Weinheim www.small-journal.com 1761
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