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This work reports on progress in controlling the size and porosity of spontaneously assembled composite
polyelectrolyte microspheres for their potential use in targeted drug delivery applications. In this study,
the composite polyelectrolyte microsphere is exemplified by PLK/TSC containing magnetic nanoparticles.
The stability of these microspheres against environmental alterations such as pH, ionic strength, and
dilution is a critical issue for practical considerations. The effects of ionic strength and dilution on the
size of these hybrid spheres were investigated by the addition of salts with different cationic charges and
deionized water. Increasing both ionic strength and dilution caused a decrease in the average size of
microspheres from∼700 to∼200 nm. Ions of+2 charge were observed to screen interactions between
the assembling components via a substitution effect. The composite polyelectrolyte microspheres could
be mechanically stabilized by cross-linking with glutaraldehyde (GA). The microsphere permeabilities
were analyzed using fluorescein-tagged dextran molecules of different MW with confocal laser scanning
microscopy and fluorescence recovery after photobleaching. Microsphere permeabilities and critical pore
sizes could be controllably decreased by altering the extent of cross-linking, which was monitored by
UV-vis spectroscopy. Quantitative analysis revealed that cross-linking can be used to control the diffusion
coefficient of dextran and can reduce it by 4 orders of magnitude.

Introduction

Synthesis of organic and inorganic nano- and microspheres
has attracted much interest for a variety of applications
ranging from drug delivery to chemical storage and catalysis.
Magnetic microspheres find widespread and diverse use in
many fields, such as environment remediation (removal of
toxic and radioactive waste from solutions) and therapeutic1

(controlled drug targeting,2 hyperthermia3) and diagnostic
(ELISA, NMR imaging, sensing) biomedical applications.4-6

In the field of biomagnetics, microsphere-based technologies
play important roles in biosensing;7 isolation and purification
of blood and biomolecules (enzymes, antibodies, peptides,
and nucleic acids); separation of biochemical products,8 cells,

bacteria, and viruses from complex biological materials;9 cell
labeling and sorting;10 and the detection of pathogens.11

Magnetic microspheres typically are obtained by a variety
of techniques such as coating magnetic particles by solvent
evaporation,12 precipitation of iron oxide on polymer mi-
crospheres, or heterogeneous polymerization methods, in-
cluding suspension,13 dispersion,14 and emulsion15 poly-
merization in the presence of colloidal iron oxide. The first
composite magnetic core-shell microspheres were reported
by Caruso et al. by the layer-by-layer (LBL) deposition
method, for which the shell consists of magnetite nanopar-
ticle/polyelectrolyte multilayers and the colloidal core is a
polystyrene latex microsphere.16,17Doping of polyelectrolyte
capsules with magnetic materials in a controllable way was
demonstrated later.18 Critical parameters to control for such
systems for various biological applications include shell
biocompatibility, permeability, size control, and mechanical
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stability. Improvement and tailoring of the mechanical
properties of these types of polyelectrolyte microcapsules
by glutaraldehyde cross-linking was recently reported by
Möhwald et al.19

In biological applications, the effectiveness of micropar-
ticulate materials can be highly improved if they can act
simultaneously as carriers for biologically active molecules.
In this sense, porous materials are advantageous, because
they present additional surface area, which strongly influ-
ences the obtainable loading capacity and release rates.
Various strategies are used for the fabrication of porous
polymeric and composite microspheres. Particulate resins are
conventionally synthesized via suspension polymerization
involving a complex combination polymerization, cross-
linking, phase separation, and microgel formation, microgel
fusion, and pore in-filling. Porosity was introduced by using
an oil-in-water emulsion evaporation technique and subse-
quent treatment in a fluidized bed reactor to close off the
pores.20 Porous microspheres have also been synthesized via
self-assembly of monodisperse polymer nanospheres, which
eliminates multistep processing.21 A dense, aqueous emulsion
of nanospheres was dispersed as microdroplets in a continu-
ous oil phase, followed by removal of water.

Interaction with biological systems requires a stable,
biocompatible microsphere surface. The microsphere size
should also be tailorable for a variety of applications.
Furthermore, for drug delivery applications, porosity and
permeability control are important. In this work, we present
a route for the formation of MNP containing nanocomposite
microspheres with adjustable size, tailored to have different
critical pore size and permeability by controlling the cross-
link density. This study reveals a route to optimize cross-
linking to encapsulate macromolecules within a selected size
range, thus providing an important functionality for drug
delivery applications.

Experimental Section

Chemicals. FeCl2‚4H2O, FeCl3‚6H2O, NH4OH, HCl, poly-
Llysine, (PLK 67 kDa), trisodium citrate (TSC), FITC-Dextran with
different MW (4, 10, 20, 40, 70, and 250 kDa), NaCl, CaCl2, and
MgCl2 were obtained from Sigma-Aldrich. Glutaraldehyde and
glycine were obtained from Ted Pella Inc., CA. All chemicals were
used as received and aqueous solutions were prepared by dissolving
the corresponding chemicals in DI water, 18 MΩ.

Surface-Modified Magnetic Nanoparticles.Superparamagnetic
nanoparticles were prepared using a previously described proce-
dure.22 In a typical process, a mixture of Fe2+ and Fe3+ was
hydrolyzed with NH3 solution at pH >10 in an oxygen-free
atmosphere. Afterward, the reaction mixture was heated to 80°C
under an Ar flow, followed by the addition of TSC.23 Subsequently,
the reaction mixture was cooled and magnetic nanoparticles (MNPs)
were collected by applying an external magnetic field.

Hybrid Coacervate Formation and Cross-Linking. Poly-L-
lysine (PLK) was dissolved in deionized water to 2 mg/mL. A
solution of magnetic nanoparticles (MNP) having a net negative
surface charge was mixed with a chosen amount of PLK solution,
upon which the solution turned cloudy. A typical sample was
fabricated by mixing 20µL of 2 mg/mL PLK solution with 120
µL MNP (1.6 mg/mL TSC). The reaction was mixed vigorously
for 15 s using a vortex mixer.

Effect of Ionic Strength and Dilution. The effect of ionic
strength was investigated using salts with different ionic charges;
namely NaCl, CaCl2, and MgCl2. Stock solutions of these salts at
50 mM concentration were prepared and added to PLK solution
prior to mixing with TSC.

The effect of dilution was investigated in a similar way, by
adding different volumes of DI water to PLK solution prior to
mixing with TSC.

All samples were cross-linked, after 3 min of aging, by the
addition of 120µL of 2.5 wt % GA,24 the excess of which was
quenched by the addition of glycine after the desired cross-linking
period.

Particle Size Analysis.Particle size analysis was performed on
several SEM micrographs counting a minimum of 150 cross-linked
microspheres. Size distribution plots are presented using the average
nanocomposite sphere size with one standard deviation,dave( SD.

Incubation Tests. After spontaneously assembled composite
microspheres were cross-linked for different durations, they were
collected by centrifugation and then redispersed in DI water. FITC-
dextran solutions with different MWs were then added in 20µL
(∼2 mg/mL) portions to 100µL of these composite microspheres.
After 5 min of incubation/equilibration time, the samples were
transferred to glass slides and analyzed by confocal laser scanning
microscopy (CLSM).

Quantification of Diffusion Coefficient/Permeability. The
microsphere permeability was quantified by means of fluorescence
recovery after photobleaching (FRAP) using FITC-dextran as a
molecular probe. To follow the diffusion of FITC-dextran into the
microsphere, the microsphere’s interior was photochemically
bleached with the CLSM ArKr laser (488 nm), at 100% intensity,
for sufficient durations. Imaging was typically performed at about
4% of the maximal laser intensity. The interval between image scans
varied, depending on recovery rates established in preliminary
experiments. Recovery was considered complete when the intensity
of the photobleached region plateaued. For quantitative analysis,
the fluorescence intensity signals within closed circular areas were
averaged to yield intensity values for each interval.

Results and Discussion

Hybrid coacervates are formed by the addition of MNP-
citrate solution into the PLK solution by way of coulombic
interactions between the positively charged (free) amine
groups of PLK and the negatively charged carboxyl groups
on the nanoparticles (Figure 1a). Coacervation is a dynamic
process, and these interactions can be easily disturbed by
various factors. In our earlier report, we investigated the
effect of various parameters on these hybrid microspheres
and identified the charge ratio of polyelectrolytes, aging time,
temperature, and PLK MW as critical parameters for the size
control.25 Although fine control of size was achieved, further
control of the properties of the microspheres by the manipu-
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lation of other physical parameters such as ionic strength,
pH, and dilution was sought. The extent of coacervation
decreases significantly with a decrease in ionization. For
example, we have found that a deviation of(1 unit from
the pI of the polyelectrolyte leads to loss of the coacervate
as the charge densities in the polyelectrolytes, and their
interactions, become weaker.

The effect of ionic strength on the size of resultant hybrid
coacervates/micropsheres was investigated by using salts of
+1 and+2 charged cations (Figures 2 and 3). The average
size was observed to decrease with increasing ionic strength,
achieved by adding equal portions of different salts. In the
case of NaCl addition, the average microsphere size was
reduced from 700 nm under original reaction conditions to
300 nm at 25 mM added ionic strength (Figure 2). No hybrid
sphere formation was observed above 25 mM ionic strength
for NaCl. In the case of CaCl2, the average size decreased

from 700 to 350 nm with an added ionic strength of 6 mM,
above which no spherical formations were observed, shown
in Figure 3. We attribute the decrease in the average size to
the electrostatic screening of polyelectrolytes by the increas-
ing ionic strength. The significant difference in responses
to these two different salts is attributed to complexation of
Ca2+ with citrate ions, impeding the spontaneous assembly.
When Ca2+ ions were replaced with Mg2+ ions, no spherical
assemblies were observed at any ionic strength conditions.
This greater activity of Mg2+ is attributed to its much larger
hydrated radius (ca. 4× larger than hydrated Ca2+), which
causes a siginificant shielding of citrate ions, thus interfering
even more with the spontaneous assembly process.26

The effect of dilution on the average size of hybrid
microspheres was similar to that observed for increasing ionic

(26) Maguire, M. E.; Cowan, J. A.BioMetals2002, 15, 203.

Figure 1. (a) Optical micrograph of as-prepared magnetic coacervates; (b) UV-vis spectra of PLK-MNP coacervates cross-linked with 2.5 wt % GA for
different durations: 0, 1, 4, 6, 9, 13, and 25 min, from bottom to top. The inset shows the absorption due to newly formed imide (-CdN-) bonds at 266
nm as a function of time; (c) SEM micrograph of cross-linked magnetic microspheres.

Figure 2. Effect of adding aliquots of 50 mM NaCl on the average hybrid microsphere diameter and solution ionic strength. Error bars indicate one standard
deviation.
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strength and is presented in Figure 4. Dilution increased the
distance between charged species making their interaction
less probable, hence resulting in an increased number of
nucleation sites of hybrid microspheres of reduced size.

Mechanical stability of the assemblies at various pH
environments and ionic strengths is essential for their
potential as drug delivery devices. Mechanical stability was
achieved by cross-linking with glutaraldehyde (GA). This
forms -CdN- bonds (Schiff bases), which absorb in the UV
region.27 Therefore, UV-vis spectroscopy was used to
monitor the cross-linking as well as the extent of GA grafting
onto PLK and is shown in Figure 1b. The broad absorption
in the UV region increased with treatment time, indicating
an increase in the number of -CdN- bonds. The absorbance
at 266 nm as a function of time is shown in the inset,
demonstrating a very quick initial reaction that gradually
slows. Therefore, the degree of cross-linking can be tuned
by selecting a reaction time and quenching with glycine to
suppress further reaction. An SEM micrograph of cross-
linked hybrid microspheres is presented in Figure 1c.

Fluorescence emission data were collected following 488
nm excitation and are presented in Figure 3 for samples at
different processing stages. As control experiments, non-
cross-linked hybrid coacervates and crosslinked PLK were
analyzed (Figure 5a). Coacervate solutions with magnetic

nanoparticles alone showed an emission band centered at
520 nm, which was also observed for a suspension of
magnetite nanoparticles. Cross-linked magnetic microspheres
showed an emission band around 550 nm, as did cross-linked
PLK; therefore, this band was assigned to the emission from
imide (-CdN-) bonds formed during the cross-linking.
Emission of magnetite entrapped within microspheres was
not resolvable, probably because of exciton transfer to PLK.
The emission of FITC-labeled dextran was centered at 520
nm, Figure 5b, but increasing amounts of FITC-dextran in
microsphere solutions enhanced an emission band with a
slightly blue-shifted center at 510 nm, a result of interaction
with the reaction medium. Importantly, this analysis indicates
the proper wavelengths for resolving signals of imide bonds
and FITC: FITC detection was performed in the range 510-
530 nm, whereas the cross-linked microspheres were detected
in the range of 540-570 nm.28

Tailoring of the microspheres’ porosity was controlled by
the duration of the cross-linking treatment. On the basis of
the data obtained, Figure 1b, samples were cross-linked for
1 min or longer periods to fabricate microspheres with
different pore sizes and permeabilities. FITC-tagged dextran
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2007; p 0969-W03-11.

Figure 3. The effect of adding aliquots of 50 mM CaCl2 on the average hybrid microsphere diameter and solution ionic strength. Error bars indicate one
standard deviation.

Figure 4. Diameter distributions of hybrid microsphere samples at different dilutions, as calculated from SEM micrographs. Error bars indicate one standard
deviation.
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molecules were added into the microsphere suspension and
the system was allowed to equilibrate for 5 min prior to
analysis. Confocal microscopy was then performed to
determine to what extent FITC-dextran molecules were
impregnated into the variably cross-linked microspheres. The
hydrodynamic size distribution of the various FITC-dextran
molecules is presented in Figure 6a; the average hydrody-
namic size increased with MW, as expected (Figure 6b).

Thirteen samples of microspheres were prepared with
different levels of cross-linking. The extent of cross-linking
was determined by monitoring the UV absorption intensity
as presented in Figure 2b, inset. More specifically, how the
degree of cross-linking affected permeability of these nano-
composite microspheres was tested with samples cross-linked
for durations of 1, 2, 3, 5, 8, 12, 16, 24, and 33 min and 1,

3, 24, and 48 h. The results are summarized in Table 1 under
three categories: (i) permeable to FITC-dextran, as shown
by complete filling of the micropsheres in Figure 6c; (ii)
impermeable to dextran, such that negatively charged FITC-
dextran molecules are adsorbed only on the microsphere
surfaces, as shown in Figure 6d; and (iii) critically permeable,
for samples in which both (i) and (ii) are observed. These
observations show that porosity of these composite micro-
spheres could be successfully tailored by an adjustable and
measurable cross-linking treatment.

The two shortest durations of cross-linking, 1 and 2 min,
resulted in the largest pores and permitted entry to FITC-
dextran molecules with a hydrodynamic radius of 18 nm (250
kDa). Prolonged cross-linking for 3 and 5 min reduced the
critical pore size and allowed the diffusion of molecules with

Figure 5. Fluorescence emission of hybrid microspheres at different processing stages.

Figure 6. (a) Hydrodynamic size distribution of FITC-dextran molecules with different MWs; (b) average size of FITC-dextran molecules with different
MWs; Confocal microscopy images of hybrid microspheres that are (c) permeable and (d) impermeable to FITC-dextran.
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about 12 nm hydrodynamic radius. When the cross-linking
treatment was extended to 8 min, the critical pore size
reduced to under 12 nm. Cross-linking for 12 min resulted
in pores of around 8 nm. Extended periods of cross-linking
(between 16 min and 48 h) resulted in microspheres with
similar porosities, all permeable to molecules with an average
hydrodynamic radius of 5 nm. As expected, the longest
duration of cross-linking in this series resulted in the smallest
pore size. Pore sizes did not change significantly for samples
cross-linked beyond 16 min, despite an increasing UV
absorption peak. This suggests that some of the GA
molecules coupled to PLK did not function as cross-linkers,
even though they formed Schiff bases.

Excess fluorescein-labeled dextran was added into the
medium and fluorescence recovery after photobleaching
(FRAP) was performed with procedures established in the
literature.27-30 Diffusion of FITC-dextran molecules into the
microspheres was monitored with time to generate a fluo-
rescence recovery curve. The fluorescence recovery for these
solid microspheres, for times after 40% recovery, can be
approximated as

whereC(t) andCo denote the fluorescence/concentration at
time t and t ) 0, respectively.D is the diffusion constant,
and Ro is the radius of the microsphere. The fluorescence
recovery curves for different samples of known cross-

sectional areas were fit to calculate the diffusion coefficients
of FITC-dextran molecules into composite microspheres of
different cross-linking durations.

The diffusion coefficients of FITC-dextran molecules of
different MWs into crosslinked microspheres were on the
order of 1× 10-15 m2/s (See plot in Figure 7a), which is
about 4 orders of magnitude smaller they are in water, mainly
because of the cross-linking process. Furthermore, a series
of FRAP experiments were performed with 10 kDa FITC-
dextran molecules infiltrated into microspheres cross-linked
for various durations. Diffusion coefficients calculated for
FITC-dextran molecules within these microspheres are
presented in Figure 7b and showed a trend of decreasingD
with greater cross-linking. Hence, cross-links reduced pore
sizes and restricted the free movement of FITC-dextran
molecules. These results suggest that the diffusion of
macromolecules through the nanocomposite network can be
controlled by their sizes relative to those of the microsphere
pores.

Conclusions

These studies demonstrate that properties of functional
composite microspheres, cooperatively assembled via com-

(29) Ibarz, G.; Da¨hne, L.; Donath, E.; Mo¨hwald, H.Chem. Mater.2002,
14, 4059.

(30) Ibarz, G.; Da¨hne, L.; Donath, E.; Mo¨hwald, H. Macromol. Rapid
Commun.2002, 23, 474.

Figure 7. Diffusion coefficients calculated from FRAP experiments for (a) 10 kDa FITC-dextran diffusing into microspheres cross-linked for different
durations, and (b) dextran molecules with different MWs diffusing into 8 min cross-linked microspheres.

Table 1. Permeability of Hybrid Microspheres, Cross-Linked (CL) for Different Durations, to FITC-Dextran Molecules with Different MWs

C(t) ) πRo
2Co[1 - 8

π2
e-tD(π/Ro)2] (1)
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plex coacervation, can be tailored by modifying the condi-
tions during and/or after the assembly step. Their size can
be adjusted by a proper control of the ionic strength and
amount of dilution in the synthesis medium, in addition to
previously reported parameters such as temperature, aging
time, polymer MW, and charge ratio. The mechanical
stability and porosity of the composite microspheres, exem-
plified here using PLK/TSC microspheres with magnetic
nanoparticles, can be tailored by glutaraldehyde (GA) cross-
linking, the extent of which can be monitored by UV-vis
spectroscopy. Cross-linking decreased microsphere perme-
abilities and resulted in smaller critical pore sizes. FRAP
experiments performed using FITC-dextran molecules of
various MW revealed that cross-linking could control mi-
crosphere permeabilities and that the dextran diffusion
coefficients decreased by 4 orders of magnitude. These
results are of critical importance for the design of functional
microspheres that can control diffusion on the basis of size
selection, or for entrapment of molecules of a chosen size
while allowing free transfer of smaller molecules. Although

PLK and MNPs with citrate were featured here as a case
study, the design principles and synthetic methods are
applicable to a variety of polyamines and nanoparticles
appropriately functionalized at their outer surfaces. The facile
assembly and tunability of properties supports the widespread
applicability of these nanocomposites as magnetically func-
tionalized drug delivery devices.
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