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a b s t r a c t

Novel immunomagnetic particles have been prepared for separation of CD4+ lymphocytes. The mag-
netic nanoparticles with a diameter of approximately 5–6 nm were first synthesized by co-precipitation
from ferrous and ferric iron solutions and subsequently encapsulated with poly(glycidyl methacrylate)
(PGMA) by precipitation polymerization. Monoclonal antibody specific to CD4 molecules expressed on
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eywords:
mmunomagnetic particles

CD4+ lymphocytes was conjugated to the surface of magnetic PGMA particles through covalent bonding
between epoxide functional groups on the particle surface and primary amine groups of the antibodies.
The generated immunomagnetic particles have successfully separated CD4+ lymphocytes from whole
blood with over 95% purity. The results indicated that these particles can be employed for cell separation
and provide a strong potential to be applied in various biomedical applications including diagnosis, and

eases

oly(glycidyl methacrylate)
nti-CD4 monoclonal antibody
D4+ lymphocyte separation

monitoring of human dis

. Introduction

CD4+ lymphocytes are leukocytes that play a central role in
he body’s immune system. They function as coordinators of the
mmune responses that assist B lymphocytes in the production
f antibody, as well as in augmenting cellular immune responses
o defeat pathogens [1]. For therapeutic approach, purification of
D4+ lymphocytes can be used in adoptive cellular therapy for var-

ous diseases [2–4]. As CD4+ lymphocytes are the target for human
mmunodeficiency virus (HIV), currently, number of circulating
D4+ lymphocytes are the most common surrogate marker for
onitoring disease progression and therapy in HIV infection [5,6].

herefore, development of material, technology, and methodology

or specific separation of CD4+ lymphocytes is indispensable.

Among the current cell separation techniques, magnetic cell
eparation technique has received much attention since it provides
any advantages over other methods as it is less time consumable,
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cost-effective, and high specificity [7–9]. The two key magnetic
components of such systems are the magnetic particles used in the
separation of the biological entities, and the magnetic field used to
separate them [10].

For magnetic particles, monodispersity, high magnetization,
stability in physiological salinity, and CD4-affinity targeting of mag-
netic particles are crucial. Since the naked magnetic particles are
sensitive to air and aggregate easily due to their magneto–dipole
interparticle interaction, surface-protective layers are required to
protect them from oxidation and to magnetically isolate individ-
ual particles. In particular, polymer shell provides both steric and
electrostatic stabilization in physiological medium and protects the
leakage of magnetic particles. Moreover, polymers with abundant
functional groups, e.g. amine, carboxylate, and thiol groups, are of
great interest as they can covalently conjugate with protein of inter-
est. From this viewpoint, poly(glycidyl methacrylate) (PGMA) can
be an excellent candidate. Since PGMA possess the reactive epoxide
functional groups, which can be directly coupled with biomolecules
via their ring opening reactions and further modified with various
functional groups. In addition, this conjugation takes place eas-
ily at room temperature without an addition of activator and/or

cross-linker. Several methods on preparation of magnetic PGMA
particles have been proposed in the literature including dispersion
[11–13], suspension [14–16], and emulsion [17] polymerization.
Nonetheless, the methods described above require stabilizer and/or
surfactant, which may further interfere with the biomolecule con-
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ugation or cause nonspecific binding in biological application.
agnetic polymer microspheres prepared by swelling and penetra-

ion process have also been disclosed [18,19]. Despite the success
f this approach, there are still some drawbacks with respect to
edious multiple step reactions and the use of large amounts of toxic
rganic solvents. Therefore, it is practically necessary to develop
onvenient, economic and efficient methods for the preparation of
agnetic particles containing high fraction of reactive surface func-

ional groups for further covalently conjugation without the use of
tabilizer and surfactant.

Recently, two major types of magnetic cell isolation technol-
gy, column-based and tube-based systems, have been described.
he column-based technology utilizes nano-sized magnetic parti-
les and therefore requires the passing of the labeled cells through
magnetized iron-mesh column to increase cell-capture capac-

ty. The tube-based system generally utilizes micron-sized beads
nd requires a magnet block for cell separation. Importantly, the
trength of the magnetic field required for cell separation dif-
ers depending on the size of the magnetic particles [20]. For the

icron-sized beads, a simple magnet block which generates field
radients in the order of 1–6 T m−1 across 15–50 mL test tube is
equired. In contrast, the nano-sized beads need high-gradient
agnet separators (10–100 T m−1) [10].
Although many types of commercially available magnetic par-

icles have been utilized for CD4+ lymphocytes separation [21,22],
he development of magnetic systems to enhance the specificity
nd separation efficiency is a challenge. Based on antibody–antigen
ffinity, the utilization of commercial anti-mouse CD4 conjugated
agnetic nanoparticles with column and a microfluidic device

rovided the CD4 separation efficiency in the range of 85–91%
23,22] and 10–91% [21], respectively. Alternatively, according
o streptavidin–biotin interaction, synthetic streptavidin-coated

agnetic systems for the purification of CD4+ lymphocytes
ere also developed. Novel streptavidin-functionalized silicon
anowire arrays showed 87.6% separation efficiency [24]. The
treptavidin-FITC-conjugated core–shell Fe3O4–Au nanocrystals
rovided only 57% separation, which was proposed to be due
o weak magnetic field and incomplete binding of strepta-
idin conjugated magnetic nanoparticles to biotinylated CD4 cells
25].

To develop an efficient magnetic system for separation of
D4+ lymphocytes, we design simple, specific, and cost-effective
D4 separation system without the need for column separation
echnique. Magnetic PGMA particles were successfully prepared
hrough a two-stage reaction: (1) preparation of iron oxide
anoparticles, and (2) synthesis of the iron oxide-encapsulated
GMA particles via the precipitation polymerization. Monoclonal
ntibody specific to CD4 molecules expressed on CD4+ lympho-
ytes [26,27] was covalently conjugated with epoxide group on the
urface of the iron oxide-encapsulated PGMA particles. The effi-
iency and specificity of using the immunomagnetic particles in
D4+ lymphocyte separation from whole blood were evaluated.
oncentration of coated antibodies was also optimized in order to
aximize the separation efficiency.

. Experimental

.1. Materials

Ferrous chloride tetrahydrate (FeCl2·4H2O, Fluka), ferric chlo-

ide hexahydrate (FeCl3·6H2O, Fluka), oleic acid (Merck), acetoni-
rile (Carlo erba), and ammonium hydroxide solution (40%, w/w,

erck) were used as received. Monomers, glycidyl methacrylate
GMA) and divinylbenzene (DVB), from Merck were purified to
emove inhibitors using a column packed with alumina adsorbent.
84 (2011) 89–97

Benzoyl peroxide (BPO) was twice recrystallized from methanol.
All other chemicals were commercially available and of analytical
grade.

2.2. Preparation of oleic-coated iron oxide nanoparticles (IO)

Iron oxide nanoparticles coated with oleic acid were synthesized
by a coprecipitation method. Briefly, FeCl2·4H2O (1.6 g, 2 M) and
FeCl3·6H2O (4.32 g, 1 M) were dissolved in deionized water (20 mL),
then ammonium hydroxide (80 mL, 1.4 M) was added immediately
to the mixtures under nitrogen atmosphere at 0–5 ◦C. After 30 min,
the resulting black dispersion was washed repeatedly with deion-
ized water until the pH = 7. Thereafter, the collected nanoparticles
were dispersed in 0.01 M HCl and further refluxed in the presence of
oleic acid (100 mL) for an hour. The black iron oxide nanoparticles
were then purified by decantation and redispersed in cyclohex-
ane. Finally, the nanoparticles were prepared at concentration of
20 mg/mL for the subsequent experiments.

2.3. Preparation of IO-encapsulated poly(glycidyl methacrylate)
(PGMA) particles

The IO-encapsulated PGMA particles were prepared by precip-
itation polymerization of GMA monomer in acetonitrile medium.
One milliliter of synthesized IO (20 mg) was dispersed thoroughly
with GMA and DVB comonomers, using sonication for 5 min. The
IO dispersions were subsequently introduced to the acetonitrile
medium in 100 mL of round bottom flask. The BPO initiator was also
added in the mixtures. The concentration of GMA mixed with DVB
was set at 6 wt% for acetonitrile medium. The mole ratio of GMA and
DVB was constant at 50:50 mol%. While the BPO initiator was fixed
at 4 wt% for the comonomers added. After completing the ingre-
dients preparation, the polymerizing mixtures were purged with
N2 for 30 min and then placed into the shaking incubator with an
agitation speed of 250 rpm at 70 ◦C for starting the polymerization
reaction. The reaction was continued for 24 h. The resulted particles
were purified by decantation (Nd–Fe–B permanent magnets, ∼0.18
T) and washed with methanol and water, respectively. For compar-
ison, the PGMA particles without IO were prepared under the same
condition and further purified by a repeated centrifugation. Finally,
the particles were prepared at concentration of 1 × 107 beads/mL
for subsequent experiments.

2.4. Characterization

Morphology and particle size of IO were observed with a trans-
mission electron microscope in both normal transmission and
high-resolution modes (TEM and HRTEM, JEM-2010, JEOL) at an
acceleration voltage of 200 kV. The crystallographic structures of
both IO and IO-encapsulated PGMA particles were studied with
X-ray diffraction spectroscopy (XRD, RIGAKU TTRAX III) equipped
with CuK� radiation (� = 0.15418 nm). The 2� range used in the
measurement was 20–70◦ in step of 0.02◦. The powder sample was
obtained by drying under vacuum and grinding to fine powder. The
average crystallite size was estimated using the Debye–Scherrer
equation:

D = K�

ˇ cos �
(1)

where D is the average crystal diameter, ˇ is the corrected peak

width (full width at half-maximum), K is a constant related to the
shape of the crystallites, about 0.9 for magnetite, � is the wave-
length of the X-ray employed, and � is the diffraction angle. The
width of the diffraction peak with the highest intensity was selected
for the calculation.
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The size and morphology of IO-encapsulated PGMA particles
ere observed with scanning electron microscope (SEM, S-2500,
itachi, Japan). To prepare the specimen, a particle dispersion

10 mg/mL) was dropped on a cover glass and dried in a dust-
ree environment. The dried specimens were stuck on the sample
olders with a double-coated carbon conductive tab and then
ere sputter-coated under vacuum with platinum and palladium
sing a sputter coater (E-102, Hitachi, Japan). The sputter-coated
pecimens were then observed by the microscope at 15 kV. Fourier-
ransform infrared measurement (FTIR) was performed in an
ttenuated total reflection (ATR) mode using an FTIR spectropho-
ometer (Equinox 55, Bruker), equipped with a single reflection
TR unit. The dried samples were pressed in contact between the

nternal reflection element (IRE) crystal and the gripper plate. The
esolution of 4 cm−1 at 32 scans was used. The scanning for each
pectrum was done in the range between 4000 and 600 cm−1.
hermogravimetric analysis (TGA) was employed for the measure-
ent of the IO content (wt%) using a thermogravimetric analyzer

TGA/SDTA851, Mettler). The sample of 5–10 mg was accurately
eighed into an aluminum pan. The measurement was conducted

t a heating rate of 10 ◦C/min under nitrogen purge at 20 mL/min.
ompositions of IO in PGMA particles were calculated based on the

ollowing equation. The residue weight is the weight of materials
emaining at 650 ◦C.

omposition (%) = Weight of residue
Weight of dried particle

× 100 (2)

he magnetic properties were investigated using room temper-
ture vibrating sample magnetometer (VSM, Lakeshore 7400,
akeshore) at an applied maximum field of 10,000 G. Flow cytom-
try analysis was performed on a FACSort flow cytometer (Becton
ickinson, San Jose, CA).

.5. Anti-CD4 monoclonal antibody conjugation

To conjugate anti-CD4 monoclonal antibody on the magnetic
article, direct conjugation method described elsewhere [26] was
arried out. Briefly, an anti-CD4 monoclonal antibody (mAb),
amed MT4 (IgM isotype), specific recognized CD4 molecules
xpressed on CD4+ lymphocytes was used in this study. Produc-
ion and purification of mAb MT4 were described elsewhere [26].
O-encapsulated PGMA particles were washed 3 times with 0.1 M
hosphate buffer pH 7.4 (PB) and decanted using a magnetic
article concentrator (MPC Dynal, Invitrogen, Oslo, Norway). The
articles were then adjusted to 1 × 106 particles with PB. Vari-
us concentrations of purified mAb MT4 (0, 2, 10, 20, and 40 �g)
ere added to 500 �L particle suspension. The mixtures were

otated at 4 ◦C for 6 h. Then, 500 �L of 2% bovine serum albu-
in (BSA) in phosphate-buffered saline (PBS) containing 0.02%

odium azide (2% BSA–PBS–0.02% NaN3) was added in order to
lock the residual active epoxide functional groups on the sur-
ace of particle. The particles were rotated at 4 ◦C for another
6–20 h. Afterward, the particles were washed 3 times with PBS
o remove unbound mAb MT4. The washed beads were concen-
rated to 1 × 106 beads/500 �L in 1% BSA–PBS–NaN3 for subsequent
xperiments.

.6. Evaluation of the mAb MT4 conjugated immunomagnetic
articles

To determine the presence of mAb MT4 on the immunomag-

etic PGMA particles, the MT4 coated immunomagnetic particles
50 �L) were mixed with 50 �L of phycoerythrin (PE)-conjugated
oat anti-mouse IgG or PE-conjugated goat anti-mouse IgM anti-
odies (Beckman Coulter Inc., Brea, CA, USA). The mixture was

ncubated at room temperature for 30 min in dark. Thereafter, the
84 (2011) 89–97 91

immunomagnetic PGMA particles were magnetically washed with
the PBS three times and redispersed in 1% BSA–PBS–NaN3. The fluo-
rescence of the particles was evaluated by a flow cytometer (Becton
Dickinson).

2.7. Magnetic CD4+ lymphocyte separation

Whole blood samples were obtained from healthy donors using
vacutainer tubes (BD Biosciences, San Jose, CA, USA) contain-
ing tripotassium ethylenediaminetetraacetic acid (K3EDTA). Two
hundred microliter of K3EDTA whole blood were pipetted into 3
separated tubes, tube A (un-treated blood control), tube B (neg-
ative control), and tube C (test). Two hundred microliters of PBS
were added into tube A, 200 �L of the BSA-blocked un-conjugated
magnetic PGMA particles (4 × 105 particles) were added into tube
B, and 200 �L of the mAb MT4-immunomagnetic PGMA parti-
cles (4 × 105 particles) were added into tube C. The tubes were
rotated at room temperature for 30 min. Thereafter, the tubes were
placed on a magnetic particle concentrator (MPC Dynal, Invitro-
gen) for 5 min for depletion of CD4+ lymphocytes. One hundred
microliters of the CD4+ lymphocyte depleted blood were collected
and incubated at room temperature in dark with 20 �L of CD3-
FITC/CD4-PE/CD45-PerCP reagent (TritestTM three color reagent;
BD Biosciences). After 15 min incubation at room temperature, 1 mL
of lysing solution (PBS pH 7.2, diethylene glycol 3 mmol, formalde-
hyde 37%) was added, and the samples were allowed to stand at
room temperature in the dark for 10 min. Cells were then washed
twice with PBS, followed by fix with 1% paraformaldehyde in PBS,
and analysed by a flow cytometer using Cellquest software (Bec-
ton Dickinson). The percentages of CD4+ lymphocytes in the total
lymphocyte population in all tested tubes were determined. The
reproducibility of the results was confirmed through triplicate
experiments.

3. Results and discussion

In designing magnetic cell separation system, the two key mag-
netic components, magnetic particles and the magnetic field used
to separate them, are needed to be concerned. In this present study,
micron-sized particles were developed in order to facilitate the
ease of particle detection and cell separation. Magnetic PGMA par-
ticles were successfully prepared through a two-stage reaction: (1)
preparation of iron oxide nanoparticles, and (2) synthesis of the
iron oxide-encapsulated PGMA particles via the precipitation poly-
merization. In general, the preparation of PGMA particles require
stabilizer and/or surfactant, which may further interfere with the
biomolecule conjugation or cause nonspecific binding in biological
applications. In addition, it involves tedious multiple step reactions
with the use of large amounts of toxic organic solvents. Com-
pared with current preparation techniques, our synthetic strategy
is simple and efficient for the preparation of magnetic particles
containing high fraction of reactive surface functional groups for
further covalently conjugation without the use of stabilizer and
surfactant. Moreover, the epoxide groups on the surface of PGMA
particles allow direct labeling with antibody through covalent
bonding without addition of significant sample preparation pro-
cess.

Monoclonal antibody specific to CD4 molecules expressed on
CD4+ lymphocytes was covalently conjugated with epoxide group
on the surface of the iron oxide-encapsulated PGMA particles. The

efficiency and specificity of using the immunomagnetic particles
in CD4+ lymphocyte separation from whole blood were evalu-
ated. Fig. 1 illustrates synthetic scheme of iron oxide-encapsulated
PGMA particles and their application for CD4+ lymphocyte separa-
tion from whole blood.
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Fig. 1. Synthetic scheme of iron oxide-encapsulated PGMA particles

.1. Preparation of oleic-coated iron oxide nanoparticles (IO)

The iron oxide nanoparticles were synthesized from the copre-
ipitation of Fe2+ and Fe3+ ions in an aqueous solution upon the
ddition of ammonium hydroxide [28]. In this study, oleic acid was
pplied to stabilize the obtained iron oxide nanoparticles through
he reaction between carboxylic acid groups and the hydroxyl
roups on the iron oxide nanoparticle surface leading to coagula-
ion prevention. Moreover, hydrophobic long alkyl chain oleic acid
n the iron oxide nanoparticle surface also facilitates the hydropho-
ic compatibility between the nanoparticle and the monomer in the
ollowing polymerization step.

The crystal structure and phase purity of the obtained oleic-

oated iron oxide nanoparticles (IO) were determined by XRD as
hown in Fig. 2a. The data for IO exhibited the diffraction peaks,
hich can be assigned to (2 2 0), (3 1 1), (4 0 0), (5 1 1), and (4 4 0)
lanes of spinel phase Fe3O4 (JCPDS 87-2334). The mean particle

ig. 2. Comparison of XRD patterns of (a) oleic-coated iron oxide nanoparticles; (b)
oly(glycidyl methacrylate) particles; and (c) iron oxide-encapsulated poly(glycidyl
ethacrylate) particles.
heir application for CD4+ lymphocyte separation from whole blood.

diameters were calculated to be 8.3 nm from the XRD pattern based
on the half-height of the (3 1 1) diffraction peak using Scherrer
equation.

Particle size analysis was also determined by TEM, as shown
in Fig. 3a. IO displayed spherical shape with uniform distribution.
Measuring the diameter of 100 randomly selected nanoparticles
in enlarged TEM images resulted in the particle size distribution
histogram shown in Fig. 3b. The size distribution was found to be
narrow and an average size of 7–8 nm, which is in accordance with
the values observed by XRD calculation. HRTEM image was pre-
sented in Fig. 3c showing that IO had high crystallinity and the
distinct lattices.

Magnetic behavior at room temperature was evaluated by
VSM. Fig. 4a shows a typical plot of magnetization versus applied
magnetic field (hysteresis curve). The synthesized IO revealed a
superparamagnetic behavior, as evidenced by zero coercivity and
remanence on the magnetization loops. The saturated magnetiza-
tion (Ms) of IO was about 54 emu/g, which is comparable to IO
produced by other methods [29,30].

The presence of olelate coating on the surface of nanoparticles
was confirmed by FTIR (shown in Fig. 5a). The absorption peaks at
1700 cm−1 related to the C O stretching vibration of oleic ester, and
539 cm−1 attributed to the Fe–O stretching were clearly observed.

3.2. Preparation of IO-encapsulated PGMA particles

Monodisperse PGMA particles were synthesized using a precipi-
tation polymerization of glycidyl methacrylate and divinylbenzene
in acetonitrile medium without any added surfactant or stabilizer.
The possible mechanism reaction to form PGMA particles was pro-

posed by Choe et al. [31]. For the preparation of IO-encapsulated
PGMA particles, the hydrophobic oleate coating of IO nanoparti-
cles, which is compatible with GMA monomers, would facilitate the
encapsulation leading to the entrapment of IO in PGMA particles. In
addition, the epoxide group on the surface would react easily with
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Fig. 3. TEM analysis of oleic-coated iron oxide nanoparticles. (a) Morphology, (b) corres
image.
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ig. 4. Room temperature magnetization hysteresis curves of (a) oleic-coated iron
xide nanoparticles, and (b) iron oxide-encapsulated poly(glycidyl methacrylate)
articles.

arious nucleophiles and thus allow the subsequent functionalize

y ring opening epoxide with any protein of interest.

The FTIR was employed to characterize the chemical functional
roups present in the IO-encapsulated PGMA particles compared
ith IO and original PGMA particles. The FTIR spectrum of IO-

ncapsulated PGMA particles (Fig. 5c) was similar to the original

ig. 5. Comparison of FTIR spectra of (a) oleic-coated iron oxide nanoparticles, (b)
oly(glycidyl methacrylate) particles, and (c) iron oxide-encapsulated poly(glycidyl
ethacrylate) particles.
ponding size distribution of oleic-coated iron oxide nanoparticles, and (c) lattice

PGMA particles (Fig. 5b). The formation of characteristic peaks at
1720 and 1172 cm−1 corresponded to C O and C–O stretching
vibrations of ester groups from glycidyl methacrylate molecule,
indicating the presence of epoxide groups. The peaks at 2896
and 2999 cm−1 were attributed to symmetric and asymmetric
C–H stretching vibrations. Although the characteristic peaks of
IO (stretching vibration of C O groups of oleic ester, 1700 cm−1

or Fe–O, 539 cm−1) were not observed in the spectrum of IO-
encapsulated PGMA particles, magnetic property and XRD data
(will be discussed later) provided the convincing evidence for IO
encapsulation.

XRD analysis of the IO-encapsulated PGMA particles revealed
the diffraction peaks corresponded to IO (Fig. 2c), while no that
characteristic peaks of IO were observed in original PGMA parti-
cles (Fig. 2b). This indicated that IO was successfully encapsulated
in PGMA particles. The magnetic properties were evaluated by
VSM. Fig. 4b shows the magnetization hysteresis curve of the IO-
encapsulated PGMA particles. The original PGMA particles were
nonmagnetic (data not shown), whereas the IO-encapsulated
PGMA particles exhibited superparamagnetic properties at room
temperature as no hysteresis loop was observed. The Ms of IO-
encapsulated PGMA particles was about 3.25 emu/g. Reduction of
Ms after encapsulation corresponded to many reports [32–34] that
the composite IO were stabilized with polymers could result in
the reduction of the magnetic properties of IO due to the pres-
ence of the diamagnetic components. Therefore, this is commonly
employed for the reduction of magnetic properties of the obtained
IO-encapsulated PGMA particles.

Fig. 6 shows the scanning electron microscope (SEM) micro-
graphs of the original PGMA and IO-encapsulated PGMA particles.
Apparently, the original PGMA particles had spherical shape with
uniform size distribution (Fig. 6a). The average diameter was
around 3 �m. Encapsulation of IO resulted in coagulum form with
larger size up to 30 �m (Fig. 6b). The rationale for these changes
could possibly due to an agglomeration of particle through the
strong magneto–dipole interaction exerted between the particles
[35]. The coagulation also indicates that although the DVB provide
a strong effect on colloidal stability without stabilizer, this effect
might not effective enough to prevent the particle from floccu-
lating together under the presence of IO. In addition, the size of
IO-encapsulated PGMA particles can be controlled by varying the
concentration of DVB monomer. Increasing in DVB concentration
resulted in the smaller size of the particles.
Fig. 7 represents the TGA thermograms of the original PGMA
and IO-encapsulated PGMA particles. The weight loss in the first
step (25–200 ◦C) was attributed to the vaporization of small
molecules such as acetonitrile and low-molecular-weight poly-
mer. The second weight loss observed at temperatures higher
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ig. 6. SEM images showing morphology and size distribution of (a) poly(glycidy
articles.

han 200 ◦C was corresponded to the slow decomposition of the
igher-molecular-weight species present in the particles. The
omposition of IO in PGMA particles was also evaluated by deter-
ining the remaining IO fractions. The encapsulated percentage

f IO in the particles was 9.2%.
.3. Anti-CD4 monoclonal antibody conjugation

In order to target CD4 molecules expressed on CD4+ lympho-
ytes, surface modification of IO-encapsulated PGMA particles with

ig. 7. TGA thermograms of (a) poly(glycidyl methacrylate) particles, and (b) iron
xide-encapsulated poly(glycidyl methacrylate) particles.
hacrylate) particles, and (b) iron oxide-encapsulated poly(glycidyl methacrylate)

anti-CD4 antibody is essential. Although direct adsorption of the
antibody molecules to the particle surface through electrostatic
interaction is possible, there are still some drawbacks with respect
to protein denature and/or steric hindrance. To address this prob-
lem, covalent conjugation of antibodies to the IO-encapsulated
PGMA particles has been proposed in this present study. Addition-
ally, the covalent conjugation would provide the right orientation
of the attached antibodies exposing the binding sites available for
target biomolecules.

An anti-CD4 mAb, named MT4 which is IgM isotype, was
generated in our laboratory. The mAb MT4 was demonstrated to
restricted react with CD4 proteins expressed on CD4+ lymphocytes
[26,27]. In this study, purified mAb MT4 was conjugated with IO-
encapsulated PGMA particles to generate immunomagnetic PGMA
particles and subsequently used in CD4+ lymphocyte separation.
The mAb MT4 was attached to the surface of IO-encapsulated
PGMA particles through covalent bonding between epoxide func-
tional groups on the surface of particle and primary amine groups
of antibody.

To monitor the presence of mAb MT4 on the surface of immuno-
magnetic PGMA particles, the as-prepared particles were stained
with PE-labeled anti-mouse IgM antibody (PE-�IgM) and analysed
by flow cytometry as shown in Fig. 8. For comparison, unmodi-
fied IO-encapsulated PGMA particles were investigated as negative
control. The immunomagnetic PGMA particles showed strong flu-

orescent signal, while that of unmodified particles had very low
fluorescence signal. The fluorescence signal attributes to specific
reaction between anti-IgM conjugate and the IgM molecules bound
on PGMA particle surface. These data indicated that mAb MT4
was successfully functionalized on the surface of the magnetic
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Fig. 8. Evaluation of the conjugation of anti-CD4 monoclonal antibody (mAb MT4)
to the magnetic particles by immunofluorescent staining and flow cytometry. The
mAb MT4-conjugated and un-conjugated particles were stained with phycoery-
thrin (PE)-labeled anti mouse (�) IgM and IgG antibody. The stained particles were
analysed by flow cytometer and gated according to their size and granularity. Key:
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E-�IgM + un-conjugated magnetic particles ( ); PE-�IgM + conjugated immuno-
agnetic particles at mAb MT4 concentrations of 2 ( ), 10 ( ), 20

), and 40 �g ( ); and PE-�IgG + conjugated immunomagnetic parti-
les at mAb MT4 concentration of 20 �g ( ).

GMA particles, without the signs of denaturation or degradation.
he immunomagnetic PGMA particles were also examined using
E-labeled anti-mouse IgG (PE-�IgG) instead of their specific conju-
ate, PE-�IgM. The fluorescent signal obtained from using PE-�IgG
onjugate was very low.

Although the used chemical coupling method provided the
andom orientation of the antibodies, in our experiments, we
emonstrated the high separation efficiency. Our results indicated
hat the proper orientation of anti-CD4 monoclonal antibodies
as occurred on the particles and generated the binding of CD4
olecule expressed on CD4+ lymphocytes.
The optimum concentration of mAb MT4 for coating on the
mmunomagnetic PGMA particles has been evaluated. As shown
n Fig. 8, increasing in mAb MT4 concentration from 2 to 20 �g
ncreased the fluorescent intensity; however, further increasing
ver 40 �g resulted in weaker fluorescent signal. This effect could
ossibly due to steric hindrance of the coated antibodies.

ig. 9. Separation of CD4+ lymphocytes by anti-CD4 mAb conjugated magnetic particle
r mAb MT4 conjugated immunomagnetic particle (b). Magnetic particle bound cells w
etermined by flow cytometry. The results are representative of three independent exper
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3.4. Magnetic CD4+ lymphocyte separation

CD4+ lymphocytes are a sub-population of T lymphocytes which
expressing CD4 molecules on their surface. These cells provide
helper function in adaptive immunity [1]. CD4+ lymphocytes have
been widely applied to modulate the immune system in both ani-
mals and human [2–4]. In addition, quantitative analysis of CD4+

lymphocytes is one of the crucial steps for treatment and manage-
ment of immunodeficiency diseases and HIV infection [5,6,26]. The
generated immunomagnetic PGMA particles were then validated
for their ability in binding and separation of CD4+ lymphocytes.

In this study, the generated immunomagnetic PGMA particles
were first incubated with whole blood sample. As the antibody
coated magnetic particles were directly added into whole blood
which contain large amount of immunoglobulins, the Fc receptors
expressed on leukocytes are not affecting or non-specific binding to
the antibody coated on the particles. In this step, the immunomag-
netic particles bound specifically to CD4+ lymphocytes according
to the specific antigen–antibody interactions. Then, the magnetic
particles bound CD4+ lymphocytes were removed magnetically
out from the blood sample. Consequently, the CD4+ lymphocytes
depleted blood was analysed by flow cytometry and the percent-
age of the residue lymphocytes was determined. In parallel, the
same blood sample, but without addition of immunomagnetic
PGMA particles, was also analysed for the percentage of total CD4+

lymphocytes. Fig. 9 shows flow cytometry results comparing of
the untreated and immunomagnetic treated bloods. The percent-
age of the total CD4+ lymphocytes in whole blood sample, before
CD4+ lymphocyte depletion, was (mean ± S.D.) 35 ± 4% (Fig. 9a). In
immunomagnetic PGMA particle treatment (using 10 �g of mAb
MT4 conjugation), the number of CD4+ lymphocytes was reduced
to 2 ± 0.5% (Fig. 9b). These results indicated that the immunomag-
netic PGMA particles bound to CD4+ lymphocytes and the CD4+

lymphocytes were successfully pulled out from the whole blood
with exterior permanent magnet. In comparison, un-conjugated
magnetic PGMA particles showed 35 ± 4% of CD4+ lymphocytes
which was the same as those obtained from un-treated blood (data
not shown). When the percentage of separation efficiency was cal-

culated (n = 3), immunomagnetic PGMA particles provided 95 ± 3%
separation efficiency.

The effect of mAb MT4 concentration on separation efficiency
was also studied as shown in Fig. 10. The immunomagnetic PGMA
particles coating with 2, 10, 20, and 40 �g of mAb MT4 showed

s. Whole blood sample was incubated with un-conjugated magnetic particles (a)
ere magnetically depleted and the CD4+ lymphocytes in the depleted blood were
iments.
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ig. 10. Cell separation efficiency of anti-CD4 mAb conjugated magnetic particles at
oncentration of 2, 10, 20, and 40 �g. No statistical significant difference of the CD4+

ymphocyte separation efficiency was observed at all concentrations of antibody
ested.

9 ± 2, 95 ± 3, 93 ± 2, and 91 ± 3% depletion of CD4+ lymphocytes,
espectively. All mAb MT4 concentrations provided an accept-
ble value (>90% depletion). The immunomagnetic PGMA particles
oated with 10 �g of mAb MT4 was the most effective for CD4 sepa-
ation. The CD4 separation efficiency of PGMA particles coated with
0 �g was lower than those of 20 and 10 �g could presumably due
o the steric hindrance of the coated antibodies similar to the work
f Neurauter et al. [20].

As the magnetic cell separation efficiency strongly depends on
agnetophoretic mobility, choice of targeted-specific receptors,

nd separation conditions [10], the immunomagnetic PGMA par-
icles have three distinct advantages over the current magnetic
D4 separation systems. First, the epoxide groups on the surface of
GMA particles allow direct labeling with antibody through cova-
ent bonding without significant sample preparation process. This
hemical bonding could limit the non-specific binding as well as
rovide stable antibody–bead conjugates upon drag force acting
n the moving cell. Second, as the lymphocyte cell-size is in the
icrometer range, the use of micron-sized PGMA particles could

acilitate the interaction between particle-cell. A larger cell will
xhibit a larger friction coefficient, thus, the drag force on a larger
ell will be greater. The utilization of the micro-sized particles can
ossess a higher magnetic moment comparing with nanoparti-
les, therefore, enhancing magnetophoretic mobility and reducing
eparation time [10,36]. Another advantage is the utilization of
ighly specific monoclonal antibody (purified mAb MT4) toward
D4+ lymphocyte. Conjugating mAb MT4 onto PGMA particles does
ot adversely affect their binding properties with intact cells, and
herefore, they can be employed for selective extraction and sensi-
ive molecular detection.

The utilization of micron-sized PGMA particles in this assay was
ossible only because there are sufficient CD4 binding sites. For
he analysis of cells having few recognition sites, small particles
re superior in terms of accessible surface and higher mass transfer
inetics [37].

It can be concluded that the immunomagnetic PGMA particle
escribed in our manuscript offers rapid and direct access to target
D4+ lymphocyte from whole blood without the need for column
eparation techniques and centrifugation. The immunomagnetic
GMA particles provide the high separation efficiency due to the
igh reactivity of the epoxide functional groups on the surface of

article which facilitate the direct bioconjugation and the presence
f the high specificity of monoclonal antibody. Therefore, the gener-
ted immunomagnetic PGMA particles can be useful for separation
f CD4+ lymphocytes for monitoring HIV diseases progression and
fficiency of antiretroviral treatment [26]. Moreover, the magnetic

[
[

[

[
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PGMA particles platform can be applied to the separation of a
wide variety of cells, including leukocytes, tumors, or stem cells
by changing the ligand that specific to the marker on the targeted
cell surface. The developed cell separation strategy can be applied
to various biomedical applications including treatment, diagnosis,
and monitoring of diseases.

4. Conclusions

Magnetic PGMA particles were successfully prepared through a
two-stage reaction: (1) preparation of iron oxide nanoparticles, and
(2) synthesis of the iron oxide-encapsulated PGMA particles via the
precipitation polymerization. Monoclonal antibody specific with
CD4 molecules expressed on CD4+ lymphocytes was conjugated
on magnetic PGMA particles’ surface through covalent bonding
between epoxide functional groups on the surface of particle and
primary amine groups of antibody. These immunomagnetic PGMA
particles were specific and highly efficient in separation of CD4+

lymphocytes from whole blood. Therefore, the generated immuno-
magnetic PGMA particles can be useful for CD4+ lymphocytes and
other cells separation which may be applied to various biomedi-
cal applications including treatment, diagnosis, and monitoring of
diseases.
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