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Synthesis and Characterization of Surface-Grafted
Poly(N-isopropylacrylamide) and Poly(carboxylic acid)—Iron Particles via
Atom Transfer Radical Polymerization for Biomedical Applications
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2Mechanical Engineering Department, University of Nevada, Reno, Nevada
Correspondence to: A. Fuchs (E-mail: afuchs@unr.edu)

ABSTRACT: This research relates to the preparation and characterization of surface grafted poly(N-isopropylacrylamide) and poly(car-
boxylic acid)-micron-size iron particles via atom transfer radical polymerization (ATRP). The surface grafted polymers—iron particles
result in multifunctional materials which can be used in biomedical applications. The functionalities consist of cell targeting, imaging,
drug delivery, and immunological response. The multifunctional materials are synthesized in two steps. First, surface grafting is used
to place polymer molecules on the iron particles surface. The second step is conjugation of the bio-molecules onto the polymer back-
bone. Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy were used to confirm the presence of poly-
mers on the iron particles. The thickness of the grafted polymers and glass transition temperature of the surface grafted polymers
were determined by transmission electron microscopy (TEM) and differential scanning calorimetry (DSC). The covalent bond
between grafted polymers and iron particles caused higher glass transition temperature as compared with nongrafted polymers. The
ability to target the bio-molecule and provide fluorescent imaging was simulated by conjugation of rat immunoglobulin and fluores-
cein isothiocyanate (FITC) labeled anti-rat. The fluorescence intensity was determined using flow cytometry and conjugated IgG-
FITC anti-rat on iron particles which was imaged using a fluorescence microscopy. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014,
131, 40176.

KEYWORDS: biomedical applications; biomaterials; differential scanning calorimetry (DSC); surfaces and interfaces; properties and
characterization
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INTRODUCTION hyperthermia applications, the heat generated from the iron
particles by magnetic hysteresis effects result from on-off
switching of the magnetic field.'"” Hence, high magnetic satura-
tion properties of the iron particles must be maintained if the
particles are subjected to surface coating.

The applications of iron particles, with various sizes, composi-
tions, and shapes, in the biomedical fields have attracted world-
wide attention during the past few years.'™ Nonfunctionalized
iron particles only have limited applications. However, surface
modification provides a wide range of applications, such as cell ~ The stimuli from external conditions, such as temperature and
targeting, biomolecule separation, hyperthermia, magnetic reso- ~ PH, which result in a molecular property change, can be used
nance imaging (MRI), drug delivery, and magneto-immune to create a stimuli-responsive polymer. For instance, poly(N-iso-
response. The iron particles surface modification can be done  propylacrylamide) (poly(NIPAAm)) is a thermo-responsive
by coating with biocompatible inorganic (e.g., silica oxide and ~ polymer that exhibits a reversible property change in
gold) or organic materials. The organic layer on the surface of  hydropobic-hydrophilicity when it is exposed to a temperature
the iron particles can be adjusted from a few layers of atoms up ~ gradient. Poly(NIPAAm) dissolved in aqueous media is well
to the nanometer scale by coating with small organic molecules ~known to experience a lower critical solution temperature
or polymers. The surface functionalized iron particles with thin (LCST) at approximately 32°C.° In addition, the well defined
organic layers are commercially available, such as Feridex (dex-  copolymer architecture of NIPAAm has been investigated and
tran associated iron oxide) for contrast enhanced MRL* and are ~ provides an adjustable thermal phase change.” The controlled
carboxylic acid functionalized for bio-molecule separations.” For ~ phase change of poly(NIPAAm) based on thermal stimulation

© 2013 Wiley Periodicals, Inc.
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allows controlled drug delivery. The carboxylic acid moiety can
be used to bind the bio-molecules through the carbodiimide
linkage. A copolymer of poly(carboxylic acid) with poly(NI-
PAAm) can be used as a multifunctional polymer for drug
delivery, targeting specific cells, and bio-molecules separation.

Controlled radical polymerization [e.g., atom transfer radical
polymerization (ATRP)] is one of the techniques used to syn-
thesize copolymers with well defined architecture. ATRP was
developed by Matyjaszewski et al.® and offers advantages for
synthesis, such as a wide range of monomers, mild and elevated
polymerization temperatures, narrow polydispersity index, con-
trolled topologies, functionalities, and composition of poly-
mers.”™"” ATRP involves redox reactions between the organic
halide initiator, metal halides (e.g., copper bromide) as a cata-
lyst, and a ligand to improve the solubility of metal salts in the
organic reaction system.” The copper bromide releases electrons
and initiates the organic halide initiator. The active radical ini-
tiates the monomer. The polymer is terminated and endcapped
by the halide group in the termination stage which may be used
further as a macroinitiator.” The thermo-responsivity of
poly(N-isopropylacrylamides- co-N-hydroxymethylacrylamide) in
water has been developed using ATRP.” The use of ATRP to
synthesize temperature- and pH-sensitive copolymers of
NIPAAm and sodium acrylate has been investigated.'® Poly(NI-
PAAm) has been successfully coated on the surface of silica
nanoparticles and iron nanoparticles.>'>*

In this research, a synthesis technique and characterization of
multifunctional materials based on micron-size iron particles is
reported. This approach is not only provide drug storage and
release capability from thermo-responsive poly(NIPAAm), but
also offers targeting and imaging functionalities through carbox-
ylic (AA) functional groups. In addition, the iron particles pro-
vide a magneto-immune response via exposing in the magnetic
field. Multifunctional materials were prepared using two steps.
First, surface grafting of poly(NIPAAm-co-AA) on iron particles
using ATRP at mild temperature in the presence of copper (II)
bromide was carried out. Second, conjugation of rat immuno-
globulin as a bio-molecule model for targeting FITC anti-rat
was accomplished. The glass transition temperature of grafted
polymers was investigated and found to be higher than for non-
grafted polymers because of a covalent bond formed between
the polymer chain and the inorganic substrate. To the best of
our knowledge, this is the first time that the grafting technique
of poly(NIPAAm-co-AA) using ATRP on the micron-size iron
particles was used to prepare multifunctional materials.

EXPERIMENTAL

Materials

The following materials were used: carbonyl iron powder CN
(3-7 pm, BASF), methanol (Aldrich), ethanol (AAPER), 1-
octyl-2-pyrrolidone (OP) (Aldrich), copper (I) bromide (CuBr)
(Aldrich), copper (II) bromide (CuBr,) (Aldrich), sparteine
(Aldrich), toluene (Aldrich), 2—4(-chlorosulfonylphenyl)-ethytri-
chlorosilane (CTCS) (Gelest Inc.), dimethylformamide (DMF)
(Aldrich), dimethylsulfoxide (DMSO) (Aldrich), N-isopropyla-
crylamide (NIPAAm) (Aldrich), sodium acrylate (Aldrich),
micro iron particles functionalized carboxylic acid (Polysciences,
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Inc.), ChromPure rat immunoglobulin (IgG), whole molecule
(Jackson ImmunoResearch Laboratories, Inc.), fluorescein
(FITC)-conjugated affinipure F(ab’)2 fragment goat anti-rat IgG
(Jackson ImmunoResearch Laboratories, Inc.), fetal bovine
serum (FBS) buffer, PolyLink protein coupling kit for COOH
microspheres (Polysciences, Inc.): Polylink coupling buffer (50
mM MES, pH 5.2, 0.05% Proclin® 300), Polylink wash/storage
buffer (10 mM Tris, pH 8.0, 0.05% bovine serum albumin,
0.05% Proclin® 300), and Polylink EDAC (carbodiimide).
Benchmark iron particles functionalized carboxylic acid (bench-
mark Fe-COOH) (Polysciences, Inc.). NIPAAm was purified by
recrystallization in methanol.

Synthesis

Iron Particles Surface Grafting via ATRP. Surface grafting -
poly(N-isopropylacrylamide). The procedure for immobilization
of a surface initiator onto iron particles was as follows'®: Three
hundred grams (300 g) of iron particles were washed with dis-
tilled water and ethanol, respectively. Then, the iron particles
were dried in a vacuum oven at 50°C for 8 h and cooled down.
Iron particles and 100 g toluene were added to the reaction
flask. Five grams of CTCS were added to the reactor and the
reaction was carried out at 85°C for 24 h under nitrogen. The
mixture was then filtered and washed with methanol in order
to remove excess CTCS. The residual (Fe-CTCS) was dried in a
vacuum oven at 40-50°C for 24 h.

The procedure for surface coating of iron particles using poly(-
NIPAAm) via ATRP was as follows: 50 g functionalized Fe-
CTCS, 0.06 g CuBr, 0.03 g CuBr,, 0.06 g Spartein, and 14.2 g
NIPAAm monomer, and 60 mL DMSO were added to the reac-
tion flask. The mixture was reacted at 25-30°C for 24 h under
nitrogen. Finally, the mixture was filtered, washed several times
with ethanol and dried in a vacuum oven at 40-50°C prior to
use.'” The ATRP mechanism for surface polymerization is
shown in Figure 1.

Surface grafting poly(acrylic acid). The procedure for surface
coating iron particles using poly(AA) via ATRP was as follows:
50 g functionalized Fe-CTCS, 0.06 g CuBr, 0.03 g CuBr,, 0.06 g
Spartein, and 9.4 g sodium acrylate monomer, and 60 mL
DMSO were added to the reaction flask. The mixture was
reacted at 25-30°C for 24 h under nitrogen. Finally, the mixture
was filtered, washed several times with ethanol and dried in a
vacuum oven at 40-50°C prior to use.'”” The substitution of
sodium with hydrogen atom was accomplished by dispersing 1
g surface coated poly(sodium acrylate)—iron particles in 40 mL
mixture of water:ethanol (50:50%v/v). The suspension was then
sonicated for 10 min. The iron particles was separated, washed
with mixture of water : ethanol, and dried under vacuum oven
at 60°C under nitrogen environment. The mechanism of substi-
tution of sodium with hydrogen atom is shown in Figure 2.

Surface grafting poly(N-isopropylacrylamide-co-acrylic acid).
The procedure for surface coating iron particles using poly(NI-
PAAm-co-AA) via ATRP were as follows: 40 g functionalized
Fe-CTCS, 0.06 g CuBr, 0.03 g CuBr,, 0.06 g Spartein, and 9.4 g
sodium acrylate and 11.3 g NIPAAm monomers, and 60 mL OP
were added into reaction flask. The mixture was reacted at 25—
30°C for 48 h under nitrogen. Finally, the mixture was filtered,
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Figure 1. Surface polymerization of various polymers: poly(NIPAAm), poly(AA

washed several times with ethanol, and dried in a vacuum
oven at 40-50°C prior to use.'” The substitution of sodium
with hydrogen atom was accomplished by described method in
previous section. The molecular weight of poly(NIPAAm-co-
AA) was determined by setting up another batch of reaction
without the presence of iron particles while maintaining the
same composition for each reactant and DMSO was used as a
solvent.

{Polymer}—a

O=UJ=O

Poly(NIPAAm-co-AA)

HN o ? i
| O oH
CH

£\

,C CHs

), and poly(NIPAAm-co-AA) on the iron particles using ATRP technique.

Conjugation of Rat Immunoglobulin onto Iron Particles. Sur-
face coated iron particles (12.5 mg), that contain and acrylic
acid functional group (poly(NIPAAm-co-AA), poly(AA)), were
weighed and placed into a vial. Polylink coupling buffer (0.4
mL) was added into the vial and the suspension was mixed for
1 min. The suspension was then separated using a magnet to
attract the iron particles and supernatant was then removed.

This step was repeated three times. Iron particles were

~ ~
0 o
? q H,0:EtOH 50:50 (%v/v) | i
@—0—Si—(CHy);—S et @ —0—Si—(CHy)—S e cl
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Figure 2. The mechanism of substitution of sodium with hydrogen atom.
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Figure 3. The mechanism of conjugation of IgG onto polymer coated iron particles. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

suspended in 0.17 mL Polylink coupling buffer and 20 pL of
the EDAC solution (200 mg/mL) was added. Totally, 200 pg
ChromPure rat immunoglobulin (IgG) was added to the sus-
pension and was mixed gently for 8 h at room temperature.
After the incubation process, the iron particles were separated
using a magnet and washed twice with 0.4 mL Polylink wash/
storage buffer to remove the excess of IgG. The conjugated IgG-
iron particles were stored in 1 mL Polylink wash/storage buffer
prior to use. The mechanism of conjugation of IgG onto
polymer-coated iron particles is shown in Figure 3.

Conjugation of FITC Anti-Rat onto Iron Particles. Fifty (50)
ML of conjugated IgG—polymer-coated iron particles suspension
(12.5 mg/mL) were transferred into a vial and washed with 2
mL FBS buffer. The suspension was centrifuged at 1200 rpm for
10 min. The supernatant was then removed. The conjugated
IgG—polymer coated iron particles were then resuspended in
100 pL FBS buffer and mixed gently. FBS (0.8 mL) buffer was
injected into FITC anti-rat in a bottle and mixed for 1 min to
dissolve the powder completely. The solution (100 pL) was
transferred into a vial and diluted 100 times. Diluted FITC (10
pL) anti-rat solution was added to conjugated IgG—polymer-

ture was incubated for 30 min at room temperature. The excess
FITC anti-rat was removed by washing with FBS buffer. The
mechanism of conjugation of FITC-anti rat onto polymer-
coated iron particles is shown in Figure 4.

Characterization

Proton Nuclear Magnetic Resonance (‘H-NMR). The polymer-
ized NIPAAm-co-AA was characterized using 'H-nuclear mag-
netic resonance spectroscopy. The polymer was synthesized by
setting up a batch reaction which has a similar composition to
the surface polymer without the presence of iron particles. The
synthesized polymer was isolated in hot hexane and washed sev-
eral times. The NMR spectrum was recorded using Agilent
NMR 400 ('H at 400 MHz) in DMSO-dj at 25°C.

Gel Permeation Chromatography (GPC). The molecular weight
of poly(NIPAAm-co-AA) was determined using a Shimadzu LC-
20AD pump, CBM-20A controller, DGU-20A; degasser, RID-
10A refractive index detector, CTO-20AC column oven, and sin-
gle Phenogel 5 um 10* angstrom column which has an effective
molecular weight of 5,000-500,000 g/mol. The GPC column
was calibrated against nearly monodisperse polystyrene stand-
ards purchased from Sigma Aldrich (certified by Scientific Poly-

coated iron particles suspension and mixed for 1 min. The mix- mer Product, Inc.). The mobile phase was N,N-
\? i FITC Anti-Rat \? i
nii-ka
Q—0—Si-(CHz)s—S o~ cl - (Q—0—Si-(CH)y—S o~ cl
| II CH CH : | I CH CH
o fo) I | Fetal bovine serum buffer o fo) | |
i /C\\ 0=C In Mixing 30 minutes; 25°C i Ay 0=C In
N Yo | N o |
| NH | NH
CH | CH
I\ /
HaC CHj

Figure 4. The mechanism of conjugation of FITC—anti rat onto polymer coated iron particles. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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dimethylformamide 99.9% HPLC grade with a flow rate of 0.8
mL/min, column temperature was set at 35°C, and 20 pL of
polymer solution was injected through column. Molecular
weight averages and polydispersity index (M,,/M,) of the poly-
mer was calculated by using LabSolutions software. The molec-
ular weight of the polymer coating on the surface of the iron
particles was determined by reaction of a similar composition
without the presence of iron particles. The poly(NIPAAm-co-
AA) was isolated in hot hexane and washed several times.

Fourier Transform Infrared (FTIR) Spectroscopy. The spectra
of uncoated iron, immobilized surface initiator iron particles,
and grafted poly(NIPAAm-co-AA)/iron particles were analyzed
using Perkin-Elmer Spectrum 100 Fourier transform infra red
spectroscopy. The samples were dried in a vacuum oven at 60°C
for 24 h and stored in a desiccator prior to characterization.
The particles were uniformly mixed with KBr powder at a
weight ratio of 1 : 50, before mechanically pressing them to
form moisture-free KBr pellets. The spectra were scanned and
recorded from 4000 cm™'—400 cm ™' at room temperature with
a resolution of 4 cm™ .

Differential Scanning Calorimetry (DSC). Perkin-Elmer Pyris-
1 DSC was used to characterize the thermal properties of the
grafted polymers on the iron particles surfaces. All samples were
dried in a vacuum oven at 60°C for 24 h and stored in a desic-
cator prior to characterization. Two pans were placed in the
DSC sample holder, one containing the sample and the other
holding a reference. Then, surface coated iron particles were
weighed and placed in the DSC sample pan. The sample was
then scanned from 50°C to 350°C with a heating rate of 10°C/
min. This characterization was done under nitrogen purge of 20
mL/min.

Scanning Electron Microscopy—X-ray Energy Dispersive
Spectrum (SEM-XEDS). SEM-XEDS samples were prepared by
placing surface grafted polymers—iron particles onto carbon
tapes attached to an aluminum SEM sample holder. A thin layer
coating of platinum was applied to the mounted samples using
an argon plasma sputtering system. The platinum coating was
done at an approximate rate of 25-30 nm/min with 85mA.
Hitachi S-4700 equipped with an Oxford EDS System was used
for characterization of surface morphologies of grafted poly-
mers—iron particles, and chemical analysis of surface-coated
iron particles. The samples were magnified from 800X to
35,000X at an accelerating potential of 20kV. EDS microanalysis
was performed on the samples at magnifications ranging from
10,000X to 30,000X and an accelerating potential of 20 kV.

Transmission Electron Microscopy (TEM). The polymer coat-
ing thickness was characterized using an FEI Titan 80-300 TEM
system equlpped with an 80-300 Kv field emission electron
source, 0.8 A resolution in TEM mode and 1.4 A STEM resolu-
tion, and bright field/dark field and high angle annular dark
field (HAADF) STEM imaging capability. The polymer surface-
coated iron particles were dispersed in ethanol and drop cast on
a copper TEM grid.

Flow Cytometry. The fluorescent intensity of conjugated FITC
anti-rat with IgG—polymer-coated iron particles was character-
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ized using a flow cytometer BD LSR II equipped with four
lasers (405 nm, 488 nm, 561 nm, and 640 nm) with a total of
18 fluorescence detectors. The sample was prepared by dispers-
ing the conjugated FITC anti-rat with IgG—polymer-coated iron
particles in FBS buffer, and nonconjugated FITC anti-rat with
IgG—polymer-coated iron particles were used as a control. The
suspension was analyzed at room temperature and the flow rate
was adjusted (12, 35, and 60 pL/min) depending upon sample
concentration.

Fluorescent Microscopy. The fluorescent images of conjugated
FITC anti-rat with IgG—polymer-coated iron particles was taken
using Zeiss LSM510 confocal and fluorescence microscope. The
suspension of non- and conjugated FITC anti-rat with IgG—
polymer-coated iron particles was dispersed onto a microscope
slide and put on the sample holder. The image was taken at
40X magnification in two different modes; differential interfer-
ence contrast (DIC) and fluorescence.

RESULT AND DISCUSSION

'"H-NMR and Gel Permeation Chromatography (GPC)

The presence of NIPAAm-co-COONa functional group is iden-
tifed by "H-NMR spectra. The signal peaks at ~1.0 ppm repre-
sented iso-propyl CHj groups of NIPAAm. The chemical shifts
of CH-Me, protons adjacent to the amine moiety of NIPAAm
were shown by the peaks at about 3.9 ppm.'®*** The multiple
peaks at approximately 2.0-3.0ppm were associated with the
methyl group on the main chain of copolymer.?' The broad
peaks at approximately 3.3-3.5ppm were derived from the CH,
proton from CTCS.** The proton chemical shift at 7.1 ppm and
7.4 ppm derived from the methylene proton in the benzene ring
of CTCS.*' In addition, Figure 5 shows that disappearance of
the vinyl group chemical shift at approximately 5.5-6.5 ppm
which confirmed that the polymer was relatively pure after 48 h
of reaction at room temperature and with removal of the
impurities by passing the solution through an alumina column.
The polymerization of NIPAAm-co-COONa at mild temperature
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Figure 6. FTIR spectra of iron particles (Fe), immobilized CTCS on iron
particles (Fe-CTCS), and grafted poly(NIPAAm-co-AA) on iron particles
(Fe~CTCS- poly(NIPAAm-co-AA)). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

in dimethylsulfoxide using ATRP resulted in a copolymer with a
molecular weight (M,,) of 5.95 x 10* g/mol with a polydisper-
sity index of 1.1. Synthesized poly(NIPAAm-co-COONa) has a
high molecular weight and narrow dispersity index which
results from the presence of copper (II) bromide. According to
the literature,'"®*>** copper (II) bromide played a role in the
control of the kinetics of reaction by reducing the growing
chain rate which converts the propagating polymer chain into a
dormant species.

Fourier Transforms Infrared (FTIR) Spectroscopy

Figure 6 shows the spectra of uncoated iron particles (Fe), immo-
bilized CTCS on iron particles (Fe-CTCS), and grafted poly(NI-
PAAm-co-AA) on iron particles [Fe—~CTCS—poly(NIPAAm-co-
AA)]. The hydroxyl stretching vibration was represented by a
broad band at 3500-3400 cm™ ' in the spectrum of Fe and Fe—
CTCS,*** and the band at 29502850 cm ™' corresponds to C—H
bond stretching and bending of the surface initiator methyl group
in the spectrum of Fe~CTCS and grafted poly(NIPAAm-co-AA).>*
%8 The presence of carboxyl stretching vibration and N—H-
bending vibration from the amide group of NIPAAm was shown
by a broad peak at 1500-1650 cm™ ' in the spectrum of grafted
poly(NIPAAm-co-AA).>”**7! According to the literature,”*° the
contribution of carboxylate from sodium acrylate was indicated by
the peak shift at 1425-1450 cm ™" in the spectrum of grafted poly(-
NIPAAm-co-AA).”® The stretching bond of SO, which occurred at
peaks at 1000-1250 cm ™ ',***** in the spectrum of Fe—~CTCS and
grafted poly(NIPAAm-co-AA), confirmed the immobilized surface
initiator. In addition, the C—Cl bond from the surface initiator
was shown at peaks 800—600 cm ™' 2+2%?

The presence of NIPAAm and AA functional groups provides the
drug delivery and targeting capability. Poly(NIPAAm) exhibits a
low critical solution temperature (LCST) at 32°C.%? This thermal
responsive property of the polymer is suitable for the drug stor-
age and release functions. The phase transition of poly(NIPAAm)
can be varied by copolymerizing with another monomer. The
copolymer of poly(NIPAAm), with a different ratio of mono-
mers, results in a wide range of phase transitions reported.” The
drug uptake and release capability of poly(NIPAAm), and the
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process of binding biotin-streptavidin bio-molecules through the
poly(AA) functional group was investigated.>*>¢

Differential Scanning Calorimetry (DSC)

The presence of polymer on the surface of the iron particles and the
thermal transition temperature of the grafted polymers has been
analyzed using differential scanning calorimetry (DSC). From DSC,
it is possible to obtain information about the thermal properties of
polymers, such as heat capacity (thermodynamic Cp) which relates
to molecular vibration and glass transition temperature (T,) which
also relates to molecular rotation. The change in heat supplied
(heat flow endothermic up—Y-axis) signifies the individual thermal
transition temperature of each polymer. The glass transition tem-
perature of the polymer grafted onto the surface of the iron par-
ticles was measured in the experiments. Then, the thermal
transition temperatures from the experiments were compared with
available data from the literature which are found for nongrafted
polymers. The decreased mobility of the polymer due to the cova-
lent bonding on the surface of the iron particles which may result
in the differences in glass transition temperatures between literature
and experiment. The covalent bonds between the polymer and the
surface of particles causes higher energy requirements to achieve
the glassy state of the polymer before reaching the glass transition
temperature. In addition, the hydrogen bonding among the
NIPAAmM-NIPAAm, AA-AA, and NIPAAm-AA functional groups
may contribute to the increase in glass transition temperatures.”*””
The hydrogen bond scheme is shown in Figure 7. The results were
in agreement with literature'”> which compared the thermal transi-
tion temperature between polystyrene and grafted polystyrene onto
the surface of silica oxide. The literature value was ~20°C higher
for the grafted polymer. The glass transition temperature of a vari-
ety of polymers is listed in Table I and the DSC results for surface
grafted polymers are shown in Figure 8.

Scanning Electron Microscopy—X-ray Energy Dispersive
Spectrum (SEM-XEDS) and Transmission Electron
Microscopy (TEM)

Information about surface grafted polymer morphology and
thickness can be obtained by SEM and TEM. Samples were

@

H;C 'CH3
©
l (|’: CH; (I: CH3
¢ o el e
Pt &0 i =
| s ] - | s
O o CH—N. O O O
N ./ N &

Figure 7. The hydrogen bond of: (a) poly(AA), (b) poly(NIPAAm), and
(c) poly(NIPAAm-co-AA).
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Table I. T, of Grafted Polymer and Literature

Grafted polymers Experiment (°C) Literature (°C)

Poly(AA) 140.4 110°8
Poly(NIPAAm) 1515 1358%°
Poly(NIPAAM-co-AA) 190.9 17040

subjected to platinum sputter coating, prior to the SEM obser-
vation, to distribute the effects of heating, to increase the inten-
sity of secondary and back-scattered electrons at high
resolution, and to prevent the charging of the organic com-
pound excessively. The electron beam acceleration voltage needs
to be appropriately selected to avoid thermal degradation of
polymer coating and to accurate  elemental
quantification.

achieve

Figure 9 shows the individual uncoated iron particles and sur-
face grafted surface poly(AA), poly(NIPAAm), and poly(NI-
PAAm-co-AA). The grafted polymers were coated on the
individual iron particles, which was an advantage of ATRP,
because it is a controlled living polymerization. In addition, a
surface initiator, which was silane based, covalently bonds the
grafted polymers on the iron surface and a narrow molecular
weight distribution of the polymer results.””'"'*'*'® Hence, it
was possible to control the coating thickness on the particle
surfaces. The thickness of surface grafted poly(NIPAAm-co-AA)
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on the particles was measured by TEM image and shown in
Figure 10. From the TEM image of surface grafted poly(NI-
PAAm-co-AA), the thickness of coating was in the range of 20—
50 nm.

The surface coated polymers are not magnetizeable materials
but because they are thin films, the effect on decreasing mag-
netic saturation of the iron particles can be considered negligi-
ble. Polymer surface coatings on similar iron particles, with
coating thickness of 50-100 nm, have been done by our
group.' Tt has been shown that the magnetic effect only
decreased less than 5%. It is also in agreement in the reported
literature.*> The micron-size iron particles produce higher mag-
netic saturation than nanometer size particles which resulted in
a stronger magnetic effect on the micro-particles. The magnetic
effect on the micron-size particles was highly dependent on the
particle diameter, concentration, and applied magnetic field. At
equal concentrations and applied magnetic fields, larger iron
particles resulted in a higher magnetic effect.” Similarly, a
higher concentration of iron particles and higher applied mag-
netic field yielded a higher MR effect.*’ According to the litera-
ture,'? the viscoelastic effect (in terms of shear yield stress) of
the magnetic fluids, containing iron particles (80 wt %) dis-
persed in fluid media, increased significantly from less than
1,000 Pascal to 30,000 Pascal when the fluid was exposed to 0
Tesla to 0.529 Tesla magnetic fields. The controllable viscoelastic
properties of the magnetic fluid may offer advantages for
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Figure 8. DSC thermograms of surface grafted polymers: (a) Fe—Poly(AA), (b) Fe—Poly(NIPAAm), (c) Fe—Poly(NIPAAm-co-AA), and (d) Fe-Uncoated.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. SEM images of iron particles: (a) Fe—poly(AA), (b) Fe-Poly(NIPAAm), (c) Fe—poly(NIPAAm-co-AA), and (d) Fe—uncoated.

inducing an immune response by cell destruction for in-vivo
applications after magnetic injection and exposure to magnetic
fields.

The quantitative elemental analysis of x-ray energy dispersive
spectroscopy was mainly used for confirming the presence of
carbon atoms on the grafted polymers. From elemental analysis,
the weight percentage of iron atoms decreased when the iron

50nm
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particles were coated with polymers. On the other hand, the
number of carbon atoms increased after a surface coating was
applied. As a result, the elemental analysis confirms the surface
grafting of poly(AA), poly(NIPAAm), and poly(NIPAAm-co-
AA) on the iron particles via ATRP at room temperature was a
viable technique to graft covalently bonded polymers on the
inorganic substrate. The weight percentage of each element for

uncoated iron particles, and the grafted poly(AA),

(b)

Figure 10. TEM images of iron particles: (a) Noncoated, (b) Poly(NIPAAm-co-AA).
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Table II. Element Analysis from X-ray Energy Dispersive (X—EDS)
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Weight %
Element Fe-uncoated Fe-poly(AA) Fe-poly(NIPAAmM) Fe-poly(NIPAAM-co-AA)
Fe 100.00 2.31 495 5.39
C - 97.69 95.05 94.61
Total 100.00 100.00 100.00 100.00

poly(NIPAAm), and poly(NIPAAm-co-AA) on the surface of
iron particles from x-ray energy dispersive spectrograms is
shown in Table II. The X-EDS spectrograms of iron particles,
and polymer-coated iron particles are shown in Figure 11.

Fluorescent Microscopy and Flow Cytometry

A model of the targeting functionality of polymer surface coated
iron particles containing acrylic acid, was provided by conjuga-
tion of rat immunoglobulin. FITC anti-rat was used as a target
cell model. Once the FITC anti-rat was conjugated, the polymer
surface coated iron particles have an additional functionality
which was used for imaging. Flow cytometry was used for iden-
tifying the presence of fluorescent labeled microparticles. In
addition, the dual imaging (DIC) and fluorescence modes were
beneficial methods used to support and image the conjugated

IgG and FITC anti-rat on the surface coated iron particles. In
the fluorescence imaging process, IgG-conjugated surface-coated
iron particles were used as a control. Figure 12 shows the
microscope images of iron particles that contain the acrylic acid
functional group; Fe—poly(NIPAAm-co-AA) denoted as a, Fe—
poly(AA) denoted as b, and Fe-COOH denoted as c.

The acrylic acid functional group from the coated polymer on
the surfaces provided a robust platform for covalently bonding
rat IgG with iron particles. The conjugated IgG could be
detected by conjugation of FITC anti-rat. By comparing images
of a; (control, nonfluorescence labeled) and a,, Fe—poly(NI-
PAAm-co-AA)/IgG/FITC anti-rat emitted green fluorescence
which represents conjugated rat IgG with iron particles. In addi-
tion, the IgG were also covalently bonded on the Fe—poly(AA)
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Figure 11. The X-EDS spectrograms of: (a) Fe—poly(AA), (b) Fe—poly(NIPAAm), (c) Fe—poly(NIPAAm-co-AA), and (d) Fe—uncoated.
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Figure 12. The microscope images in differential interference contrast mode (left), fluorescence mode (middle), and cytometry test result (right) of Fe-
polymer-IgG (subscript 1, as a control) and Fe-polymer-IgG-FITC anti-rat (subscript 2, fluorescent labeled). Where: a is Fe-poly(NIPAAm-co-AA); b is
Fe—poly(NIPAAm); and ¢ is benchmark Fe-COOH. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and Fe-COOH. From fluorescence images of a,, b, and c,,
the surface polymerized poly(AA) and poly(NIPAAm-co-AA)
emitted brighter fluorescence than Fe-COOH. However, the
brightness on the image a, appears not to be uniform which
was caused by a low depth of field. On image b,, two fluores-
cence intensity distributions which may be caused by the wide
range of microsphere sizes where smaller iron particles may be
labeled more than larger ones. The cytometry results showed
that the fluorescence brightness of microspheres increases 100—
1000 times after conjugation with FITC anti-rat. Also, the flu-
orescence intensity of surface coated iron particles with pol-
y(AA) and poly(NIPAAm-co-AA) was 10 times higher than the
benchmark Fe-COOH. It may be caused by the amount of
acrylic acid functional groups on the polymer which was
higher than the benchmark Fe-COOH. As a result, it may
become beneficial when surface coated iron particles with pol-
y(AA) and poly(NIPAAm-co-AA) are used for protein separa-
tion and cell targeting which can bind greater quantities of
proteins and cells.

CONCLUSIONS

In this study, we synthesized and characterized multifunctional
materials based on micron-size iron particles. The functional-
ities consist of cell targeting, imaging, drug delivery, and
magneto-immune response. ATRP was successfully used as a
technique to surface graft polymers on iron particles at mild
temperature in the presence of copper (II) bromide. Surface
grafting of polymers on iron particles results in a higher glass
transition temperature than non-grafted polymers because of
the covalent bond which results between the polymer chains
and the inorganic substrate which restricts the mobility of the
molecules. The surface grafted poly(NIPAAm-co-AA) thickness
was in the range of 20-50 nm which will not reduce the mag-
netic saturation of the iron particles. The versatility of targeting
bio-molecules was demonstrated by conjugation of rat immuno-
globulin to target FITC anti-rat. Fluorescence microscopy and
flow cytometry revealed the fluorescence intensity of targeted
FITC anti-rat on the iron particles. The iron particle based mul-
tifunctional materials are low cost materials for protein separa-
tion, drug delivery, and an alternative for hyperthermia and
cancer curing agent through magneto-immune response by
exposure using magnetic fields.
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