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Research title: Surface Modification of Magnetite Nanoparticle via Atom Transfer Radical

Polymerization and Its Applications

Abstract

Surface modification and functionalization of magnetite nanoparticle (MNP) have
recently attracted a great attention in the biotechnology and biomedical applications. This report
presents various strategies for modification and functionalization of MNP surface and its
corresponding applications. MNP can be prepared via a thermal decomposition of iron organic
precursors and the particle was then surface modified with various kinds of polymers via atom
transfer radical polymerization (ATRP) to obtain the MNP with desirable properties such as high
magnetic saturation, biocompatibility, water dispersibility and containing interactive functions at
the surface. It was found that the stability in the dispersions and the availability for further

functionalization of MNP have been improved after the polymeric coatings.

This report presents 4 different approaches for MNP surface modification. The first and
second topics present successful surface functionalization of MNP with acrylic acid and
azlactone functional groups, respectively, for further attachments of bioentities. The third topic
describes the surface functionalization of the particles with UV sensitive polymers
(poly(azobenzene acrylate)). The fourth topic describes the surface modification of MNP with
block copolymer of poly(ethylene glycol methyl ether) and poly(dimethyl siloxane) to obtain
polymeric bilayer surfactant. These surface modified and functionalized MNPs exhibit a great

potential for uses in many areas, including biomedical and biotechnology applications.

Keyword: nanoparticle, magnetite, surface modification, grafting from, ATRP
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Poly(acrylic acid)-grafted magnetic nanoparticle for conjugation with folic acid

Metha Rutnakornpituk’, Nipaporn Puangsin, Pawinee Theamdee, Boonjira Rutnakornpituk
and Uthai Wichai

Abstract: Poly(acrylic acid) (poly(AA))-grafted magnetic nanoparticles (MNPS)
prepared via surface-initiated atom transfer radical polymerization (ATRP) of t-butyl
acrylate, followed by acid-catalyzed deprotection of t—butyl groups, is herein presented. In
addition to serve as both steric and electrostatic stabilizers, poly(AA) grafted on MNP surface
also served as a platform for conjugating folic acid, a cancer cell targeting agent. Fourier
transform infrared spectroscopy (FTIR) was used to monitor the reaction progress in each
step of the syntheses. The particle size was 8 nm in diameter without significant aggregation
during the preparation process. Photocorrelation spectroscopy (PCS) indicated that, as
increasing pH of the dispersions, their hydrodynamic diameter was decreased and negatively
charge surface was obtained. According to thermogravimetric analysis (TGA), up to 14 wt%
of folic acid (about 400 molecules of folic acid per particle) was bound to the surface-
modified MNPs. This novel nanocomplex is hypothetically viable to efficiently graft other
affinity molecules on their surfaces and thus might be suitable for use as an efficient drug

delivery vehicle particularly for cancer treatment.

1. Introduction

Synthesis of magnetite nanoparticles (MNPs) coated with a thin film of organic
polymer has recently attracted much attention due to their potential biomedical applications
such as magnetic resonance imaging [1-6], magnetic separation, controlled drug release [7]
and hyperthermia treatment of tumor cells [8]. A thin shell of polymeric coating on the
particle surface is necessary to prevent nanometer-sized particle aggregation due to their
inherent anisotropic dipolar interaction, resulting in losing the specific properties associated
with their nanometer dimensions [9-10]. In addition, the polymers on their surface can
provide a platform for incorporating biological functional molecules, such as amino acid [11],
protein [12-13] and DNA [14-16], for particle labeling with fluorescent molecules [17-18]
and for attaching folic acid [19-20], a receptor for tumor cells.

Recently, atom transfer radical polymerization (ATRP) has been reported as a
potential “grafting-from” method for surface modification [21-23]. ATRP is a
living/controlled radical polymerization method, which does not require stringent
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experimental conditions [24-25]. ATRP enables for the polymerization and block
copolymerization of a wide range of functional monomers such as styrene [26-28],
methacrylate [29], acrylate [30-31] and methacrylamide [32], yielding polymers with
narrowly dispersed molecular weights. Surface modification of nanoparticles via ATRP has
attracted a great attention in recent years. As compared to a conventional radical
polymerization, surface-initiated ATRP from nanoparticles produced polymers with narrow
polydispersity index (PDI) and proceeded in a controlled fashion [33]. In addition, the
advantage of ATRP technique as compared to other controlled radical polymerization (CRP)
techniques is that the polymerization can be initiated at low reaction temperature, while other
CRP techniques such as reversible addition-fragmentation chain transfer (RAFT) and
nitroxide-mediated polymerizations require relatively high reaction temperature to generate
radicals from azo or peroxide initiators. Moreover, functionalization of the particle surface
with alkyl halide, the ATRP initiating species, can be easily carried out either by physical
absorption of acid-containing halides [34] or covalent bonding of ATRP initiating halides via
silanization [35]. The “grafting from” strategy via ATRP has thus been mostly adopted for
MNP surface modification with a variety of polymeric surfactants such as polystyrene [23],
poly(methyl methacrylate) [36], poly(ethylene glycol) methacylate [37-38] and
poly(acrylamide) [39].

The aim of the current work is to adopt a “grafting from” method to modify MNP
surfaces with poly(t-butyl acrylate) (poly(t-BA)) via ATRP, followed by acid-catalyzed
deprotection of t-butyl groups to obtain poly(AA)-grafted MNP. It is thought that ATRP can
offer well-defined water dispersible poly(AA) stabilizers with low molecular weight
distribution on the particle surface. The carboxylic acid groups over expressed on its surface
are readily reactive toward molecules containing functional groups such as amine and
alcohol. It has thus gained our attention because, not only serving as steric and electrostatic
surfactants [40], poly(AA) can also be used as a key intermediate for grafting a large range of
functional molecules [41-42]. Folic acid (FA) is of particular interest in this work because it
can specifically conjugate with folate receptors overexpressed on cancer cell membranes
[43]. Precedents have reported the immobilization of FA on the outermost surface of MNPs
coated with other polymeric surfactants [44-47]. Therefore, it is expected that the
multifunctional FA-grafted MNPs prepared in this work should bind to cancer cell

membranes specifically and consequently improve uptake efficiency of the MNP to the cells.
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The detail studies on the efficiency on treating cancer cells of this complex are warranted for
a future investigation.

In the present work, poly(AA)-coated MNPs were thus prepared via surface-initiated
ATRP of t-BA, followed by acid-catalyzed hydrolysis of t-butyl groups. FTIR was used to
monitor the reaction progress in each step. Thermogravimetric analysis (TGA) was used to
investigate percent of each composition in the polymer-MNP complex. Transmission electron
microscopy (TEM) technique was also used to monitor the particle size and the presence of
the polymer in the complex. Vibrating sample magnetometry (VSM) was performed to reveal
their magnetic properties. In combination with UV-visible spectrophotometry and FTIR,
TGA technique was conducted to evidence the existence of FA in the complexes.

2. Experimental Section

2.1 Materials

Unless otherwise stated, all reagents were used without further purification: iron (I11)
acetylacetonate (Fe(acac)s), 99% (Acros), benzyl alcohol (Unilab), 3-aminopropyl
triethoxysilane (APS), 99% (Acros), triethylamine (TEA) (Carto Erba), 2-bromoisobutyryl
bromide (BIBB), 98% (Acros), copper (1) bromide (CuBr), 98% (Acros), N,N,N",N"",N""-
pentamethyldiethylenetriamine (PMDETA), ethyl-a-bromoisobutyrate (Aldrich), 99%
(Acros), folic acid, 97% (Fluka), N-hydroxyl succinamide (NHS), 98% (Acros), dicyclohexyl
carbodiimide (DCC), 99% (Acros), di-t-butyl dicarbonate (Boc,0), 99% (Aldrich), ethylene
diamine (EDA), 99.5% (Fluka), trifluoroacetic acid (TFA), 99.5% (Fluka). t-Butyl acrylate (t-
BA), 99% (Fluka), was distilled under vacuum prior to use.

2.2 Synthesis

2.2.1 Synthesis of oleic acid-coated magnetite nanoparticles (MNPS)

MNPs were prepared via thermal decomposition following the method previously
described [48]. In a typical procedure, Fe(acac)s (1.0 g, 2.81 mmol) and benzyl alcohol (20
ml) were mixed by magnetic stirring in a three-neck flask with nitrogen flow. The mixture
was heated to 200 °C for 48 h. The precipitant was then removed from the dispersion using
an external magnet and washed with ethanol and CH,Cl, repeatedly to remove benzyl
alcohol. The particles were then dried at room temperature under reduced pressure. To
prepare oleic acid-coated MNPs, the dried MNPs (0.6 g) were introduced into an oleic acid
solution in dried toluene (4 ml oleic acid in 30 ml THF) and ultrasonicated for 3 h.

2.2.2 Synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl) propanamide (BTPAm)
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To a stirred solution of 3-aminopropy!l triethoxysilane (APS) (0.18 ml, 0.8 mmol) and
triethylamine (TEA) (0.12 ml, 0.8 mmol) in dried toluene (10 ml), 2-bromoisobutyryl
bromide (BIBB) (0.1 ml, 0.8 mmol) in dried toluene (10 ml) was added dropwise at 0 °C for
2 h under nitrogen. The reaction mixture was warmed to room temperature and stirred for 24
h. The mixture was passed through a filter paper to remove salts and the filtrate was
evaporated to remove the unreacted TEA under reduced pressure. The resulting product,
BTPAm, was yellowish thick liquid (78% vyield). *H NMR (400 MHz, CDCls) &y : 0.60 [m,
2H, Si-CH,, 1.20 [t, 9H, O-CH,-CHs], 1.65 [m, 2H, Si-CH,-CH], 1.95, [s, 6H, CH3-C-Br],
3.25 [m, 2H, CH>-NH], 3.80 [m, 6H, CH3-CH,-O]. FT-IR (KBr disc) Amax : 3345 cm™ (NH
stretching), 2975 - 2889 cm™ (C-H stretching), 1738 cm™ (C=0 of acid bromide stretching),
1658 cm™ (C=0 of amide stretching), 1532 cm™ (NH bending), 1442 cm™ (C-N stretching),
1286 cm™ (C-Br stretching), 1112-1026 (Si-O stretching).

2.2.3 Immobilization of 2-bromo-2-methyl-N-(3-(triethoxysilyl) propanamide
(BTPAm) onto MNP surface (BTPAm-coated MNPs) (Figure 1)

To immobilize BTPAm on the oleic acid-coated MNP surface, the MNP-toluene
dispersion (0.1 g of oleic acid-coated MNPs in 5 ml toluene) (30 ml), BTPAm (0.90 ml) and
2 M TEA in toluene (6 ml) were added into a round bottom flask. The mixture was stirred for
24 h at room temperature under nitrogen. The particles were subsequently precipitated in
methanol, following by magnet separation to obtain the BTPAmM-modified MNPs. Then, the
MNPs were re-dispersed in toluene and re-precipitated in methanol. This procedure was
repeated several times to completely remove unreacted BTPAm. The particles were finally

dried in vacuo.
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Figure 1 Synthesis of poly(AA)-coated MNPs via ATRP reaction and immobilization of folic
acid (FA)

2.2.4 Synthesis of poly(t-butyl acrylate)-coated MNPs (poly(t-BA)-coated MNPS) via
ATRP reaction

To a schlenk tube containing dioxane (1 ml), CuBr (0.3 g, 0.0021 mol), and PMDETA
(0.42 ml, 0.0021 mol) were added under nitrogen blanket. The mixture was stirred until
homogenous blue color was observed. Then, t-butyl acrylate (t-BA) (3 ml, 0.021 mol)
monomer and BTPAm-immobilized MNPs (0.3 g) were added via a syringe. The mixture
was degassed and nitrogen-purged by three freeze-thaw cycles. The solution was then heated
to 90 °C for 24 h to commence ATRP reaction. At a given time, the reactions were ceased
and poly(t-BA)-grafted MNPs were magnetically separated and washed thoroughly with

methanol and dried in vacuo.
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2.2.5 Synthesis of poly(acrylic acid)-coated MNPs (poly(AA)-coated MNPS) via
hydrolysis of poly(t-butyl acrylate)-coated MNPs )

Poly(t-BA)-coated MNPs were hydrolyzed to obtain acrylic acid functional groups on
MNP surfaces. Briefly, poly(t-BA)-coated MNPs (0.05 g) were hydrolyzed in a 20-ml TFA
solution (0.1 M of TFA in THF) at room temperature for 24 h. The solution was concentrated
under reduced pressure, diluted with CH,Cl,, and repeatedly precipitated in cold hexane. The
precipitate was separated by a permanent magnet and dried in vacuo. The possible reactions
between TFA and polymers coated on MNP surface are illustrated in supplementary data.

2.2.6 Synthesis of N-(2-aminoethyl) folic acid (EDA-FA) (Figure 2)

2.2.6.1 Protection of an amino group of ethylene diamine (EDA) with t-butyl
carbamate (Boc)

A solution of di-t-butyl dicarbonate (Boc,0) (0.23 ml, 1 mmol) in anhydrous CH,Cl,
(10 ml) was added dropwise to a cold solution of ethylene diamine (EDA) (0.67 ml, 10
mmol) in anhydrous CH,Cl, (10 ml) at 0 °C under nitrogen atmosphere. The mixture was
magnetically stirred at 0 °C for 2 h and at room temperature for 24 h. Then, distilled water (5
ml) was added into the mixture to dissolve the precipitate. The organic layer was washed with
brine (15 ml) 5 times, dried over anhydrous Na,SO,, and then concentrated under reduced
pressure to give t-butyl N-(2-aminoethyl) carbamate (EDA-Boc), appearing as thick oil (82%
yield). '"H NMR (400 MHz, CDCl3) &4 : 1.40 [s, 9H, CHs Boc], 2.80 [m, 2H, CH,-NH,],
3.20[m, 2H, CH,-CH,-NH-Boc]. FT-IR (KBr disc) Amax : 3360 cm™ (NH stretching), 2955 -
2923 cm™ (C-H stretching), 1693 cm™ (C=0 of amide stretching), 1525 cm™ (NH bending),
1366-1277 cm™ (C-N bending), 1172 cm™ (C-O stretching).

2.2.6.2 Coupling folic acid with the amino-protected EDA

To a stirred solution of FA (0.275 g, 6.25x10™ mol) in anhydrous DMSO (5 ml) and
pyridine (4 ml), the solution of EDA-Boc (0.10 g, 6.25x10™ mol) and DCC (0.21 g, 7.5x10™
mol) in anhydrous DMSO (5 ml) were added. The mixture was stirred at room temperature
for 18 h under nitrogen blanket. After the reaction completed, the mixture was gradually
poured into a vigorously stirred diethyl ether (20 ml) at 0 °C. The yellow precipitate was
collected and washed with cold diethyl ether several times and dried under high vacuum to
obtain {t-butyl N-(2-aminoethyl) carbamate} folic acid (Boc-EDA-FA), appearing as a
yellow solid (85% yield). '"H NMR (400 MHz, DMSO-dg) &4 : 1.40 [s, 9H, CH3 Boc], 2.0 [m,
2H, CH,-CH,-CO-NH], 2.40 [m, 2H, CH,-CO-NH], 2.90 [m, 2H, CH,-NH-CO], 3.10 [m,
2H, CH,-NH-Boc], 4.30 [m, 1H, HOOC-CH-NH], 4.50 [d, 2H, phenyl-NH-CH, folic acid],
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6.60 [d, J= 8Hz, 2H, 2CH=CH phenyl folic acid ], 6.90 [t, 1H, phenyl-NH-CH,], 7.60 [d, J=
8Hz, 2H, 2CH=CH phenyl folic acid], 8.60 [s, 1H, N=CH Ar folic acid]. FT-IR (KBr disc)
Amax : 3360-2600 cm™ (OH and NH stretching), 1700 cm™ (C=0 of amide stretching), 1605
cm™ (C-O of acid stretching), 1168 cm™ (C-O stretching).

TFA (2 ml) was then added to Boc-EDA-FA and stirred at room temperature. After 2
h stirring, TFA was removed under reduced pressure and the resulting residue was dissolved
in anhydrous DMF. Pyridine was added until a formation of yellow precipitate and it was
subsequently washed with diethyl ether and dried to give N-(2-aminoethyl) folic acid (EDA-
FA) (80% yield, T, 290°C). *H NMR (400 MHz, DMSO-dg) 8y : 2.0 [m, 2H, CH,-CH,-CO-
NH], 2.40 [m, 2H, CH,-CO-NH], 2.60 [m, 2H, CH»-NH-CQ], 3.30 [m, 2H, CH,-NH;], 4.20
[m, 1H, HOOC-CH-NH], 4.40 [d, 2H, phenyl-NH-CH, folic acid], 6.60 [d, J= 8Hz, 2H,
2CH=CH phenyl folic acid], 6.90 [t, 1H, Phenyl-NH-CH,], 7.70 [d, J= 8Hz, 2H, 2CH=CH
phenyl folic acid] , 8.60 [s, 1H, N=CH Ar folic acid]. FT-IR (KBr disc) Amax : 3600-2800 cm’
! (OH and NH stretching), 1684 cm™ (C=0 of amide stretching), 1605 cm™ (C-O of acid
stretching), 1532-1335 cm™ (C-N bending), 1202-1132 cm™ (C-O stretching).

O COOH

4©)L WOH
H N/\/NH O‘é
z folic acid

tert-butyl N-(2-aminoethyl) carbamate

anh. DMSO, pyrldlne
DCC, rt

{tert-butyl N-(2-aminoethyl) carbamate} folic acid Ik)\

TFA

HOOC

N “Y\* J\@NH
N-(2-aminoethyl) folic acid Ik)\

Figure 2 Synthesis of N-(2-aminoethyl) folic acid (EDA-FA)
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2.2.7 Immobilization of folic acid on the surfaces of poly(AA)-coated MNPs

Poly(AA)-coated MNPs were dispersed in a 10 ml agueous solution containing NHS
(40 mg) and EDC'HCI (20 mg) and the mixture was kept in a dark place for 2 h. The particles
were recovered, washed with water and dried in vacuo. Then, the particles were added in a
solution of 200 mg of EDA-FA and 50 mg of EDC in 10 ml anhydrous DMSO. The
suspension was agitated overnight at 37 °C in dark. The particles were then recovered,
washed with DMSO and methanol several times and dried in vacuo.

2.3 Characterization

FTIR was performed on a Perkin-Elmer Model 1600 Series FTIR Spectrophotometer.
The solid samples were mixed with KBr to form pellets. Nuclear magnetic resonance
spectroscopy (NMR) was performed on a 400 MHz Bruker NMR spectrometer using CDCl;
as a solvent. Gel permeation chromatography (GPC) data was conducted on PLgel 10 um
mixed B2 columns and a refractive index detector. Tetrahydrofuran (THF) was used as a
solvent with a flow rate of 1 ml/min at 30°C. TEM were performed using a Philips Tecnai 12
operated at 120 kV equipped with Gatan model 782 CCD camera. TGA was performed on
SDTA 851 Mettler-Toledo at the temperature ranging between 25-600 °C at a heating rate of
20°C/min under oxygen atmosphere. VSM was performed at room temperature using a
Standard 7403 Series, Lakeshore vibrating sample magnetometer. The magnetic moment was
investigated over a range of applied magnetic fields from -10,000 to +10,000 G using 30 min
sweep time. Hydrodynamic diameter of the particles was measured via PCS using
NanoZS4700 nanoseries Malvern instrument. The sample dispersions were sonicated for 10
min before the measurement at 25°C. The presence of FA was investigated using SPECORD
S100 UV-Visible spectrophotometer (Analytikjena AG) coupled with a photo diode array
detector at Amax = 371 nm.

3. Results and discussion

The aim of this work is to modify MNP surfaces with poly(AA) and immobilize folic
acid on their surfaces. Poly(AA) grafted on the particle surfaces is thought to provide steric
and electrostatic stabilizations and dispersibility of the particles in agueous media. Another
major advantage of this system was that the carboxylic acid-enriched surfaces of poly(AA)-
grafted MNPs provided a platform for efficient surface immobilization of any functional
molecules such as DNA, drugs, protein and fluorescent molecules. Hence, the novelty of this
current work is that this is the first report on synthesizing multifunctional poly(AA)-coated

MNPs for attaching folic acid (FA), a model molecule in this work. Precedents have reported
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the immobilization of biomolecules on the distal ends of MNPs coated with other polymeric
surfactant [44-47]. This novel system is hypothesized to increase the loading efficiency of FA
on the MNP surfaces.

To perform surface-initiated ATRP from MNPs, BTPAm, a molecule containing an
ATRP initiating site was first synthesized through amidization between APS and BIBB,
followed by silanization of triethoxy silane of BTPAmM on MNP surface. The results of the
synthesis of BTPAm including FTIR and *H NMR are illustrated in supplementary data. To
immobilize BTPAmM on MNP surfaces, bare MNPs were first coated with oleic acid to form
well dispersed MNPs in toluene. The advantage of this procedure was that the MNPs were
well dispersible in the media before reacting with BTPAm, allowing BTPAm to effectively
silanize to their surfaces due to its greater surface approaching ability in the dispersed MNPs.

Figure 3 displays FTIR spectra of poly(t-BA)-coated MNPs withdrawn from the
dispersions at 1, 6, 12 and 24 h of ATRP reaction. Because ATRP is known as a controlled
radical polymerization, the time period for the ATRP reaction is thus crucial for tuning the
molecular weight of the polymers. A progressive growth of ester linkage signals (-O(C=0)-
stretching, ~ 1724 cm™ and C-O stretching, ~ 1147 cm™) of t-BA repeating units in relative to
those of a Si-O signal of the linker (~ 1100-1020 cm™ and ~ 800 cm™) indicated that the
molecular weights of poly(t-BA) on MNP surfaces increased as increasing ATRP reaction
time. It should be noted that the signal corresponding to Fe-O bonds from MNP core (~589

cm™) were observed throughout the reactions without significant change in its intensity.
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Figure 3 FTIR spectra of poly(t-BA)-coated MNP at various ATRP reaction times, A) 1 h,
B)6h,C)12hand D) 24 h

Weight loss from TGA technique of poly(t-BA)-coated MNPs at various ATRP
reaction times was investigated to determine the relative amount of poly(t-BA) that can be
grafted on the particle surface. It should be noted that the particles were separated from the
uncoordinated species using an external magnet. Using an assumption that % char yield was
the weight of magnetite remaining at 600 °C, the weight loss of the surface-modified MNPs
was thus attributed to the decomposition of organic components including BTPAmM and
poly(t-BA) that complexed to the particle surface. Hence, percent char yield of bare MNP and
MNP coated with BTPAmM were determined to obtain percent of BTPAm in the complexes in
each sample. According to TGA results, percent of BTPAm in the complexes was about 2
wt%, while percents of poly(t-BA) were 3 wt%, 15 wt%, 26 wt% and 43 wt% of the
complexes at 1, 6, 12 and 24 h ATRP reaction times, respectively (Figure 4). This was a
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supportive result to FTIR that poly(t-BA) chain length was prolonged when ATRP reaction

time was extended.
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Figure 4 TGA thermograms of poly(t-BA)-coated MNPs at various ATRP reaction times, A)
1h,B)6h,C)12h and D) 24 h

To investigate the molecular weight and the molecular weight distribution of poly(t-
BA), small amount of ethyl bromoisobutylate (EBiB) was added in the dispersion as a
“sacrificial initiator” to form free poly(t-BA) along with poly(t-BA) grafted on MNP. After
24 h of the reaction, the free poly(t-BA) was removed from the MNP complex using an
external magnet. According to GPC results, molecular weight of poly(t-BA) was about
18,600 g/mol and its molecular weight distribution was about 1.22. This narrow molecular
weight distribution indicated the living mechanism of controlled radical polymerization. *H
NMR spectrum of free poly(t-BA) is shown in supplementary data.

TEM images of MNP complexes at each step of the reaction are illustrated in Figure
5. Bare MNPs observed in Figure 5A were well organized because they were somewhat
uniformed in size, which was in the range of 6-10 nm in diameter with the average of about 8
nm. Surface modification of the MNPs resulted in a slightly broader size distribution due to
the presence of organic compounds coated on their surface (Figure 5B-5D). However, the
average particle size was not significant difference from those of bare MNPs. It should be
noted that poly(t-BA)-coated MNPs were well dispersed in toluene due to the existence of
hydrophobic poly(t-BA) on their surface (Figure 5C), while poly(AA)-coated MNPs were
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well dispersed in water because of the presence of hydrophilic and charge surfactants of
poly(AA) (Figure 5D).

Figure 5 TEM images of A) bare MNPs, B) BTPAm-coated MNPs, C) poly(t-BA)-coated
MNPs, D) poly(AA)-coated MNPs. In the TEM sample preparation, MNPs in Figure A-C

were dispersed in toluene and those in Figure D were dispersed in water.

The M-H curves of bare MNP, BTPAmM-coated MNP, poly(t-BA)-coated MNPs and
poly(AA)-coated MNP were illustrated in Figure 6. They showed superparamagnetic
behavior at room temperature as indicated by the absence of reminance and coercivity upon
removing an external applied magnetic field. According to the results in Table 1, the decrease
of saturation magnetization (Ms) from 59 emu/g of bare MNPs to 27 emu/g of poly(t-BA)-
coated MNPs was attributed to the presence of the organic surfactant on their surface,
resulting in the decrease of percent of magnetite in the complexes. After the hydrolysis of
poly(t-BA) to form poly(AA)-coated MNP, its Mg value increased from 27 to 39 emul/g
sample due to the removal of t-BA groups in poly(t-BA), which subsequently increased
percent of magnetite in the complexes. Interestingly, when taking percent of magnetite in the
complex into account, the Ms values in emu/g magnetite basis of these complexes were not

significantly different from each other, indicating that magnetic properties of the particles
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were not considerably affected upon ATRP of poly(t-BA) and hydrolysis to form poly(AA)-
coated MNPs.
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Figure 6 M-H curves of A) bare MNP, B) BTPAm-coated MNP, C) poly(t-BA)-coated
MNP and D) poly(AA)-coated MNP

Table 1 Percentage of magnetite in the complex and their magnetic properties

Sample emu/g sample® % Fe;0,4° emu/g Fe3O4
Bare MNP 59 90 65
BTPAm-coated MNP 53 88 60
Poly(t-BA)-coated MNP 27 45 61
Poly(AA)-coated MNP 39 63 62

2 Estimated from the saturation magnetization (M) at 10,000 G from VSM technique, "
Estimated from % char yield at 600 °C from TGA technique

After the hydrolysis reaction, it was conceived that MNPs having carboxylic acid-
enriched surfaces were obtained. These carboxylic acid functional groups are readily reactive
toward coupling reactions with other molecules having affinity functional groups such as
amine and alcohol. In the current work, folic acid (FA) was chemically immobilized on the
surface-modified MNPs. FA has two carboxylic acid groups at the a and y positions, which

can covalently react with amino functional groups of EDA. However, it has already been
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verified that y-COOH is more accessible to covalently react with amino groups due to its high
reactivity [49-50]. FA needs to be first activated with ethylene diamine (EDA) to obtain
primary amine-terminated FA (N-(2-aminoethyl) folic acid or EDA-FA). This logical strategy
enhanced the reactivity of FA to efficiently react with carboxylic acid over-expressed on the
surface of poly(AA)-coated MNPs through amidization reaction. Results of the synthesis of
EDA-FA including FTIR and *H NMR spectra were detailed in supplementary data.

In the grafting reaction between poly(AA)-coated MNPs and EDA-FA, N-hydroxyl
succinimide (NHS) was used to activate the dangling carboxylic acid groups. FTIR spectra of
the products in each step were thus illustrated in comparison with the starting compounds
(Figure 7). Figure 7A showed the FTIR spectrum of poly(AA)-coated MNPs and those of
NHS was depicted in Figure 7B. In Figure 7C, the sharp and strong characteristic signal of
ester linkages appeared at 1723 cm™, indicating the coupling reaction between carboxylic
acid of poly(AA)-coated MNPs and NHS. In addition, Fe-O linkages of magnetite core were
also observed at 586 cm™. After the coupling reaction with EDA-FA (Figure 7D), the
characteristic signals of FA, such as 1700-1500 cm™ and 1153-1069 cm™, appeared in the
FA-bound MNPs (Figure 7E), indicating the successful conjugation of FA on the MNP

surfaces.
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Figure 7 FTIR spectra of (A) poly(AA)-coated MNP, (B) NHS, (C) NHS-poly(AA)-coated
MNPs, (D) EDA-FA and (E) FA-poly(AA)-coated MNPs

UV-visible spectrophotometry was also applied to confirm the presence of FA in the
conjugated MNP complex. FA showed a Amax Value at 371 nm (Figure 8A), whilst those of
FA-conjugated MNPs also exhibited a weak absorbance signal at the same wavelength
(Figure 8B). It is worth to mention that poly(AA)-coated MNPs before FA loading did not
show any absorbance signal at the same wavelength (Figure 8C). This result implied that FA

was, to some extent, covalently conjugated to the MNP surfaces.
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Figure 8 UV-visible spectra of (A) folic acid (FA), (B) FA-conjugated MNPs and (C)
poly(AA)-coated MNPs without FA

To determine percentage of magnetite core and organic shell in the complexes in each
step of the reactions, the complexes were characterized via TGA to investigate their mass
loss. Bare MNPs manifested a drastic weight loss between 200-350 °C with 90 % char yield
(Figure 9A). This was attributable to the decomposition or desorption of the absorbed
ammonium salt at elevated temperature and eventually loss some weight [51-52]. The weight
loss of MNPs coated with BTPAm, poly(t-BA) and poly(AA) were attributed to the
decomposition of organic components complexing to the particle surface and % char yields
were the weight of magnetite core. From TGA thermograms in Figure 9B and 9C, there was
about 2 wt% of BTPAmM and 49 wt% of poly(t-BA) in poly(t-BA)-coated MNPs. The grafting
density of BTPAm, the initiating site for ATRP on the particle, can be calculated and it was
found that there was about 0.8 molecule/nm? (150 molecules/particle). Examples of the
calculation are illustrated in supplementary data. The grafting density of poly(t-BA) were
comparable to that of BTPAmM on the surface.

After the hydrolysis of poly(t-BA), percent of organic components in the case of
poly(AA)-coated MNPs significantly dropped (from 49 to 27 wt%) due to the removal of t-
BA groups from the polymeric layer of the particles (Figure 9D). The 27 wt% of poly(AA)
corresponded to 23 carboxylic acid/nm?® (4,600 acid/particle). From Figure 9E, there was
about 14 wt% of FA in the complex, corresponding to about 2 FA molecules/nm? (400 FA
molecules/particle). Therefore, percent conversion of carboxylic acid to FA was about 8%.
The lowering temperature of TGA curve in Figure 9E (FA-poly (AA)-coated MNP) as
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compared to that in Figure 9D (poly (AA)-coated MNP) was attributed to the weight loss of
FA component in the complex. The decomposed TGA thermogram of free FA has been
investigated and shown in supplementary data. In addition, it was also found that there was
about 2.7 FA molecules/site of the ATRP initiator (400 FA molecule/150 sites of BTPAmM in
a single particle). The limited number of the %conversion and grafting density of FA on the
particle surface was attributed to limited accessibility of bulky FA to react with steric
poly(AA). However, the grafting density of FA might be improved by copolymerization of
poly(AA) with other polymers to lessen steric hindrance of the compact poly(AA), so that FA
con be more effectively conjugated. Also, utilization of spacer from the particle surface is
another approach that can diminish steric hindrance on the dense surface.
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Figure 9 TGA thermograms of (A) bare MNP, (B) BTPAm-coated MNP, (C) poly(t-BA)
coated MNP, (D) poly(AA)-coated MNP and (E) FA-poly(AA)-coated MNP

Because carboxylic acid functional groups can be easily ionized in an aqueous
solution, it is thus interesting to understand how pH of the dispersions affect hydrodynamic
diameter and surface charge of poly(AA)-coated MNPs and FA-poly(AA)-coated MNP. pH

of the aqueous dispersions containing the complexes (0.2 mg/ml) were varied from
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approximately 1 to 11 and their hydrodynamic diameters were determined via PCS technique.
In both samples, as pH of the dispersions increased, their hydrodynamic diameters rapidly
decreased at acidic pH (ranging between pH 1.2-5.4) and gradually decreased at pH ranging
between 5.4-11.3 (Figure 10). It was hypothesized that as increasing pH of the dispersions,
ionization of carboxylic acid on the surface of poly(AA)-coated MNPs took place, resulting
in the formation of carboxylate ions on their surfaces. The negative charges of carboxylate
ions led to additional electrostatic repulsion toward neighboring particles and thus prevented
massive flocculation.

The results from zeta potential measurements also supported this assumption. The
surface charges of poly(AA)-coated MNPs were positive at the pH ranging between 1.2-6.5
and negative at the pH range of 6.5-11.3, implying that point of zero charge (PZC) of this
complex was pH 6.5 (Figure 10). It was also found that FA-containing complex showed a
slightly higher zeta potential than the other at pH ranging between 1.2-6.5. This was
attributed to the presence of amines in FA structure, resulting in protonated amino groups.
Similarly, the enriched amines in the complex might also influence the lower zeta potential in

FA-containing complex at basic pH.

Figure 10 The effect of pH of the aqueous dispersions containing poly(AA)-coated MNP
(®) and FA-poly(AA)-coated MNP (m) on their hydrodynamic diameter and zeta potential.

The experiments were performed at 25°C.

The large size of the particles in DLS as compared to those from TEM measurements
(8 nm in diameter) might come from the fact that there were some nano-clusters of particles

in the dispersions. These nano-clusters of the particles can be observed in TEM
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measurements from the first step of the particle synthesis (shown in supplementary data).
When poly(AA) was chemically grafted on their surface, these clusters still presented.
Although these nano-clusters existed in the dispersions, the particles were well dispersible in
aqueous dispersions without macroscopic aggregation visibly observed because there were
poly(AA) coated on their surface.

Cytotoxicity testings of poly(AA)-coated MNP and FA-poly(AA)-coated MNP were
also performed. According to our preliminary results, it was found that the dispersions were
not toxic against Vero cell line up to 50 pg/ml concentration of the sample (sulforhodamine B
(SRB) assay method). Detail studies regarding the toxicity of the magnetite complexes are

warranted for future studies.

4. Conclusions

This work presented a “grafting from” strategy to modify MNP surfaces with poly(t-
BA) via ATRP, followed by a hydrolysis of t-BA groups to obtain poly(AA) and finally
immobilization of folic acid on their surfaces. The originality of this work is that this is the
first report on modifying MNP surface with poly(AA) which serves as a platform for folic
acid immobilization. Because the folate receptor is overexpressed on the surface of cancer
cells, it is for this reason that folic acid is of particular interest in the current work in an
attempt to facilitate the intracellular uptake by specific cancer cells for cancer therapy. Folic
acid was successfully activated with ethylene diamine (EDA) to obtain primary amine-
terminated folic acid derivative. This logical strategy enhanced the reactivity of folic acid to
be efficiently immobilized on MNP surfaces through amidization reaction.

In addition to the use of binding affinity of carboxylic acid functional groups,
poly(AA) on their surface can also provide stabilization mechanisms through both steric
repulsion due to the long chain polymers and electrostatic repulsion owing to the formation of
negative charges in basic pH dispersions. Furthermore, poly(AA) on their surfaces also
promoted particle dispersibility in water, which is a minimum requirement for biomedical
uses. This novel magnetically guidable nanocomplex might be suitable for use as an efficient

drug delivery vehicle particularly for cancer treatment.
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Supplementary data: Proposed reaction mechanisms of trifluoroacetic acid (TFA) with the
polymers on MNP surface. FTIR and 'H NMR spectra of 2-bromo-2-methyl-N-(3-
(triethoxysilyl) propanamide (BTPAm) and N-(2-aminoethyl) folic acid (EDA-FA). *H NMR
spectrum of poly(t-BA), TEM images showing some nano-aggregation. Examples of
calculation of grafting density. TGA thermogram of folic acid.
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Supporting information 1 : Synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl)
propanamide (BTPAmM)
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Figure s1-1 Amidization reaction between APS and BIBB to obtain BTPAmM

BTPAmM was prepared through an amidization reaction between APS and BIBB.
Comparing with the FTIR spectrum of APS (Figure s1-2A) and BIBB (Figure s1-2B), Figure
s1-2C exhibited FTIR characteristic absorption peaks of BTPAm (1658 cm™ of -NH-CO-
carbonyl stretching, 1112-1026 cm™ of Si-O stretching, 1532 cm™ of N-H bending and 3345
cm™ of N-H- stretching). The signal at 1738 cm™ belonging to -(CO)-Br carbonyl stretching
indicated the slight remaining of unreacted BIBB after the reaction. It is important to mention
that the molar ratio of APS to BIBB used in this step was 1:1; it is possible to have some
unreacted BIBB or APS remaining after the reaction. However, the mixture was used in the
next step without further purification.
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Figure sl1-2

FTIR spectra of A) 3-aminopropyl triethoxysilane (APS), B) 2-bromoiso-
butyryl bromide (BIBB) and C) (2-bromo-2-methyl-N-(3- (triethoxysilyl) propanamide
(BTPAm)

Table s1-1 Functional group annotation of BTPAmM (Figure s1-2C)
Wavenumber (cm™)

Functional group
3345 N-H stretching

2975-2889 C-H stretching
1738

Acid bromide (-(CO)-Br) stretching

32
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1658 Amide (-(NH)-(CO) stretching

1532 N-H bending

1442 C-N stretching

1286 C-Br stretching
1112-1026 Si-O stretching

794 N-H out-of-plane bending

Figure s1-3C showed a *H NMR spectrum of BTPAm in comparison with APS
(Figure s1-3A) and BIBB (Figure s1-3B) starting reagents. In good agreement with FTIR
results, a distinctive shift of the *H NMR signal corresponding to methylene protons adjacent
to NH group (from 2.50 ppm, signal a, to 3.22 ppm, signal a’) indicated the formation of
BTPAmM. In addition, slight shifts of other signals such as methylene protons of signal b (1.45
ppm) to signal b’ (1.62 ppm), and methyl protons of signal f (2.50 ppm) to signal f* (2.40
ppm) also confirmed the formation of BTPAmM.

¢ ¢ a O
\/Oo\,Si/\/\N &’
0 | . H B
> 0O b r 2
T T T T T T N I I IR T T T
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Figure s1-3 *H NMR spectra of A) 3-aminopropyl! triethoxysilane (APS) (solvent: CDCls),
B) 2-bromoisobutyryl bromide (BIBB) (solvent: CDCI3) and C) (2-bromo-2-methyl-N-(3-
(triethoxysilyl) propanamide (BTPAmM) (solvent: CDCls3)
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Supporting information 2: Synthesis of N-(2-aminoethyl) folic acid (EDA-FA)

N-(2-aminoethyl) folic acid (EDA-FA) is a derivative of folic acid containing an
active primary amino functional group. The purpose of this step was to activate folic acid
such that it can readily react with carboxylic acid overexpressed on the surface-modified
MNPs prepared from the previous step. EDA-FA was synthesized from ethylene diamine
(EDA) starting reagent via a two-step synthesis; 1) protection of single amino group of EDA
and 2) coupling folic acid with the amino-protected EDA.

1. Protection of single amino group of ethylene diamine (EDA) with tert-butyl

carbamate (Boc)

0O O 0

NH anh. CH,Cl, /0 °C - 1t L
HNT 2t %*OJ\OJ\O% NIV

Lol

ethylene diamine di-tert-butyl dicarbonate tert-butyl N-(2-aminoethyl) carbamate

Figure s2-1 Synthesis of tert-butyl N-(2-aminoethyl) carbamate (EDA-Boc)

Comparing with the FTIR spectrum of di-tert-butyl dicarbonate (Boc,0O) (Figure
s2-2A), Figure s2-2B exhibited FTIR characteristic absorption signals of N-tert-
butoxycarbonyl-1,2-diaminoethane (EDA-Boc) (1693 cm™ of -NH-CO- carbony! stretching,
1172 cm™ of C-O stretching, 1525 cm™ of N-H bending and 3360 cm™ of N-H- stretching).
In good agreement with FTIR, "NMR results also indicated the formation of EDA-Boc due to
the presence of the methylene protons (signal b) at 3.15 ppm; (Figure s2-3); 'H NMR
(CDCl3): 6 = 1.43 (s, 9H, CHg3); 2.79 (m, 2H, CH,); 3.15 (m, 2H, CHy); 4.88 (bs, 1H, amide

proton). EDA-Boc appeared as colorless oil.
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Figure s2-2 FTIR spectra of A) di-tert-butyl dicarbonate (Boc,0) and B) N-tert-
butoxycarbonyl-1,2-diaminoethane (EDA-Boc)

Table s2-2A Functional group annotation of di-tert dicarbonate (Boc,0) (Figure s2-2A)

Wavenumber (cm™) Functional group
2984-2939 C-H stretching
1809-1759 Carbonate -O(CQ)O- stretching
1119-1070 C-O stretching

Table s2-2B Functional group annotation of N-tert-butoxycarbonyl-1,2-diaminoethane
(EDA-Boc) (Figure s2-2B)

Wavenumber (cm™) Functional group
3360 N-H stretching
2978-2933 C-H stretching
1693 Amide -(NH-COQ)- stretching
1525 Amide -(CO-NH)- bending
1366-1277 C-N bending

1172 C-O stretching




36

fL
SN o% a
2

b

ppm
Figure s2-3 The *H MNR spectrum of N-tert-butoxycarbonyl-1,2-diaminoethane (EDA-Boc)
(solvent: CDCls3)

2. Coupling folic acid with the amino-protected EDA
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H HOOC O
N
BocHN™ NH@NH
o) SN
N
Z N
{tert-butyl N-(2-aminoethyl) carbamate} folic acid ~
HO™ "N” "NH,
TFA
HOOC (6]

N-(2-aminoethyl) folic acid - |
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Figure s2-4 Synthesis of N-(2-aminoethyl) folic acid (EDA-FA)

A coupling reaction between the remaining amino group of EDA-Boc and
carboxylic acid of FA was performed. In comparison with those of EDA-Boc and FA (Figure
s2-5A and s2-5B, respectively), an FTIR spectrum of the resultant product (Boc-EDA-FA)
from the amidization reaction was depicted in Figure s2-5C. The spectrum showed the
characteristic peaks of both EDA-Boc and FA such as N-H stretching (3392 cm™), NH-CO-
stretching (1700 cm™), 1606 cm™ ((OC-OH) and 1513 cm™ (CO-NH bending). Upon removal

of Boc protecting groups, most of the characteristic signals still remained (Figure s2-5D).
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Figures2-5  FTIR spectra of A) N-tert-butoxycarbonyl-1,2-diaminoethane (EDA- Boc),
B) folic acid (FA), C) (tert-butyl N-(2-aminoethyl) carbamate) Folic acid (Boc-EDA-FA)
and D) N-(2-aminoethyl) folic acid (EDA-FA)
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Table s2-5B Functional group annotation of folic acid (FA) (Figure s2-5B)

Wavenumber (cm™) Functional group
3544-2566 (OH) stretching, N-H stretching vibration
1694 (COOH) stretching vibration
1605 NH- vibration
1484 phenyl ring
1411 OH of phenyl

Table s2-5C Functional group annotation of {tert-butyl N-(2- aminoethyl) carbamate}folic
acid (Boc-EDA-FA) (Figure s2-5C)

Wavenumber (cm™) Functional group
3392-2600 OH, N-H stretching
1700 Amide -(NH-CQ)- stretching
1605 -(OC-OH)- stretching
1513-1299 C-N bending
1168 C-O stretching

Table s2-5D Functional group annotation of N-(2-aminoethyl) folic acid (EDA-FA) (Figure
s2-5D)

Wavenumber (cm™) Functional group
3600-2800 N-H, O-H stretching
1684 Amide -(NH-COQ)- stretching
1605 -(OC-QOH) stretching
1532-1335 C-N bending
1202-1132 C-O stretching

Similarly to those of FTIR, 'H NMR spectra of all related compounds were
investigated and shown in Figure s2-6. Figure s2-6A depicted ‘H NMR of EDA-Boc and
Figure s2-6B illustrated those of FA. It was observed that there were signals of trace water in
DMSO appearing at (1.2, 2.5 and 3.3 ppm) in Figure s2-6B-6D. In Figure s2-6C, tert-butyl
N-(2-aminoethyl) carbamate) folic acid (Boc-EDA-FA), the coupling product of EDA-Boc
and FA, exhibited all characteristic signals of the expected product, indicating the formation
of Boc-EDA-FA. A slight shift of signal ¢ in Figure s2-6A to signal ¢’ in Figure s2-6C also
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indicated the occurrence of amidation reaction between EDA-Boc and FA. After removal of
the Boc protecting group, the methyl protons corresponding to t-butyl groups of Boc (peak a’,
1.33 ppm) disappeared (Figure s2-6D), indicating the formation of EDA-FA.

C i a
NH o%a
HNT
b c A
b
‘ | N Ju A
i h O COOH
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HN N OH
N7 ) o]
I
HoN” N” OH 5
K h i i d e
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C e' X
N a’ C
o
HO™ “N” NH,

ppm
Figure s2-6 ‘H NMR spectra of (A) N-tert-butoxycarbonyl-1,2-diaminoethane (EDA-Boc)
(solvent: CDCls3), B) folic acid (FA) (solvent: DMSO-Dg), C) (tert-butyl N-(2-aminoethyl)
carbamate) folic acid (Boc-EDA-FA) (solvent: DMSO-Dg) and D) N-(2-aminoethyl) folic

acid (EDA-FA) (solvent: DMSO-Dg)
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'H NMR spectrum of poly(t-BA) prepared via ATRP in dioxane and using DMF as an
internal standard. From the spectrum, the signals of poly(t-BA) were observed (peak a, b and
c). The sample was removed from the reaction without removal of t-BA monomer; the

signals of the monomer were thus observed in the spectrum.

Examples of the calculation of grafting density of BTPAm, poly(t-BA), carboxylic acid
and FA

From TEM analysis, particle diameter is 8 nm.
Surface area = 4.r*, where r = 4 nm
Thus, surface area of a single particle = 4 x 22/7 x 4> =201 nm?
Volume = 4/3.r, where r =4 nm
Thus, volume of a single particle = 4/3 x 22/7 x 4° = 268 nm®
Because density of magnetite = 5.26 g/cm® [reference 1-2] = mass/volume
Mass of a single particle =5.26 g/lcm® x 268 nm®
=141x10"%g
References
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From TGA result, FA-poly(AA)-coated MNPs possessed 60.8% Fe304, 1.7% BTPAM, 23.5%
PAA and 14% FA.

Weight of BTPAm coated on a single particle = (1.41 x 108 g).(1.7/60.8)
=3.94x10%g
Moles of BTPAm = (3.94 x 10%° g)/(156 g/mol) ; MW of BTPAm =156 g/mol
Number of BTPAmM = (3.94 x 10 g).(6.02 x 10* molecule/mol)/(156 g/mol)
~ 150 molecules/particle
~ 150 molecules/201 nm?

~ 0.8 molecule/nm?

Similarly, weight of poly(AA) coated on a single particle = (1.41 x 10 g).(23.5/60.8)
=5.48x10"g
Moles of carboxylic acid = (5.48 x 10™*° g)/(72 g/mol) ; MW of acrylic acid unit = 72 g/mol
Number of carboxylic acid = (5.48 x 10™*° g).(6.02 x 10?® acid/mol)/(72 g/mol)
~ 4,600 acid/particle
~ 4,600 acid/201 nm?

~ 23 acid/nm?

Similarly, weight of FA in a single particle = (1.41 x 10™*® g).(14/60.8)

=3.26x10"¢g



Moles of FA = (3.26 x 10 g)/(483 g/mol) ; MW of EDA-FA = 483 g/mol
Number of FA = (3.26 x 10™*° g).(6.02 x 10*® molecules/mol)/(483 g/mol)

~ 400 FA molecules/particle

~ 400 FA molecules/201 nm?

~ 2 FA molecule /nm?
Therefore, percent conversion of carboxylic acid to FA ~ 400/(400+4,600)

~ 8%
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Azlactone functionalization of magnetic nanoparticles using ATRP and their

bioconjugation

Yingrak Prai-in, Kritsada Tankanya, Boonjira Rutnakornpituk, Uthai Wichai, Véronique
Montembault, Sagrario Pascual, Laurent Fontaine* and Metha Rutnakornpituk*

Abstract: Surface modification of magnetite nanoparticle (MNP) with poly(poly(ethylene
glycol) methyl ether methacrylate-stat-2-vinyl-4,4-dimethylazlactone)  copolymers
(Poly(PEGMA-stat-VDM)) via atom transfer radical polymerization (ATRP) and its
application to anchor thymine peptide nucleic acid (PNA) monomer are reported. ATRP of
PEGMA and VDM was first performed in a solution system to optimize the reaction
condition and the optimal condition was then applied in the surface-initiated ATRP of MNP.
Fourier transform infrared spectroscopy (FTIR) indicated the presence of the copolymer in
the MNP complexes. After immobilization of thymine PNA monomer, thermogravimetric
analysis (TGA) results indicated that there were 4 wt% of the PNA monomer in the complex
(1.2 pmol/g complex). The existence of the PNA monomer in the complex was also
confirmed via FTIR and vibrating sample magnetometry (VSM). The MNP complex with
active surface might be efficiently used as magnetically guidable nanosolid support for PNA

oligomers and other molecules containing affinity functional groups.

Keywords: magnetite; azlactone; ATRP

Introduction

Magnetite iron oxide nanoparticles (MNP, Fe3O,) are widely studied in the present
days. MNP have been used for many biomedical applications such as magnetic resonance
imaging [1-3], drug delivery system [4-5], enzyme and protein immobilization [6-8], RNA
and DNA purification [9-11], and gene therapy [12-14]. The minimum requirements of MNP
for these applications are that it should be chemically stable, biocompatible, non-toxic, well
dispersible in liquid media and able to be bound with biological molecules such as peptides,
hormones, nucleotides or drugs [1-14]. Therefore, surface modification of MNP with various
polymers becomes a good choice to obtain biocompatible MNP and to enhance the
interaction between MNP and biological species.

Several methods, including physical adsorption of polymers to MNP surface,
emulsion polymerization in the presence of MNP and so-called “grafting-to” and “grafting-
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from” methods have been developed to prepare polymer-coated MNP [15-18]. Among these
methods, the “grafting-from” technique has been preferable because polymer chains are
grown from initiator-functionalized MNP surface by in situ polymerization to obtain a
permanent linkage of the polymers on its surface. Recently, several groups have applied atom
transfer radical polymerization (ATRP) based on a “grafting-from” method to prepare
polymeric layers on surface of MNP [19-21]. The advantages of this method are that the as-
synthesized polymer possesses low polydispersity index, controllable molecular weight,
functionality, composition distribution and desired polymer architecture [19-21].

In this work, we have applied a copper-mediated ATRP technique to synthesize
grafted statistical copolymer of poly(ethylene glycol) methacrylate (PEGMA) and 2-vinyl-
4,4-dimethylazlactone (VDM) onto MNP containing an ATRP initiator immobilized on its
surface. The azlactone ring of 4,4-dimethyl-5-oxazolone displays a high reactivity towards
nucleophilic molecules such as primary amines, alcohol and thiols by means of a ring-
opening addition reaction without the use of catalysts. In addition, there is no by-product
eliminated from the ring-opening reaction between VDM and nucleophiles [22-28].
Moreover, the azlactone functionality shows a good resistance to hydrolysis at neutral pH:
this is a considerable advantage compared to other activated acid forms [29].

We have previously studied the dependence of the molecular architecture of VDM-
styrene copolymer on accessibility of benzylamine as a model nucleophilic compound to
react with the azlactone rings grafted on a solid support. It was found that the statistical
architecture of VDM-styrene copolymer exhibited a good result in terms of reactivity and
efficiency in the azlactone-ring opening reaction due to the existence of styrene spacers
resulting in the open access to VDM units [24]. In the present work, water dispersibility of
MNP could be greatly improved by introducing a thin layer of PEGMA to its surface and the
presence of the azlactone rings of VDM serves as a site for immobilization of biological
nucleophilic molecules, such as enzymes [30] or proteins [31] on its surface. In this work,
thymine PNA monomer was used as a model compound for immaobilization onto the VDM-
grafted particles. FTIR, VSM and TGA techniques were used to verify the existence of

thymine PNA monomer on its surface.
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Scheme 1 Surface modification of MNP with poly(PEGMA-stat-VDM) copolymer via
ATRP reaction

Experimental

Materials

Unless otherwise stated, all reagents were used without further purification: iron (I11)
acetylacetonate (Fe(acac)s, 99.9%, Acros), benzyl alcohol (98%, Unilab), oleic acid (Fluka),
copper(l)bromide (99.999%, Aldrich), triethylamine (TEA, 97%, Carto Erba), ethyl-2-
bromoisobutyrate (EBiB, 98%, Aldrich), and thymine PNA (Acros). Poly(ethylene glycol)
methyl ether methacrylate (PEGMA, Aldrich) with average molecular weight M = 300
g.mol™ was purified by passing through basic alumina and stored at -4°C after purification. 2-
Vinyl-4,4-dimethylazlactone (VDM, 99.4%, ISOCHEM), was distilled in vacuo and stored at
-15°C after purification. Tris-[2-(dimethylamino) ethylJamine (MesTren) [32] and 2-bromo-
2-methyl-N-(3-(triethoxysilyl)propyl)propanamide (BTPAmM) [21] were prepared according to

previously reported procedures. CH,Cl, and diethyl ether were dried with P,Os and distilled

BTPAm-coated MNP
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prior to use. N,N-dimethylformamide (DMF, Acros), toluene (Acros) and CDCls (99%,

Euriso-Top) were used as received.

Characterization

'"H NMR spectra were obtained from a Bruker AC 200-MHz spectrometer using
CDCl; as a solvent. Molar masses and molar mass distributions were determined via size
exclusion chromatography (SEC) at 35°C on a system equipped with a Spectra System
AS1000 autosampler with a guard column (Polymer Laboratories, PL gel 5 um guard, 50 x
7.5 mm) followed by two columns (Polymer Laboratories, two PL gel 5 um Mixed — D
columns, 2 x 300 x 7.5 mm). Polystyrene standards (580-483 x 10% g.mol™) were used to
calibrate the SEC. Fourier transform infrared (FTIR) analyses were recorded using a Nicolet
Avatar 370 DTGS spectrometer in the attenuated total reflection (ATR) mode. Elemental
analysis was performed by the Service Central d’Analyses du Centre National de Recherche
Scientifique, Gif-sur-Yvette (France). TEM images were taken using a Philips Tecnai 12
operated at 120 kV equipped with Gatan model 782 CCD camera. The particles were re-
suspended in toluene or DMF with sonication before deposition on a TEM grid. Magnetic
properties of the particles were measured at room temperature using a Standard 7403 Series,
Lakeshore vibrating sample magnetometer (VSM). Magnetic moment of each sample was
investigated over a range of £ 10000 G of applied magnetic fields using 30 min sweep time.
Thermogravimetric analysis (TGA) was performed on SDTA 851 Mettler-Toledo at the
temperature ranging between 25-600°C at a heating rate of 20°C/min under oxygen
atmosphere. XRD patterns of the particles were collected on a Philips X’pert X-ray
diffractometer under CuK, radiation (A = 1.540598 A) operated at 30 kV and 26 ranging from
0-90°.

General procedure for the synthesis of poly(PEGMA-stat-VDM) copolymers via ATRP
in solution

An example of the synthesis of poly(PEGMA-stat-VDM)  using
EBiB/CuBr/MesTren/PEGMA/VDM of 1/1/1/50/50 is illustrated. CuBr (0.0287 g, 0.2 mmol)
was added to a Schlenk tube equipped with a stir bar. After sealing with a rubber septum, the
Schlenk tube was deoxygenated with three vacuum/argon fill cycles. A degassed solution of
PEGMA (6 g, 20 mmol), VDM (2.78 g, 20 mmol), toluene (70 % v/v, 6 mL), EBiB (0.039 g,
0.2 mmol) and DMF (5 % v/v, 0.4 mL) (used as an internal standard) was added to the
Schlenk tube containing CuBr via a cannula. The resulting solution was further degassed
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using freeze/pump/thaw cycles in vacuo. Degassed MegTren (0.046 g, 0.2 mmol) was added
(t= 0) to the Schlenk tube and it was then placed in an oil bath preheated to a desired
temperature. The samples were withdrawn periodically via a degassed syringe for conversion

measurements and SEC analyses.

Synthesis of MNP coated with ATRP initiators (BTPAmM-coated MNP)

BTPAmM-coated MNP was prepared via a three-step reaction; (1) synthesis of MNP
core, (2) coating the MNP with oleic acid and (3) grafting BTPAm onto the oleic acid-coated
MNP. MNP was synthesized via a thermal decomposition reaction according to the procedure
previously reported [33]. Namely, Fe(acac)s (5 g, 14.05 mmol) and benzyl alcohol (90 mL)
were mixed in a three-necked round bottomed flask equipped with a mechanical stirrer and
septum. The mixture was set at 180°C for 48 h with nitrogen flow. After the reaction, the
precipitant was removed from the dispersion using an external magnet and washed with
ethanol and CH,ClI; repeatedly to remove benzyl alcohol. The particles were then dried at
room temperature under reduced pressure. To prepare oleic acid-coated MNP, and MNP-
toluene dispersion (0.8 g of dried MNP in 30 mL of toluene) was sonicated for 1 h. Oleic acid
(4 mL) was then slowly dropped into the dispersion and sonicated for 3 h under nitrogen
atmosphere. To immobilize BTPAmM onto the MNP surface, the oleic acid-coated MNP
dispersed in toluene was mixed with BTPAm using TEA as a catalyst. The reaction was
carried out at room temperature for 24 h under nitrogen atmosphere. The dispersion was
precipitated in methanol and washed with toluene to remove oleic acid and ungrafted
BTPAmM from the dispersion. The Br loading calculated from elemental analysis (%Br =
0.71%) was estimated to 8.89 x 10 mmol.g™*.

Synthesis of poly(PEGMA-stat-VDM)-coated MNP via ATRP

BTPAmM-coated MNP dispersed in toluene was sonicated for 20 min and degassed
using argon. This suspension was then added to a degassed Schlenk tube containing CuBr,
PEGMA, VDM, EBIB (used as a free initiator), and DMF (used as an internal standard) via a
cannula. Degassed MegTren ligand was added to the above dispersion (t=0) and the mixture
was set in an oil bath preheated at 30°C. The samples were withdrawn periodically via a
degassed syringe to monitor the monomer conversions via *H NMR spectroscopy and to
determine molecular characteristics of the copolymer via SEC analyses. At the end of the

copolymerization, the surface-modified MNP were separated from the mixture by external



50

magnet, precipitated into diethyl ether and dried in vacuo. The as-synthesized poly(PEGMA-
stat-VDM)-coated MNP resulted as a fine black powder.

Immobilization of thymine PNA monomer on the poly(PEGMA-stat-VDM)-coated MNP

The synthesis procedure of thymine PNA monomer is explained in details in the
supporting information. Thymine PNA monomer (10 mg) was added into a dispersion of
poly(PEGMA-stat-VDM)-coated MNP (10 mg) in DMF (10 mL). The mixture was sonicated
at room temperature for 6 h under argon atmosphere. The particle was then collected using an
external magnet and washed with DMF repeatedly to remove ungrafted thymine PNA

monomer from the particle surface.
Results and discussion

Synthesis of poly(PEGMA-stat-VDM) via ATRP in solution

In the present work, a statistical copolymer of PEGMA and VDM was first
synthesized in toluene using CuBr/MegTren catalytic complex in the presence of EBIB as an
initiator. CuBr and MegTren were selected as a catalytic complex in the present work.
Fontaine et al. have reported that using MegTren ligand led to a good control in
polymerization of VDM: the experimental molecular weights were comparable to the
theoretical values and narrow polydispersities were obtained [34]. Molar ratio of
CuBr/MesTren/EBIB was studied in order to determine the best experimental conditions to
obtain a good control in molecular weight and molecular weight distribution. The selected
reaction conditions would then be used for surface-initiated ATRP of PEGMA and VDM
from magnetite nanoparticles, which would be then used for immobilizing thymine PNA
monomer on their surface.

A EBIiB/CuBr/MegTren molar ratio of 1/1/1 has successfully been used in our group
to synthesize well-defined (co)polymers based on VDM in solution [34]. Therefore, in this
work, poly(PEGMA-stat-VDM) was synthesized via ATRP of PEGMA and VDM monomers
using the same catalytic/initiator system and similar catalyst/ligand ratios. Table 1 shows the
summary of the statistical copolymerizations of 50/50/1 molar ratio of PEGMA/VDM/EBIB
at various CuBr/MegTren ratios.
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Table 1. ATRP of mixtures of PEGMA and VDM using various molar ratios of EBIB

initiator and CuBr/MegTren catalytic complexes in toluene.

entry  EBIB/CuBr Temp time conv® (%) M, ’thb M, sect oD ©
/MegTren (°C)  (min) SEGNMA VDM (@mol)  (g/mol)

1 1/1/1 50 30 83 90 18705 29400 2.17

2 1/0.5/0.5 30 90 70 82 16199 18600 1.72

3 1/0.2/0.2 30 90 52 61 12039 14400 1.35

2 Calculated via "H NMR spectroscopy.
° M, 1= ([PEGMA]/[EBIB]y X conV.pecma X Meeama) + ([VDM]o/[EBIB]o X conv.ypm X

Mvpm).
¢ Measured via SEC (calibrated with polystyrene standard).

A preliminary experiment was performed in toluene at 50°C using [EBiB]o/
[CuBr]o/[MesTren]o ratio of 1/1/1 (entry 1, Table 1). Figure 1 shows that conversions of
PEGMA and VDM reached 83% and 90%, respectively, after 30 min of polymerization time.
Moreover, the In([M]o/[M]) vs time plot shows a curvature and reaches a plateau after 30 min
of the reaction, indicating the presence of irreversible terminations. This phenomenon is
confirmed by the relative broad polydispersity indices obtained (PDIs = 2.17) (Figure 2). A
decrease of [EBIiB]o/[CuBr]o/[MesTren], ratio to 1/0.5/0.5 and a decrease of the reaction
temperature to 30°C resulted in a decrease of PEGMA and VDM conversion to 70 % and 82
%, respectively (after 90 min, entry 2, Table 1 and Figure 3). However, the polydispersity
indices were still high (PDIs = 1.40-2.19) for a controlled radical polymerization (Figure 4).
In addition, the In([M]o/[M]) vs time plot again shows a decrease of active species

concentration, which is compatible with the presence of irreversible terminations (Figure 3).
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Figure 1. The In([M]o/[M]) vs time plot and monomers conversions vs time plot of ATRP of
PEGMA and VDM using [PEGMA]o/[VDM]o/[EBiB]o/[CuBr]o/[MesTren]o molar ratio =
50/50/1/1/1, in toluene at 50°C.
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Figure 2. Dependence of M, and M, /M_ (PDI) with monomer conversion of ATRP of

PEGMA and VDM using [PEGMA]o/[VDM]o/[EBIiB]o/[CuBr]o/[MesTren]o molar ratio =

50/50/1/1/1, in toluene at 50°C.
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Figure 3. The In([M]o/[M]) vs time plot and monomers conversions vs time plot of ATRP of
PEGMA and VDM using [PEGMA]o/[VDM]o/[EBiB]o/[CuBr]o/[MesTren]o molar ratio =
50/50/1/0.5/0.5, in toluene at 30°C.
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Figure 4. Dependence of M, and M, /M_ (PDI) with monomer conversion of ATRP of

PEGMA and VDM using [PEGMA]o/[VDM]o/[EBiB]o/[CuBr]o/[MesTren]o, molar ratio =
50/50/1/0.5/0.5, in toluene at 30°C

When a 1/0.2/0.2 molar ratio of [EBIiB]o/[CuBr]o/[MesTren]o was used, the
In([M]o/[M]) vs time plot was linear at the beginning, indicating that the concentration of
active species was constant in the first step of the polymerization (Figure 5). At 90 min, 52 %
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of PEGMA conversion and 61% of VDM conversion were reached (entry 3, Table 1). The
polydispersity index in this case decreased to 1.35 and the M_n values increased with the

monomer conversion, and they are somewhat closed to the theoretical values (Figure 6). This
experiment clearly shows that a decrease of the catalytic complex-to-initiator ratio allows a
better control of the ATRP of PEGMA and VDM in toluene.
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Figure 5. The In([M]o/[M]) vs time plot and monomers conversion vs time plot of ATRP of
PEGMA and VDM using [PEGMA]o/[VDM]o/[EBIiB]o/[CuBr]o/[MesTren]o molar ratio =
50/50/1/0.2/0.2, in toluene at 30°C.



55

conversion (%)

Figure 6. Dependence of M, and M /M _ (PDI) with monomer conversion of ATRP of

PEGMA and VDM using [PEGMA]o/[VDM]o/[EBiB]o/[CuBr]o/[MesTren]o molar ratio =
50/50/1/0.2/0.2, in toluene at 30°C.

Preparation of poly(PEGMA-stat-VDM)-coated MNP via ATRP

To  perform  ATRP  from MNP  surface,  2-bromo-2-methyl-N-(3-
(triethoxysilyl)propyl)propanamide (BTPAmM), a molecule containing an ATRP initiating site,
was first immobilized onto the particle surface via silanization reaction using the triethoxy
silane group of BTPAm. FTIR spectrum of BTPAm-coated MNP shows characteristic
absorption signals of BTPAm: C-O (1111-1109 cm™), N-H (3346 cm™), NH-CO (1643 cm™),
indicating the anchorage of BTPAm (Figure 7B). Elemental analysis indicated the presence
of 0.71% Br in the MNP, corresponding to 8.89 x 10> mmol Br per gram of MNP.

Then, to prepare statistical copolymers based on PEGMA and VDM grafted onto
MNP surface, the optimal condition established previously for ATRP in solution were used.
Because the MNP-supported copolymers were undetectable in NMR technique, the free
initiator EBIB (also called “sacrificial” initiator) was added to the reaction to easily monitor
the reaction progress. Such a strategy was previously applied to VDM monomer by our group
[24]. Therefore, monomer conversions and copolymer compositions, discussed in the latter
section, were investigated from the free copolymers via NMR spectroscopy. The reaction was
carried out in toluene at 30°C using [PEGMA]o/[VDM]o/[EBiB]o/[BTPAmM-coated
MNP]o/[CuBr]o/[MesTren]o in a 100/100/1/1/0.4/0.4 molar ratio. This molar ratio was
adjusted in accordance with the fact that there were both ATRP initiating sites (BTPAmM)
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grafted on particle surface and a free initiator (EBIB) in this system. After the ATRP
reactions, the particles in the dispersion were magnetically separated from the mixture. The
aggregate was used in FTIR and VSM characterizations, and the supernatant containing the
free copolymers was used in SEC and NMR analyses.

Figure 7C shows FTIR spectrum of poly(PEGMA-stat-VDM)-coated MNP compared
with those of bare MNP (Figure 7A) and BTPAm-coated MNP (Figure 7B). Poly(PEGMA-
stat-VDM)-coated MNP exhibited a characteristic signal of azlactone rings of VDM units at
1816 cm™ (-C=0 stretching), 1203 cm™ (C-O-C stretching) and that of PEGMA at 1722 cm™
(-C=0 stretching) (Figure 7C), indicating the presence of the copolymer in the complex. A
broad and strong band of Fe-O from MNP cores was also observed at 578 cm™.

3346 cm'!
N-H stretching
C-H stretching

1643 cm’!
NH-CO- 1111-1109 cm'!

552 emt . .
1552 cm 5i-0 stretching

N-H bending

1816 cm’!
C=0
of azlactone ring 1722 cm-!
«C0)-0 c-0C
of azlactonering 1113 em’!

C-0 stretching

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600 400

wavenumber (cm!)

Figure 7. FTIR spectra of (A) bare MNP, (B) BTPAm-coated MNP and (C) poly(PEGMA-
stat-VDM)-coated MNP

Table 2 shows the monomer conversion, M_n and polydispersity indices (PDI) of

poly(PEGMA-stat-VDM) produced by the free initiator. It was found that the monomer
conversions of PEGMA and VDM in BTPAm-coated MNP reached 24% and 29%,
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respectively, after 24 h of reaction, while those in the solution system with the same reaction

conditions proceeded in a much shorter time (25% and 31%, respectively, in 30 min reaction)

(see Table S3 in the supporting information). This phenomenon has been previously observed

in the surface-initiated ATRP of VDM from the Wang resin solid support [24]. M_n

gradually increased when the reaction conversions increased, indicating the growth of the

copolymer chains. In all cases, the M_n sec values were higher than the theoretical ones and

their distributions were narrow (PDIs = 1.09-1.21) throughout the reaction (Table 2).

Table 2. Summary of monomers conversions, M_n and PDIs of poly(PEGMA-stat-VDM)

copolymers using 100/100/1/0.4/0.4 molar ratio of [PEGMA]./[VDM]o/[EBIB]o/[CuBr]o/

[MesTren]o, respectively, in toluene at 30°C

tim.e conv® (%) M, o M, sec oDI°
(min) PEGMA VDM (9/mol) (g/mol)

0 0 0 0 0 0
30 13 16 3062 3800 1.20
45 14 17 3282 4100 1.21
60 15 20 3640 5400 1.19
90 18 22 4229 7700 1.14
120 18 25 4438 7900 1.13
150 20 24 4668 8000 1.13
180 22 28 5246 8100 1.13
1440 24 29 5616 8300 1.09

2 Determined via ‘*H NMR spectroscopy (monomer depletion monitored relative to DMF used

as an internal standard). b M_n th= ([PEGMA](J/[EBIB]O X CONV.pegma X MPEGMA) +

([VDM]o/[EBiB]o x conv.vpm X Mypm). © Measured by SEC (calibrated with polystyrene

standard).
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Immobilization of thymine PNA monomer on poly(PEGMA-stat-VDM)-coated MNP

The as-synthesized poly(PEGMA-stat-VDM)-coated MNP containing active
azlactone functional groups were then used as a magnetically guidable-nanoscale amine
support. In this study, thymine PNA monomer was selected as a model compound for
grafting onto the particle surface. It is anticipated that these novel copolymer-coated MNPs
can be used as a nanosolid support for PNA oligomer immobilization. Because precedents
have reported the utilization of PNA oligomer as a probe for detection of DNA sequences
[35-38], the attachment of PNA oligomers on these copolymer-coated MNP is warrant for
further studies.

The immobilization process of thymine PNA monomer on the particle surface was
performed in anhydrous DMF at room temperature for 6 h (Scheme 2). Figure 8C shows the
disappearance of cyclic carbonyl of azlactone rings at 1816 cm™ [24] and the appearance of a
signal at 1159 cm™ corresponding to a C-H stretching of thymine [39], indicating the

presence of thymine PNA monomer in the complex.
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Scheme 2 Immobilization of thymine PNA monomer onto poly(PEGMA-stat-VDM)-coated
MNP
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Figure 8. FTIR spectra of (A) thymine PNA monomer, (B) poly(PEGMA-stat-VDM)-coated
MNP and (C) poly(PEGMA-stat-VDM)-coated MNP immobilized with thymine PNA

monomer

TEM images of MNP complexes at each step of the reaction are shown in Figure 9.
Bare MNP was not well dispersible in any solvent due to the lack of polymer coating; TEM
experiments were not performed on bare MNP sample. After coating with oleic acid, the
particles were well dispersible in toluene. Therefore, the TEM image shown in Figure 9A was
prepared from the particle dispersion in toluene. The particle size was in the range of 7-14 nm
with the average diameter of 9 nm. After surface modification of the particle with
poly(PEGMA-stat-VDM) in DMF, there was some nanoscale aggregation of about 30-50
particles/cluster (Figure 9B). After immobilization of thymine PNA monomer on their
surface, more aggregation of the particles was observed (about 100 particles/cluster) (Figure
9C). The presence of hydrophobic thymine PNA monomer units on surface of the complexes
might promote the particle aggregation in DMF. Although there was some nano-aggregation
observed in TEM, these complexes were still visually re-dispersible in various solvents, such
as THF, DMF and toluene, probably due to the presence of the polymeric thin film on their
surface. A TEM image showing the presence of polymeric thin films on the particle surface

was illustrated in the supporting information.
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Figure 9. TEM images of (A) oleic acid-coated MNP (prepared from toluene dispersion), (B)
poly(PEGMA-stat-VDM)-coated MNP (prepared from DMF dispersion) and (C)
poly(PEGMA-stat-VDM)-coated MNP immobilized with thymine PNA monomer (prepared
from DMF dispersion)

TGA studies were carried out to determine the mass loss of the organic components in
the grafted-MNP. The MNP complexes in each step of the reaction showed their distinctive
TGA curves, giving rise to the information of the amount of BTPAm, poly(PEGMA-stat-
VDM) and thymine PNA monomer in the grafted-MNP (Figure 10). The slight loss in mass
of bare MNP was attributed to the residual benzyl alcohol used as the reaction solvent in the
MNP preparation step. According to the TGA results, there were about 6 wt% of BTPAm and
17 wt% of poly(PEGMA-stat-VDM) copolymer in the complexes. After the immobilization
step of thymine PNA monomer, an increase in weight loss as compared to the one before the
grafting reaction was observed (Figure 10D), indicating that there were about 4 wt% thymine
PNA monomer grafted to the grafted-MNP. This number corresponds to about 1.2 umol of
thymine PNA monomer per gram of the grafted-MNP (An example of the calculation is show
in the supporting information). This was a supportive result to FTIR that thymine PNA
monomer existed in the copolymer-coated MNP.
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Figure 10. TGA curves of (A) bare MNP, (B) BTPAm-coated MNP, (C) poly(PEGMA-stat-
VDM)-coated MNP and (D) poly(PEGMA-stat-VDM)-coated MNP immobilized with

thymine PNA monomer

The M-H curves measured at room temperature of the particles in each step of the
reaction are illustrated in Figure 11. As illustrated in the inset, all samples showed no
hysteresis at room temperature. The decrease of saturation magnetization (M) from 56 emu/g
of bare MNP to 49 emu/g of BTPAm-coated MNP was attributable to the presence of
BTPAmM thin layer on the particle surface, resulting in the decrease of the percentage of MNP
core in the complex (Figure 11). Likewise, the M values of poly(PEGMA-stat-VDM)-coated
MNP (36 emu/g) and poly(PEGMA-stat-VDM)-coated MNP immobilized with thymine
PNA monomer (34 emu/g) were significantly lower than those of the BTPAmM-coated MNP,
which was again devoted to the decrease of MNP content in the complexes owing to the
copolymer/thymine coating. This was in good agreement with the FTIR result indicating the
presence of the copolymer in the complex. When taking the percentage of magnetite in the
complex into account, the Mg values in emu/g magnetite basis were in the range of 46-56
emu/g magnetite (see Table S4 in the supporting information). The slight drop in the M;
values in emu/g magnetite basis was attributed to the use of organic solvents, e.g. DMF, in
surface modification reactions, which might, to some extent, affect the magnetic properties of
MNP core.
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Figure 11. M-H curves of A) bare MNP, B) BTPAm-coated MNP, C) poly(PEGMA-stat-
VDM)-coated MNP and (D) poly(PEGMA-stat-VDM)-coated MNP immobilized with
thymine PNA monomer. The expansion in the range of £500 G of applied filed is shown in
the inset.

The crystal structures of each complex were also investigated. From XRD studies, the
position and relative intensities of all diffraction signals of bare MNP and poly(PEGMA-stat-
VDM)-coated MNP matched well with the characteristic peaks of magnetite crystal [40] (26
= 30.2° 35.6°% 43.3° 53.7°, 57.2° and 62.7°) obtained from the standard FesO, powder
diffraction data (see Figure S10 in the supporting information). Due to the limited amount of
the as-synthesized poly(PEGMA-stat-VDM)-coated MNP immobilized with thymine PNA
monomer, determination of its crystal structure via the XRD technique was not possible.
Selected area electron diffraction (SAED) was thus performed to study the crystal structure
information of the MNP immobilized with thymine PNA monomer (see Figure S11 in the
supporting information). Its SAED pattern revealed that the particles were crystalline and the

d-values of the SAED were in good agreement with those observed in Fe;O4 [41].
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Conclusions

This work presented the surface modification of MNP with the statistical copolymer
between PEGMA and VDM via ATRP to obtain the particles containing active functional
groups on its surface. Hydrophilic PEGMA promoted good dispersibility to the particle in
polar solvents and azlactone rings served as active functional groups for further chemical
attachment with nucleophiles of interest. Surface-initiated ATRP of the copolymer via a
“grafting from” strategy from the particle produced the active polymer layer with a
predicable and controllable fashion. The nanosolid supports were successfully used for
immobilization of thymine PNA monomers on its surface. The results signified the feasibility
to functionalize the surface of these novel azlactone-based nanoparticles with a broad range
of other nucleophilic scavengers such as hydroxyl- and thiol-containing compounds.
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Supporting Information

Part 1. Synthesis of tris-[2-(dimethylamino)ethyllamine (MegTren) and 2-bromo-2-
methyl-N-(3-(triethoxysilyl)propyl)propanamide (BTPAmM)

(A) Synthesis of tris-[2-(dimethylamino)ethyllamine (MegTren) (Figure S1)

Tris-(2-aminoethyl)amine (Tren) (10 mL, 0.33 mol, 1 equiv.) was slowly dropped into
the mixture of formic acid (64 mL, 6.67 mol, 20 equiv.) and formaldehyde (54 ml, 3.34 mol,
10 equiv.) at 0°C in an ice bath. The mixture was heated to 120°C and stirred under reflux
overnight. Unreacted formic acid and formaldehyde were removed by rotary evaporation.
Then, the resulting orange oil was adjusted to pH 10 with saturated sodium hydroxide
solution. The oil layer was extracted into diethyl methyl ether (four times), and the volatiles
removed by rotary evaporation to leave a yellow oil. The resulting oil was distilled under

reduced pressure (69°C, 0.5 mmHg) to give a colorless liquid. Yield 84%.

N . .
HQN% %NHE Formaldehyde, Formic acid . EN%’NW”%N::
\ Reflux 120°C , overnight \
MH2 M
PN
Tris-(2-aminaethyllamine (Tren) Triz-[2-(dimethyl amina)ethyllamine
(MegTren)

Figure S1. Synthesis of tris-(2-(dimethylamino)ethyl)amine (MegTren)

Figure S2B showed a *H NMR spectrum of MegTren in comparison with that of Tren
starting reagent (Figure S2A), the formation of MegTren was identified by the presence of the
methyl protons at 2.14 ppm (signal a). Also, the methylene protons of signal b (2.52 ppm)

and signal ¢ (2.28 ppm) confirmed the formation of MegTren.
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Figure S2. *H NMR spectra of (A) tris-(2-aminoethyl)amine (Tren) (solvent:CDCls), and
tris-(2-(dimethylamino)ethyl)amine (MegTren) (solvent: CDCls).

(B) Synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl)propanamide (BTPAmM)
(Figure S3)

To a stirred solution of 3-aminopropyl triethoxysilane (APS) (0.18 mL, 0.8 mmol)
and triethylamine (TEA) (0.12 ml, 0.8 mmol) in dried toluene (10 ml), 2-bromoisobutyryl
bromide (BIBB) (0.1 mL, 0.8 mmol) in dried toluene (10 ml) was added dropwise at 0°C for
2 h under nitrogen. The reaction mixture was warmed to room temperature and stirred for 24
h. The mixture was passed through a filter paper to remove salts and the filtrate was
evaporated to remove the unreacted TEA under reduced pressure. The resulting product,
BTPAmM, was yellowish thick liquid (78% vyield).
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Figure S3. Reaction between APS and BIBB to obtain BTPAmM

BTPAmM was prepared through an amidization reaction between APS and BIBB.
Comparing with the FTIR spectra of APS and BIBB, Figure S4C showed FTIR characteristic
absorption peaks of BTPAm (1658 cm™ of -NH-CO- carbonyl stretching, 1112-1026 cm™ of
Si-O stretching, 1532 cm™ of N-H bending and 3345 cm™ of N-H- stretching). The signal at
1738 cm™ belonging to -(CO)-Br carbonyl stretching indicated the slight remaining of
unreacted BIBB after the reaction.

Figure S5C showed a *H NMR spectrum of BTPAm in comparison with APS and
BIBB starting reagents. In good agreement with FTIR results, a distinctive shift of the 'H
NMR signal corresponding to methylene protons adjacent to NH group (from 2.50 ppm,
signal a, to 3.22 ppm, signal a’) indicated the formation of BTPAm. In addition, slight shifts
of other signals such as methylene protons of signal b (1.45 ppm) to signal b’ (1.62 ppm), and
methyl protons of signal f (2.50 ppm) to signal f* (2.40 ppm) also confirmed the formation of
BTPAmM.
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bromide (BIBB) and C) (2-bromo-2-methyl-N-(3- (triethoxysilyl) propanamide (BTPAmM)

N ¢ oa Qo
>/\%\/S!/\/\N d’
¢ 20 b H B a’
T T T T T T T HLIML B I I T T T T
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

ppm

Figure S5. *H NMR spectra of A) 3-aminopropy! triethoxysilane (APS) (solvent: CDCls), B)
2-bromoisobutyryl bromide (BIBB) (solvent: CDClIs) and C) (2-bromo-2-methyl-N-(3-
(triethoxysilyl) propanamide (BTPAmM) (solvent: CDCls3)
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Part 2. Synthesis of poly(PEGMA-stat-VDM) by ATRP in solution in different reaction
conditions

(A) Synthesis of poly(PEGMA-stat-VDM) by ATRP in solution

Conditions: [PEGMA]/[VDM]o/[EBiB]o/[CuBr]o/[MesTren]o, = 50/50/1/1/1

Temperature: 50°C

Solvent: 70% v/v toluene

Internal standard: 5% v/v DMF

Table S1 Summary of monomer conversion, molecular weight and PDI of statistical
copolymers poly(PEGMA-stat-VDM) obtained by ATRP using [EBiB]o/[CuBr]o/[MesTren]o
molar ratio = 1/1/1-in toluene (70% v/v) at 50°C.

tim'e conv® (%) M. > M, sec oDI°
M) —SeemA VoM (@/mol)  (gmol)

0 0 0 0 0 0

30 83 90 18705 29400  2.17
60 84 92 18994 54200  2.44
90 84 93 19064 34800  3.00
120 88 94 19733 52200  3.12
180 89 94 53122 19900  3.28
240 90 95 33327 20100  4.09
300 89 95 41552 20000 371

2 Determined by *H NMR spectroscopy (monomer depletion monitored relative to DMF,
which was used as an internal standard). ® M., = ([PEGMA]W/[EBiB]o X cONV.pecma X

Mpegmal + [VDM]o/[EBiB]o % conv.vom X Myvpm]). © Measured by SEC (calibrated with

polystyrene standards).



Figure S6. Monitoring of monomers conversions by *H NMR spectroscopy during atom

transfer radical polymerization of PEGMA and VDM using DMF as an internal standard
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(B) Synthesis of poly(PEGMA-stat-VDM) by ATRP in solution

Conditions: [PEGMA]o/[VDM]/[EBiB]o/[CuBr]o/[MesTren]o = 50/50/1/0.5/0.5
Temperature: 30°C

Solvent: 70% v/v toluene

Internal standard: 5% v/v DMF

Table S2 Summary of monomer conversion, molecular weight, and PDI of statistical
copolymers poly(PEGMA-stat-VDM) obtained by ATRP using [EBiB]o/[CuBr]o/[MesTren]o
ratio = 1/0.5/0.5 in toluene (70% v/v) at 30°C.

tim-e conv” (%) M. o> M, sec -
(M) —=aMA VDM~ (@/mol)  (g/mol)

0 0 0 0 0 0

30 46 58 10931 11244 1.40
60 60 12 14004 15281 1.48
90 70 82 16199 18604 1.72
120 88 94 16788 21743 1.96
180 89 94 18186 24390 1.95
240 90 95 18405 27781 2.04
300 89 95 18775 27799 2.19

2 Determined via *H NMR spectroscopy (monomer depletion monitored relative to DMF,
which was used as an internal standard). ® M., = ([PEGMA]W/[EBiB]o X cONV.pegma X

MPEGMA] + [VDM](J/[EBIB]O X conv.ypm X MVDM])- ¢ Measured by SEC (calibrated with
polystyrene standard).
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(C) Synthesis of poly(PEGMA-stat-VDM) by ATRP in solution

Conditions: [PEGMA]o/[VDM]o/[EBIB]o/[CuBr]o/[MesTren]o = 50/50/1/0.2/0.2
Temperature: 30°C

Solvent: 70% v/v toluene

Internal standard: 5% v/v DMF

Table S3 Summary of monomer conversion, molecular weight, and PDI of statistical
copolymers poly(PEGMA-stat-VDM) obtained by ATRP using [EBiB]o/[CuBr]o/[MesTren]o
molar ratio = 1/0.2/0.2 in toluene (70% v/v) at 30°C.

tim-e conv? (%) M. w® M, sec® oD[°
(Min) = eviA VDM (@mol)  (g/mol)

0 0 0 0 0 0
15 11 15 2693 6500 111
30 25 31 5905 9500 1.17
45 34 41 7950 10800 1.24
60 38 48 9036 12200 1.33
90 52 61 12040 14400 1.35
120 55 64 12698 15200 1.40
180 58 67 13357 16700 1.39
300 56 66 12987 15100 1.43

2 Determined by *H NMR spectroscopy (monomer depletion monitored relative to DMF,
which was used as an internal standard). ® M, , = ([PEGMA]W/[EBiB]o X cONV.pecma X

Mpeama] + [VDM]o/[EBiBJo X conv.vom X Mypm]). ¢ Measured by SEC (calibrated with
polystyrene standard).
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Part 3. Synthesis of thymine PNA monomer and the determination of the grafting
density on MNP surface
(A) Synthesis of aegPNA backbone

(Al) Synthesis of tert-butyl-N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]
glycinate hydrochloride (5)

To a vigorously stirred solution of ethylenediamine (1) (20.38 mL, 3.26x10™" mol) in
anh.CHCl, (130 mL) cooling down to 0 °C with ice bath, tert-butyl bromoacetate (2) (6.00
mL, 4.08x10 mol) in anh.CH,Cl, (70 mL) was added dropwise over a period of 5 h at 0°C.
The resulting mixture was allowed to warm up and then stirred overnight. The reaction
mixture was washed with distilled water (5x60 mL), and the combined aqueous layers were
back-extracted with CH,Cl, (120 mL) and were dried (Na,SO,4) and filtered. Solvent was
removed under reduced pressure and then co-evaporated with toluene and was dried in vacuo
to give tert-butyl-N-(2-aminoethyl)glycinate (3) as a crude product. It was then used for the
next step without further purification.

To a solution of (3) (356 g, 2.04x10°mol) in anh.CH,Cl, (150 mL),
diisopropylethylamine (DIEA) (3.22 mL, 1.95 x 10 mol) was added and stirred 1 h. A
solution of N-(9-fluorenylmethoxycarbonyloxy)succinimide (4) (6.58 g, 4.59x10% mol) in
anh.CH,Cl, (50 mL) was added dropwise over 5 h. The resulting solution was stirred ca. 12
h, and then washed with 1 N ag. HCI (5 x 50 mL) and brine (50 mL). The organic layer was
dried (Na;SOy) and partially concentrated in vacuo (ca. 1 L). Cooling (ca. -20°C) overnight
resulted in a precipitate which was collected by filtration and washed with cooled CH,CI,
until the filtrate was colorless. The solids were purified by recrystallization in 40% acetone:
CH,Cl, and drying in vacuo to give the HCI salt of (5) as a white solid in 30% yield over two
steps : Rt = 0.44 (9:1 CH,Cl,/MeOH) *H NMR 400 MHz (DMSO-ds) & 9.13 (br s, 2H, NH),
7.90 (d, 2H, J=7.5 Hz, Ar), 7.69 (d, 2H, J=7.3 Hz, Ar), 7.51 (t, 1H, J=5.6 Hz, ), 7.42 (t, 2H,
J=7.4 Hz, Ar), 7.34 (t, 2H, J=7.0 Hz, Ar), 4.35 (d, 2H, J=6.7 Hz), 4.23 (t, 1H, J=6.6 Hz), 3.87
(s, 2H), 3.29 (m, 2H), 2.99 (t, 2H, J=6.0 Hz), 1.46 (s, 9H, C(CHs)3); *C NMR 400 MHz
(DMSO-ds) 6 165.7, 156.3, 143.7, 140.7, 127.6, 127.0, 125.1, 120.1, 83.0, 65.6, 54.9, 47.2,
46.6, 36.6, 27.6; HRMS: Calcd. For Cy3H29N204: m/z 397.2127, found m/z 397.2120 [M+H]
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Figure S7. Synthesis of tert-Butyl N-[2-(N-9-fluorenylmethoxycarbonyl)aminoethyl]
glycinate hydrochloride, aegPNA backbone (5)

(A2) Synthesis of thymine acetic acid

To a suspension of (6) (2.00 g, 15.8 mmol) and potassium tert-butoxide (2.13 g, 19.0
mmol) in dry DMF (40 mL) was added methyl bromoacetate (7) (1.74 mL, 19.0 mmol), and
the mixture was vigorously stirred overnight under N,. The mixture was filtered and
evaporated to dryness in vacuo. The solid residue was cooled to 0°C, treated with water (15
mL) and 2 M HCI (aqueous, 3 mL), and stirred for 30 min. The precipitate was collected by
filtration and washed with water (3x10 mL). The precipitate was treated with 4 M NaOH
(aqueous, 5 mL) and the mixture was cooled to 0 °C, treated with 2 M HCI (pH = 2), and
stirred for 30 min. The title compound was collected by filtration, washed with water (3x10
mL) and dried in vacuo to give of (8) as a white solid in 56%yield. *H NMR 400 MHz
(DMSO-dg) & 11.33 (s, IH, NH), 7.49 (s, IH, CH), 4.36 (s, 2H, CHy), 1.74 (s, 3H, CHs); *C
NMR 400 MHz (DMSO-ds) 6 169.5, 164.3, 150.9, 141.8, 108.3, 48.4, 11.8.
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Figure S8. Synthesis of thymine acetic acid (8)

(A3) Synthesis of tert-butyl-N-(2-(N-9-fluororenylmrthoxycarbonyl)amino ethyl)-N-
((thymin-1-yl)acetyl)glycinate (9)

To a solution of (5) (1.00 g, 2.3 mmol) in anh. DMF (10 mL) was added the DIEA
(0.59 mL, 4.6 mmol) and the mixture was stirred 1 h. After that, thymine acetic acid (8) (0.51
g, 2.76 mmol) was added and stirred until most of acid dissolved. Then, 2,6-lutidine (0.79
mL, 6.90 mmol) and HATU (1.39 g, 3.68 mmol) were added and the mixture was stirred for
4 h. The solution was concentrated in vacuo, and brought up with CH,Cl,, then extracted with
saturated NaHCO3 and brine and back extracted water layer with CH,Cl, (2x25 mL).
Combined organic layers were dried (Na,SO,) and filtered. The solution was concentrated
and triturated with ethyl acetate:diethyl ether, filtered and washed with diethyl ether several
times and dried in vacuo gave (9) 69% yield. Ri= 0.58 (9:1 CH,Cl,/MeOH); *H NMR 400
MHz (CDClI5) (two rotomers) & 8.54 (s, IH, NH), 7.75-7.73 (d, J=8.1 Hz, 2H, Ar), 7.59 (t,
J=8.1 Hz, 2H, Ar), 7.38 (t, J=8.0 Hz, 2H, Ar), 7.27 (t, J=8.0Hz, 2H, Ar), 6.96/6.83 (rotomer
s, 1H) 5.98/5.39 (rotomer br, 1H, NH), 4.45-4.35 (m, 3H), 4.20 (t, J=7.0 Hz, 1H), 4.06/3.93
(rotomer s, 1H), 3.54-2.94 (m, 4H), 1.86 (s, 3H), 1.46/1.49 (rotomer s, 9H); *C NMR 400
MHz (CDCls) 6 168.8, 168.6, 144.1, 143.9, 141.4, 141.2, 141.0, 127.9, 127.8, 127.2, 127.1,
125.3, 125.1, 120.1, 110.9, 110.7, 83.9, 82.8, 66.9, 51.4, 50.0, 49.1, 47.7, 47.4, 39.4, 39.1,
28.2,12.4; HRMS: Calcd. For C3H34N4O7: m/z 562.61, found m/z 563.58 (M+H)
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Figure S9. Synthesis of tert-butyl N-(2-(N-9-fluororenylmrthoxycarbonyl)aminoethyl)-N-
((thymin-1-ylacetyl)glycinate (9)

(B) Calculation of the grafting density of thymine PNA monomer on the MNP surface

From TGA result, the MNP complex exhibited about 4.1 wt% of thymine PNA
monomer. Weight of poly(PEGMA-stat-VDM)-coated MNP used was 10 mg; weight of

thymine PNA monomer per gram of the complex;

4.1g<10<10%g
100g

= ( )

=4.1x 10" g/ g of the complex

Because molecular weight of thymine PNA monomer = 338 g/mol, mole of thymine

PNA monomer per gram of the complex;

_ (4.141049 )
338g/mol

= 1.2 umol/g of the complex
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Part 4. Determination of crystal structure of magnetite nanoparticles

Figure S10. X-ray diffraction patterns of (A) standard magnetite powder (ICSD No. 01-075-
0449), (B) bare MNP and (C) poly(PEGMA-stat-VDM)-coated MNP

Figure S11. Selected area electron diffraction (SAED) pattern of poly(PEGMA-stat-VDM)-

coated MNP immobilized with thymine PNA monomer



Part 5. Percentage of magnetite in the complex and their magnetic properties

Table S4 Composition and magnetic properties of the each complex

79

% in the complex ?

T ‘ | % Char emu/g of  emul/g of
e of complex . Poly(PEGMA

P P yield®  Fe,0, BTPAm v complex®  Fe;0,%°

-stat-VDM)-

Bare MNP 92 100 - - 56 56

BTPAm-coated MNP 85 92 8 - 49 53

Poly(PEGMA-stat- 71 77 6 17 36 47

VDM)-coated MNP

Thymine-poly(PEGMA- 68 74 6 16 34 46

stat-VDM)-coated MNP

& Estimated from % char yield at 600°C via TGA technique
® Estimated from M values at 10,000 G via VVSM technique

Part 6. A TEM image of poly(PEGMA-stat-VDM)-coated MNP

Figure S12. A TEM image of poly(PEGMA-stat-VDM)-coated MNP showing the presence of

polymeric thin film on the particle surface (indicated by arrows)



80

Surface modification of magnetite nanoparticle with azobenzene-containing water

dispersible polymer

Pawinee Theamdee, Rakchart Traiphol, Boonjira Rutnakornpituk, Uthai Wichai and Metha

Rutnakornpituk*

Abstract: We here report the synthesis of magnetite nanoparticle (MNP) grafted with poly
(ethylene glycol) methyl ether methacrylate (PEGMA)-azobenzene acrylate (ABA) statistical
copolymer via atom transfer radical polymerization (ATRP) for drug entrapment and
photocontrolled release. MNP was synthesized via thermal decomposition of iron (1)
acetylacetonate in benzyl alcohol and surface functionalized to obtain ATRP initiating sites.
Molar compositions of the copolymer on MNP surface were systematically varied (100:0,
90:10, 70:30 and 50:50 of PEGMA:ABA, respectively) to obtain water dispersible particles
with various amounts of azobenzene. The presence of polymeric shell on MNP core was
evidenced by transmission electron microscopy (TEM). Drug loading and entrapment
efficiencies as well as drug release behavior of the copolymer-MNP complexes were
investigated. It was found that when percent of ABA in the copolymers was increased,
entrapment and loading efficiencies of prednisolone model drug were enhanced. Releasing
rate and percent of the released prednisolone of the complex exposed in UV light were
slightly enhanced as compared to the system without UV irradiation. This copolymer-MNP
complex with photocontrollable drug release and magnetic field-directed properties is

warranted for further studies for potential uses as a novel drug delivery vehicle.

KEYWORDS. Atom transfer radical polymerization; magnetite; nanoparticle; azobenzene

1. Introduction

In recent years, magnetite nanoparticle (MNP) coated with water dispersible
polymeric surfactants have been intensively studied because it offers intriguing new
opportunities for many biomedical applications such as magnetic resonance imaging (MRI)
contrast enhancing agents [Pei et al., 2007; Sun et al., 2000; Teng et al., 2003; Sellmyer et al.,
2002; Anders et al., 2002; Woo et al., 2004], hyperthermia treatment of tumors [Laurent et
al., 2008], magnetic field-guided drug delivery [Zhang et al., 2007] and biomolecular
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magnetic separation and diagnosis [Pinna et al., 2005]. Surface coating of MNP is necessary
when expected for use in vivo because it protects the particles from agglomeration, provides
surface functionality for conjugation of biomolecules and prevents non-specific cell
interaction [Veiseh et al., 2010]. Therefore, surface modification of MNP is an important and
challenging step for controlling chemical composition and function of the polymer on its
surface.

A number of chemical approaches have been reported for coatings polymers on MNP
surface such as physical adsorption, emulsion polymerization, and “grafting to” and “grafting
from” methods [Fan et al., 2007; Hu et al., 2006; Marutani et al., 2004]. Among these
approaches, surface-initiated atom transfer radical polymerization (ATRP) has recently
become a method of choice for coating organic polymeric shell on MNP core [Zhoua et al.,
2008; Fischer et al., 2001; Sun et al., 2007]. ATRP from the silanized surface of MNP has
also been reported as an effective “grafting-from” method for surface modification. ATRP is
a recently developed living/controlled radical polymerization method, which does not require
stringent experimental conditions. It enables for the polymerization and block
copolymerization of various functional monomers such as styrene [Zhao et al., 2003; Liu et
al., 2005], methacrylate [Hermann et al., 2007] and methacrylamide [Teodorescu et al., 1999]
in a controlled condition, resulting in polymers with narrowly dispersed molecular weights.
However, most of the researches on surface-initiated ATRP of MNP focused on the
formation of hydrophobic polymeric shell on magnetite core, which limited its potential in
biomedical applications [Moineau et al., 1998; Fischer et al., 1999; Monteiro et al., 2005;
Zhou et al., 2008].

In this work, we adopted a “grafting from” method to modify MNP surfaces with poly
(ethylene glycol) methyl ether methacrylate (PEGMA)-azobenzeneacrylate (ABA) statistical
copolymer via ATRP reaction (Figure 1). Hydrophilic PEGMA allows the particles to well
disperse in water, which is a requirement for biomedical uses. ABA was of particular interest
in this work because azobenzene moiety can be switched from trans to cis forms by UV
irradiation [Dokic et al., 2009; Maria et al., 2009; Yager et al., 2006; Nishimura et al., 1984].
Isomerization from trans to cis of azobenzene moiety involves a structural rearrangement,
resulting in a decrease in size from 9 to 5 A (a distance between the para carbon atoms of
azobenzene) and an increase in its dipole moment from 0 to 3.0 D [Archut et al., 1998].
Taking advantage of the drastic change in its polarity, it was hypothesized that

photocontrollable drug release should be gained due to trans-to-cis isomerizations of
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azobenzene units upon UV irradiation [Sin et al., 2005; Bucio et al., 2005; Liu et al., 2000;
Sharma et al., 2003; Li et al., 2006; Aruna et al., 2009; Kim et al., 2005; Park et al., 2001],
resulting in an increase in polarity of the copolymer and acceleration of the expelling rate of
the entrapped hydrophobic model drug from the complex (Figure 2). It has been reported that
azobenzene-modified mesoporous silica enhanced the releasing rate of molecules from inside
to outside of the mesopore upon irradiated under UV and visible light [Fujiwara et al., 2008;
Wang et al., 2009].

Hence, the primary aim of this work is to synthesize a well defined PEGMA-ABA
statistical copolymer via surface-initiated ATRP of MNP. Molar ratio of PEGMA to ABA on
MNP surface was systematically varied to obtain water dispersible MNP with
photoresponsive properties. The existence of ABA in the structure was characterized by
fourier transform infrared (FTIR) and UV-Visible spectrophotometry. Transmission electron
microscopy (TEM) was studied to investigate the particle size and the presence of polymeric
shell coated on MNP core. Magnetic properties of the complexes were determined via a
vibrating sample magnetometer (VSM). Entrapment efficiency, loading efficiency and

releasing behavior of prednisolone model drug from the MNP complexes were also reported.
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Figure 2 Proposed mechanism of prednisolone-controlled release from PEGMA-ABA-

magnetite complex

2. Experimental Section
2.1 Materials

Unless stated otherwise, all reagents and solvents were used without further
purification. Inhibitor-free PEGMA macromonomer (M, ~ 300 g/mol) was stored under N,

at -5 °C until used. The following reagents were used as received: iron (111) acetylacetonate
(Fe(acac)s), 99+% (Acros), benzyl alcohol, 98% (Unilab), 3-aminopropyl triethoxysilane,
99% (Acros), 2-bromoisobutyryl bromide, 98% (Acros), copper (1) bromide, 98% (Acros),
pentamethyldiethylenetriamine (PMDETA), 99% (Acros), dicyclohexyl carbodiimide (DCC),
99% (Acros), 4-phenylazophenol, 97% (Acros), acrylic acid 99.5% (Acros), ethyl-a-
bromoisobutyrate (Aldrich) and oleic acid (Fluka). Triethylamine, 97% (Carto Erba) and
toluene were stirred under CaH, and distilled prior to use. Cellulose dialysis tubing (Sigma-
Aldrich) with molecular weight cutoff (MWCO) 12,400 was immersed in running water for
24 h before used.

2.2 Synthesis

2.2.1 Synthesis of oleic acid-coated MNP

MNP was prepared following the method previously reported by Nicola [Pinna et al.,
2005]. In a typical synthesis, iron (I11) (acac)s (5.0 g, 14.05 mmol) was dissolved in benzyl
alcohol (90 ml) in a three-neck round bottom flask. It was stirred at 200 °C for 48 h under
nitrogen blanket. The precipitant was removed from the dispersion using an external magnet
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and washed with ethanol and CH,Cl,. This procedure was repeated three times and the
particles were dried in vacuo. The dried particles (0.8 g) were re-suspended in dried toluene
(30 ml) and sonicated for 1 h. Oleic acid (4 ml) was then added in the dispersion, followed by
sonication for 3 h under nitrogen atmosphere. Finally, the aggregate was separated from the
dispersion by centrifugation at 5000 rpm for 15 min.

2.2.2  Synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl) propanamide, (BTPAm)

BTPAmM was synthesized following the method previously reported by Yabin [Sun et
al., 2007]. The solution of 2-bromoisobutyrylbromide (BIBB) (0.1 ml, 0.8 mmol) in toluene
(10 ml) was added dropwise to a cold solution of 3-aminopropyl triethoxysilane (APS) (0.18
ml, 0.8 mmol) in 10 ml of toluene containing triethoxylamine (TEA) (0.11 ml, 0.8 mmol) at O
°C. The mixture was magnetically stirred for 2 h at 0 °C under nitrogen atmosphere. The
reaction mixture was stirred for 24 h at room temperature. The mixture was filtered to remove
salts, evaporated to remove the unreacted TEA and dried under reduced pressure. The
resulting product, BTPAm, was yellowish thick liquid.

2.2.3 Synthesis of MNP coated with BTPAm, an ATRP initiator

To immobilize BTPAm on the oleic acid-coated MNP surfaces, the MNP-toluene
dispersion (0.1 g of MNPs in 5 ml toluene) (30 ml), BTPAm (0.30 ml) and 2 M TEA in
toluene (5 ml) were added into a round bottom flask. The mixture was stirred for 24 h at
room temperature under nitrogen blanket. The particles were subsequently precipitated in
methanol, following by magnet separation to obtain the BTPAm-coated MNP. Then, the
MNP was re-dispersed in toluene and re-precipitated again in methanol. This procedure was
repeated several times to completely remove unreacted BTPAmM. The particles were finally
dried in vacuo.

2.2.4 Synthesis of azobenzeneacrylate (ABA) monomer

ABA was prepared by a coupling reaction of 4-phenylazophenol and acrylic acid. To
a 100 ml round-bottom flask containing an excess of 4-phenylazophenol (1.21 g, 0.0061
mol), acrylic acid (0.38 ml, 0.0054 mol) and dicyclohexylcarbodiimide (DCC) (1.24 g,
0.0061 mol) in distilled CH,CI; (20 ml) were slowly added. The solution was stirred at room
temperature for 24 h under N, gas. The solution was filtered and CH,Cl, was then
evaporated. The mixture was dissolved in diethyl ether, extracted with saturated NaHCO3 (3
x 20 ml), dried with anh.MgSQO,, and then the solvent was evaporated until dryness.

2.2.5 (Co)polymerization of PEGMA and/or ABA via ATRP from MNP surface
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Three different molar ratios of PEGMA-ABA copolymer (50:50, 70:30 and 90:10,
respectively) and PEGMA homopolymer (100:0 of PEGMA-ABA molar ratio) grafted on
MNP surface were prepared. An example for synthesizing 50:50 PEGMA-ABA-coated MNP
was described herein. Other copolymer-MNP complexes were prepared in a similar fashion
with proper amounts of reagents used. In a typical procedure, BTPAmM-immobilized MNP
(0.1 g) were sonicated in toluene (0.381 ml, 60% wi/v) in a Schlenk tube. A solution of
PEGMA (0.64 g, 2.13 mmol), ABA (0.56 g, 2.22 mmol) and ethyl-a-bromoisobutyrate
(EBIB) as a sacrificial initiator (0.007 g, 0.35 mmol) were then syringed to the above Schlenk
tube. The solution was degassed by three freeze-pump-thaw cycles before adding a solution
of CuBr (0.064 g, 0.44 mmol) and PMDETA (0.009 g, 0.05 mmol) in DMF (0.032 ml, 5%
v/v) filled with nitrogen. ATRP reaction was set at 50 °C for 24 h. The dispersions were
removed periodically via a degassed syringe for determining reaction conversion and GPC
analyses.

2.3 Characterization

2.3.1 Characterization of polymer and MNP

'H NMR was performed on a 400 MHz Bruker NMR spectrometer using CDCl; as a
solvent. FTIR was performed on a Perkin-Elmer Model 1600 Series FTIR
Spectrophotometer. The solid samples were mixed with KBr to form pellets. Gel permeation
chromatography (GPC) data was conducted on PLgel 10 um mixed B2 columns and a
refractive index detector. Tetrahydrofuran (THF) was used as a solvent with a flow rate of 1
ml/min at 30°C. Magnetite concentrations in dispersions were analyzed via atomic absorption
spectroscopy (AAS) and calculated from sample responses relative to those of standard and
blank. Particles size and its distribution were observed from transmission electron
microscopy (TEM). TEM images were taken using a Philips Tecnai 12 operated at 120 kV
equipped with Gatan model 782 CCD camera. The particles were re-suspended in water with
sonication before deposition on a TEM grid. Magnetic properties of the particles were
measured at room temperature using a Standard 7403 Series, Lakeshore vibrating sample
magnetometer (VSM). Magnetic moment of each sample was investigated over a range of
+10000 G of applied magnetic fields using 30 min sweep time. Prednisolone concentrations
were determined using Specord S100 UV-Visible spectrophotometer (Analytikjena AG)
coupled with a photo diode array detector. A standard curve at Amax = 320 nm UV
absorbance was established using identical conditions to calculate the amount of the drug
entrapped on and released from the particles.
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2.3.2 Studies on drug entrapping and loading efficiencies of the surface-modified
MNPs

Prednisolone was used as a model drug in the current studies. To incorporate the drug
to the complex, the drug solution (6 ml, 0.375 mg/ml in THF) was added dropwise with
sonication to the copolymer-magnetite complex dispersed in water (5 ml, 0.2-0.5 mg/mi
MNP). The mixture was sonicated for 30 min to fully aggregate the drug in the hydrophobic
ABA units presenting on the particle surface. The excess drug was precipitated out from the
mixture and was removed by centrifugation at 2000 rpm. Drug-loaded MNP was then
separated using an external magnet. Due to a good solubility of prednisolone in a
THF:ethanol solution (50:50 %v/v), it was used to repeatedly extract the entrapped drug from
the particle. After centrifugation to remove aggregated particle, the drug concentration in the
supernatant, reflecting the amount of the entrapped drug in the complex, was determined
using UV-Visible spectrophotometer. Entrapment efficiency (%EE) and drug loading
efficiency (%DLE) were determined as following:

%EE = Weight of the entrapped drug in nanoparticle x 100

Weight of the loaded drug

%DLE = Weight of the entrapped drug in nanoparticle x 100

Weight of the magnetite nanoparticle

Each experiment was repeated three times to obtain average values.

2.3.3 In vitro releasing studies of the entrapped prednisolone in the copolymer-
magnetite complex

Prednisolone-loaded magnetite dispersions (5 ml) were dialyzed against 250 ml-
phosphate buffer solution releasing media (pH 7.45) with consistently stirring at room
temperature. Two experiments were performed simultaneously; under UV light irradiation
and in the dark place as a control. At a given time, 5 ml aliquots of the aqueous solution were
withdrawn from the releasing media and 5 ml of phosphate buffer solution was replaced into
the releasing media. Concentrations of the released prednisolone were determined via UV-
Visible spectrophotometer at 297 nm wavelength

3. Results and discussion
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MNPs were first synthesized via a thermal decomposition reaction of Fe(acac)s to
obtain narrow-size distribution nanoparticles. To functionalize the particles surfaces, the
initiator for ATRP was first covalently bonded onto the surface of the particles through the
combination of ligand exchange reaction and condensation of triethoxysilane.

3.1 Synthesis of MNPs coated with BTPAm, an ATRP initiator

Figure 3 shows an FTIR spectrum of BTPAm-coated MNP (Figure 3C) in comparison
with those of bare magnetite (Figure 3A) and BTPAm (Figure 3B). In addition to a strong
and broad signal of Fe-O bonds (578 cm™) observed in BTPAm-modified MNP, it also
exhibited characteristic absorption signals of BTPAm; 1643 cm™ (-NH-CO- carbonyl
stretching), 2920 cm™ (C-H stretching), 1111-1109 cm™ (Si-O stretching), 1532 cm™ (N-H
bending) and 3346 cm™(N-H stretching) (Figure 3C). It should be noted that an excess of

BTPAmM or unbound BTPAmM was repeatedly removed from the particles.
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Figure 3 FTIR spectra of A) bare magnetite, B) BTPAm and C) BTPAm-coated MNPs
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3.2 Copolymerization of PEGMA and ABA via ATRP from MNP surface

3.2.1 Synthesis of azobenzeneacrylate (ABA)

ABA is a resultant product from a coupling reaction between 4-phenylazophenol and
acrylic acid (Figure 4A). The presence of sharp and strong signals of carbonyl group (1736
cm™) and acrylate group (987, 900 cm™) indicated the coupling reaction between carboxylic
acid of acrylic acid and hydroxyl group of 4-phenylazophenol. It should be noted once again
that unreacted acrylic acid and 4-phenylazobenzene were removed from the final product.
According to the 'H NMR spectrum in Figure 4B, characteristic signals of ABA were found
as following: 'H-NMR (CDCls, ppm): & 7.98 (m, 4H (a), ArH), 7.52 (d, 2H (b), ArH), 7.30
(d, 2H (c), ArH ), 6.67 (d, J=17.3 Hz, 1H (d), CHH=CH), 6.36 (dd, 1H, J=17.3 and 10.50 Hz
(e), CH=CHy,), 6.07 (d, 1H, J=10.46 Hz (f), CHH=CH).

tt
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cmrt

1736 em 1, T — 987,900 cm ! acrylate

RCOOAr 1407 cm ! N=N

c  a a b bcdef
ILL,JLIHIL

h T 1] T T | T 1 T Ll | 1] L] ] L] II T T T I T T T T I T
12 11 10 g 8 7 6 5 4 ppm

Figure 4 (A) FTIR and (B) *H-NMR spectra of ABA

Figure 5 shows the representative UV-Visible absorption spectra of ABA solution in
chloroform (0.01 mg/ml). The maximum absorption at 329 nm corresponds to the m-n*

transition of trans azobenzene chromophore and a weak band at 425 nm corresponds to the n-
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7* transition of cis isomer [Sin et al., 2005; Bucio et al., 2005; Liu et al., 2000; Sharma et al.,
2003; Li et al., 2006; Aruna et al., 2009; Kim et al., 2005; Park et al., 2001]. Trans form of
ABA, the energetically preferred ground state, can switch to the cis form via a photochemical
isomerization process. Upon UV irradiation, the intensity of the trans peak at 329 nm
decreased and broadened and, at the same time, the broad cis absorption band around 425 nm
increased. This phenomenon was observed during the first 3 min of UV irradiation. When the
time for UV exposure was extended, there was no significant change in UV spectra. Since the
decrease of absorbance at 329 nm is a direct result of the trans to cis isomer conversion, the

fraction of the cis isomer is estimated to be about 25 mol%.

Figure 5 Changes in UV-Visible spectra of ABA at different UV irradiation times, indicating

the change from trans to cis forms

3.2.2 Copolymerization of PEGMA and ABA from MNP surface via ATRP

In this work, PEGMA and ABA with various molar compositions (100:0, 90:10,
70:30 and 50:50, respectively) were statistically copolymerized on MNP surface via ATRP
reaction. PEGMA on MNP surface allows the particles to well suspend in water, while ABA
possesses photoisomerization upon UV light irradiation. Optimization of molar ratio of these
two components was necessary to obtain dispersible particles in water with maximum UV

light responsive properties.
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In the ATRP reaction, a CuBr/PMDETA catalytic complex was used because it has
been reported to be an effective copper-mediated complex for a controlled living ATRP
reaction of PEGMA [Neugebauer et al., 2007]. Ethyl-a-bromoisobutyrate (EBiIB) was also
added in the reaction solution as a “sacrificial” initiator. EBIiB in the MNP dispersion can
initiate free PEGMA-ABA copolymer in the solution. Because the MNP-supported
copolymers were undetectable in NMR technique, therefore, the reaction conversions and
copolymer compositions, discussed in the latter section, were investigated from the free
copolymers via NMR spectrometry.

Figure 6 illustrates FTIR spectra of MNPs modified with various copolymer
compositions (Figure 6C-F) compared with those of PEGMA macromonomer and ABA
(Figure 6A and B, respectively). The spectra of PEGMA-ABA-coated MNPs exhibited
characteristic absorption signals of PEGMA; 1095 cm™ (C-O-C stretching) and 1720 cm™
(O(C=0) stretching), and also those of azobenzene; 1407 cm™ (trans N=N). The drop of the
intensity of ester (-O(C=0)- stretching, 1720 cm™) and ether linkage signals (C-O-C
stretching, 1095 cm™) of PEGMA in relative to those of Fe-O bonds from MNP cores (~ 589
cm™) correspond to the decreased PEGMA compositions in the copolymer (Figure 6C-F). In
addition to that, the gradual increase of N=N signal of azobenzene (1407 cm™) was also
observed as percentage of ABA in the copolymer was increased. It should be noted that the
signal corresponding to Fe-O bonds (578 cm™) from MNP cores were observed throughout
the reactions without significant change in its intensity. The drastic decreases of the aliphatic
signal around 3000 cm™ and the ester signal around 1720 cm™ upon addition only 10% of
ABA into the copolymer (from Figure 6C to 6D) were attributed to the low copolymer
content in the complexes. PEGMA-ABA copolymerization having other copolymer
compositions also exhibited similar FTIR patterns. TGA experiments showed a supportive
result to FTIR results. Namely, the percent weight loss of the copolymer-coated MNPs,
corresponding to the copolymer content in the complexes, was significantly lower than those
of the PEGMA-coated MNP. Representative TGA thermograms of MNPs coated with
PEGMA homopolymer and PEGMA-ABA copolymer were available in the supporting

information.
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Figure 6 FTIR spectra of A) PEGMA macromonomer, B) ABA, C) 100:0, D) 90:10, E)
70:30 and F) 50:50 PEGMA-ABA-coated MNPs

Kinetic studies of the polymerization of PEGMA homopolymer (100:0 PEGMA-
ABA) were first performed and followed by those of PEGMA-ABA copolymerization. In the
PEGMA homopolymerization, the reaction rate was rapid at the beginning and dropped after
4 h (240 min) of the reaction (Figure 7A). This was attributed to a decrease of radical
concentration probably due to irreversible recombination of the active species. The first order
plot reveals a linear relationship during the course of first 4 h reaction, indicating a constant
concentration of active radical species (supporting information). The rate of monomer
conversion started to deviate from linearity at higher monomer conversion (after 4 h
reaction).

Figure 7B illustrates a conversion plot of 50:50 PEGMA-ABA copolymerization
during 24 h of ATRP reaction. Conversion plots of the copolymerization having different
PEGMA-ABA compositions (90:10 and 70:30, respectively) showed similar results to Figure
7B (supporting information). Kinetic experiments indicate that the reaction rates of the

PEGMA-ABA copolymerization gradually increased at the beginning and they were slower
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than that of PEGMA homopolymerization. This was attributed to the presence of ABA in the
reaction, which essentially influenced the change in polarity of the system. Decreasing ABA
molar ratio in the copolymer seemed to promote rate of the reaction. When the reactions
further proceeded, the rate of polymerization decreased and ended at about 30-50% monomer
conversion, suggesting feasible premature chain termination (Table 1). It was also found that

ABA reacted more rapidly than PEGMA as indicated by the higher monomer conversion in

all cases.
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Figure 7 Conversion vs time plots of the polymerization of (A) PEGMA homopolymer and
(B) 50:50 PEGMA-ABA copolymer

Table 1 summarizes % conversion and copolymer composition of PEGMA and ABA
having various molar ratios. Copolymer compositions were estimated from the feed
composition of the monomer and taking percent conversion into account. Percent ABA in the
copolymer was calculated in a similar fashion. It was found that PEGMA-ABA molar ratio in
the copolymer were comparable to the feed compositions. Interestingly, percentage of ABA
in the copolymer was found to be slightly higher than percent feeding in every composition.
This result agrees well with the conversion vs time plots indicating higher reaction reactivity
of ABA than that of PEGMA. In addition, the relatively low percent monomer conversions in
the copolymerization as compared to the PEGMA homopolymerization (100:0 PEGMA-
ABA) were in good agreement with the FTIR and TGA results, which indicated that the
polymer contents in the complexes in the case of the copolymerizations were lower than that

of the PEGMA homopolymerization.
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Table 1 A summary of reaction conversions and copolymer compositions of PEGMA-ABA
copolymer at 24 h of ATRP reaction

% conversion® of % in the copolymer® of
Type of copolymer
PEGMA ABA PEGMA ABA
50:50 PEGMA-ABA 47 50 48 52
70:30 PEGMA-ABA 52 53 69 31
90:10 PEGMA-ABA 32 42 89 11
100:0 PEGMA-ABA 95 - 100 0

? Reaction conversions were calculated from 'H NMR, ® % PEGMA in the copolymer = [%
ConvV.pegma X % feedpEGMA] / [(% ConvVv.pegma X % feedpEGMA) + (% Conv.aga X % fGEdABA)].

% ABA in the copolymer was calculated in a similar fashion

3.3 Characterization of PEGMA-ABA-coated MNP

According to TEM experiments, particles size and particle distribution of PEGMA-
ABA-coated MNPs with various copolymer molar ratios were not significantly different from
each other (Figure 8). The particle size was in the range of 6-12 nm with the average diameter
of 9.0 nm. In addition, the images also showed nanoscale agglomeration of multiple
nanoparticles. This was attributed to in situ aggregation of hydrophilic PEGMA grafted on
MNP surface during the ATRP copolymerizations in toluene. Even though nanoscale
agglomeration was apparent, these particles were well re-suspended in water due to the
presence of polymeric thin film on their surface (indicated by arrows). Furthermore, it was
also observed that increasing PEGMA-to-ABA ratio in the copolymer enhanced dispersibility
of the particles in water. Namely, 100:0 PEGMA-ABA-coated MNPs exhibited a good
dispersibility in water without any aggregation observed, while 50:50 PEGMA-ABA-coated
MNPs showed more aggregate than that of other copolymers after centrifugation. These
complexes were stable in aqueous dispersions with insignificant aggregation after one month
of preparation, indicating that these stable magnetite dispersions might be applicable for

long-term uses.
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Figure 8 TEM images of (A) 50:50, (B) 70:30, (C) 90:10 and (D) 100:0 PEGMA-ABA-
coated MNPs

Hysteresis curves of bare MNP, BTPAm-coated MNP and PEGMA-ABA-coated
MNP were illustrated in Figure 9. The particles showed superparamagnetic behavior at room
temperature as indicated by the absence of remanence and coercitivity. Bare MNP and
BTPAmM-coated MNP showed relatively high saturation magnetization (M) (54-55 emu/q)
due to a trace amount of organic component in the complexes (Figure 9A and B). A slight
decrease of Ms of PEGMA-ABA-coated MNP (39-45 emu/g) as compared to its precursors
was attributed to the presence of the copolymers on MNP surface, reflecting a drop of
magnetite content in the complex (Figure 9C-E). Further decrease of Ms value was observed
in PEGMA-coated MNP (31 emu/g) due to high content of PEGMA homopolymer in the
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complex (Figure 9F). These results were in good agreement with the percent conversions of
ATRP reactions shown in Table 1; high percent monomer conversions correspond to high

amounts of the polymer in the complex.

Figure 9 Hysteresis curves of A) bare MNP, B) BTPAm-coated MNP, C) 50:50, D) 70:30, E)
90:10 and F) 100:0 PEGMA-ABA-coated MNPs

3.4 Study in the configuration change of azobenzene moiety in PEGMA-ABA-coated
MNP

Direct investigation of the isomerization of azobenzene grafted on the MNP was not
detectable via UV-Visible spectrophotometry as performed in ABA monomer because the
MNP blocked UV signals in the range of interest. In the present study, pyrene was thus used
to investigate configuration change from trans to cis forms of azobenzene when it was
exposed under UV light. Pyrene is typically used as a fluorescent probe to monitor the change
in system polarity because its vibrational structure is sensitive to polarity of its environment
[Winnik et al., 1987; Lee et al., 2004]. Fluorescence of pyrene monomer possesses five
predominant signals resulting from different vibrational levels, some of which are sensitive to
the molecular solvent environment [Winnik et al., 1987]. For instance, the I:/l; ratio of
pyrene is mostly dependent on solvent polarity as measured by the dielectric constant
[Kalyanasundaram et al., 1977]. In this work, we used 50:50 PEGMA-ABA-coated MNP
coupled with pyrene as a probe to investigate polarity change of surrounding environment

because it possessed high amount of azobenzene moieties in the complex. Figure 10 shows
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the fluorescence spectra of pyrene in the copolymer-coated MNP in DMSO excited at 330 nm
before and after UV irradiations for 10-180 min. The change in fluorescence emission
intensity ratio of pyrene (l1/ls) at 370 nm (I;) and 376 nm (l3) indicates the change in
polarities of the surrounding environment. Namely, the increase in 1;/l; value indicates the
increase in polarity of the system, implying the change from trans to cis forms of azobenzene
moiety. From the result shown in Figure 10, 11/l3 values continuously increased when UV
irradiation time was prolonged, indicating the increase of solvent polarity due to the change
from trans to cis forms of azobenzene moiety. Since the trans to cis isomer conversion may
also cause the reorientation of neighboring moieties, which additionally affects the polarity of
pyrene local surrounding, it is not trivial to estimate the fraction of cis isomer from the
change of I;/l; value. The relatively long irradiation time of the copolymer-coated MNP
(~180 min) as compared to that of the free ABA in solution (~3 min) was attributed to the
restricted mobility of ABA grafted on the nanosolid support combined with the presence of
PEGMA randomly copolymerized in the polymer chains, which might sterically inhibit the

transformation from trans to cis forms of azobenzene on its surface.

Figure 10 Fluorescence spectra of pyrene in 50:50 PEGMA-ABA-coated MNP excited at 330

nm at various UV irradiation times

3.5 Studies in prednisolone entrapment and loading efficiencies and releasing profile
It is known that UV irradiation of azobenzene groups enables to induce the switching
of its trans to cis forms, resulting in an increase of its polarity. In the current work, drug

control release application is of particular interest because we can take an advantage of this
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photoisomerization of azobenzene groups. It was envisioned that, once a hydrophobic model
drug was added to the copolymer-coated MNP dispersion, it would somewhat partition to
trans-azobenzene grafted on MNP surface due to similarity in their polarity. UV irradiation
of the drug-loaded MNP complexes was thought to accelerate the releasing rate of the
entrapped drug from their surface due to the switching from trans to cis forms of azobenzene
moiety, resulting in the increase in the system polarity and repelling the drug from the MNP
surface.

Prednisolone was selected as a model drug in the current studies because its Amax in
UV-Visible absorbance peaks did not overlap with those of ABA presenting in the
copolymer-MNP complex. In addition, it shows fair solubility in phosphate buffer solution
(PBS) which was used as a dialysis releasing media. It was hence hypothesized that
prednisolone would partially precipitate in azobenzene grafted on MNP surface and was
gradually expelled from the complex through dialysis membrane to PBS releasing media.
Prednisolone releasing rate was thus expected to be accelerated upon UV irradiation due to
photoisomerization of azobenzene moiety on MNP surface. To prepare prednisolone-
entrapped copolymer-MNP complex, prednisolone solution in THF (0.375 mg/ml) was
slowly added to the MNP complex resuspended in water with ultrasonicating. It is necessary
to resuspend the particles in aqueous base because a potential application of this complex is
biomedical use, which essentially involves with aqueous base system.

3.5.1 Determination of prednisolone entrapment efficiency (%EE) and loading
efficiency (%DLE)

%EE and %DLE of PEGMA-ABA-coated MNPs having various molar ratios of
PEGMA to ABA were investigated (Figure 11). Increasing ABA moiety in the copolymer
seemed to promote both %EE and %DLE in every copolymer composition. This was
rationalized that high percent of trans-azobenzene, reflecting high hydrophobic moiety, might
enhance degrees of prednisolone aggregation in ABA, resulting in the increase in entrapment

and loading capacities of the complex.



99

Figure 11 Prednisolone entrapment efficiency (% EE) and loading efficiency (% DLE) of
PEGMA-ABA-coated MNP in water

3.5.2 Investigation of prednisolone releasing behavior

Drug releasing profiles of the drug-entrapped particles exposed under UV light was
established and compared with that of a control experiment (the sample was kept in the dark
place). The percentage of the released drug was calculated based on the amount of the
entrapped drug in each complex. It was found that the drug concentration released at
equilibrium in the case of exposure under UV light was slightly higher than those without UV
irradiation (Figure 12). Prednisolone released from the complex was primarily attributed to
desorption of the hydrophobic drug from azobenzene moiety in the copolymer. Under UV
irradiation, photoisomerization from trans to cis forms of azobenzene moiety led to an
additional driving force to expel the drug from the particle surface due to the increase in its
polarity. The slight enhancement of the drug-released amounts at equilibrium of the samples
exposed under UV light was attributed to the statistical architecture of the copolymer, which
might inhibit the trans-to-cis transformation of azobenzene moiety. Formation of block
structure having ABA inner block and PEGMA outer shell on the particle surface might
improve the transformation efficiency and percent drug loading of this complex. Synthesis of
the PEGMA-ABA block copolymer grafted on MNP surface and its photocontrolled drug
release are warranted for a future studies. In addition, it was also found that increasing
percentage of PEGMA in the copolymer seemed to slightly enhance % prednisolone released
at equilibrium. This was attributed to the good dispersibility in water of the particles with
high loading of PEGMA, which thus promoted releasing competency of the entrapped drug

from the particle surface.
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Figure 12 Prednisolone-releasing profiles of (A) 50:50, (B) 70:30 and (C) 90:10 PEGMA-
ABA-coated MNPs in PBS releasing media, (¢) under UV and ( A) without UV irradiation

4. Conclusions
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This work presented a “grafting-from” method to modify MNP surfaces with PEGMA
and ABA statistical copolymer via ATRP reaction and a study on its application for
photocontrolled drug release. The originality of this work is that this is the first report on
conjugating photoresponsive azobenzene on MNP surface. It was hypothesized that the
change in configuration from trans to cis in azobenzene moiety renders the system more
polar, resulting in acceleration of the repelling rate of prednisolone, the hydrophobic model
drug, entrapped in azobenzene in the particle surface. Increasing percentage of azobenzene in
the copolymer seemed to promote %EE and %DLE of the complex. Under UV irradiation,
the percentage of the released drug was slightly higher than the system without UV
irradiation. This complex was hypothetically applicable to load any other hydrophobic drug
by partitioning to azobenzene moiety on the particle surfaces. Improvement of drug loading
efficiency and releasing behavior of the complex is warranted for future studies for potential

uses as magnetic field-directed drug delivery vehicle with photocontrollable drug release.
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Supporting Information

TGA thermograms of PEGMA-coated MNP and 90:10 PEGMA-ABA-coated MNP.

A first-order plot of 100:0 PEGMA-ABA polymer
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Conversion plots of 70:30 PEGMA-ABA copolymer
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Magnetite nanoparticle coated with amphiphilic bilayer surfactant of polysiloxane and

poly(poly(ethylene glycol) mathacrylate)

Bandit Thong-On, Boonjira Rutnakornpituk, Uthai Wichai and Metha Rutnakornpituk*

Abstract: We are here reporting the surface modification of magnetite nanoparticle (MNP)
with amphiphilic steric stabilizer of polydimethylsiloxane (PDMS) and poly(poly(ethylene
glycol) methacrylate) (PPEGMA). The main purpose of this work is to obtain the polymeric
bilayer surfactant of hydrophobic PDMS inner shell and hydrophilic PPEGMA brush corona
on MNP core. Functionalized PDMS was first synthesized and then covalently grafted on the
functionalized MNP surface. The PDMS-coated MNP served as a reactive macroinitiator for
ATRP of PPEGMA. Kinetics studies indicated the constant consumption of PEGMA during
first 7 h of the ATRP. Transmission electron microscopy (TEM) showed the average particle
size of 7 nm in diameter. Fourier transform infrared spectrophotometry (FTIR),
thermogravimetric analysis (TGA) and vibrating sample magnetometry (VSM) indicated the
increase of the percentage of the copolymer in the complex when the ATRP was prolonged.
The decrease in its hydrodynamic size from 446 nm to 162 nm when the ATRP was extended
indicated the improvement in its dispersibility in water. In addition, it was found that percent
entrapment efficiency and loading efficiency of indomethacin model drug in the PPEGMA-
coated MNP was 62% and 27 %, respectively.

Keywords: magnetite; bilayer; ATRP

1. Introduction

During these recent years, magnetite nanoparticle (MNP) (Fe3O,4) has widely been of
scientific and technological interest because of its magnetically guidable and nanoscale-
related properties. The broad applications of MNP include magnetic resonance imaging
(MRI) enhancement [Lee et al., 2009; Park et al., 2003; Pei et al., 2007; Hong et al., 2008;
Jaffer et al., 2006], drug delivery [Jain et al., 2009; Meerod et al., 2008; Rutnakornpituk et
al., 2010], magnetic separation and diagnosis of biological molecules such as DNA and
antibodies [Pich et al., 2004; Oisjoen et al., 2009; Brestovac et al., 2005]. MNP is usually
stabilized either by charge repulsion of electrical surface or steric repulsion of long-chain
polymeric surfactants [Chorny et al., 2010; Storm et al., 2002; Zhang et al., 2005] grafted on
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their surfaces to prevent particle aggregation. Several methods have been investigated to
prepare polymer-coated MNP, such as physical adsorption of polymers on the particle
surfaces, emulsion polymerization in the presence of nanoparticles and the so-called “grafting
to” and “grafting from” strategies [Fan et al., 2007; Galeotti et al., 2011; Kralj et al., 2010;
Cao et al., 2009].

Many attempts have recently been made on preparing core/shell MNP that possessed
polymer-coated surfaces. Atom transfer radical polymerization (ATRP) has been successfully
applied to surface-initiated grafting polymerization in order to prepare a dense polymeric
layer with controlled structure on the surface of MNP [Galeotti et al., 2011; Rutnakornpituk
et al., 2011; Neugebauer, 2007; Sun et al., 2007]. ATRP is one of a controlled radical
polymerization method that has widely applied for (co)polymerization of homo- and block
(co)polymers because it allows for a good control in the molecular weight and polydispersity
of the (co)polymers. ATRP has been used for polymerizations of a wide range of functional
monomers such as styrene [Brown and Price., 2001; Yi et al., 2007; Reining, 2002; Qiang et
al., 2006], (meth)acrylates [Semsarzadeh et al., 2003; Yin et al., 2005; Wootthikanokkhan et
al., 2001] and (meth)acrylamides [Monge and Haddleton., 2004; Jiang et al., 2008]. It was

found that reasonable M_n and narrow polydispersity indice (PDI) of the polymers were

obtained.

The primary aim of this work was to coat MNP surface with amphiphilic surfactant
of PPEGMA and PDMS to obtain the particles with bilayer surface of hydrophobic PDMS
inner shell and hydrophilic PPEGMA corona. Precedents have reported the stabilization of
MNP with a variety of amphiphilic copolymers, such as poly(ethylene oxide) (PEO)-
poly(propylene oxide) (PPO) copolymer [Jain et al., 2009], poly(ethylene glycol) methyl
ether (MPEG)-poly(e-caprolactone) (PCL) copolymer [Meerod et al., 2008; Rutnakornpituk
et al., 2010], polyurethane (PU)-PEO copolymer [Harris et al., 2003] and PDMS-
poly(lactide) (PLA) copolymer [Ragheb and Riffle., 2008], to obtain stable MNP dispersions
in water. Physical adsorption [Jain et al., 2009; Meerod et al., 2008; Rutnakornpituk et al.,
2010] or ionic interactions[Harris et al., 2003; Ragheb and Riffle., 2008] of one block of the
copolymers to MNP surface was mostly proposed for the particle stabilization mechanism.
Because of their weak interactions, dissolution of the copolymers from MNP surface when
used for a long period of time was concerned. The advantage of our present work is that the
PDMS hydrophobic block was covalently bound onto the MNP surface, which might

diminish the stabilization limitation for long-term applications. In addition, the hydrophobic
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PDMS inner layer can be used as a reservoir for entrapment of hydrophobic compounds,
while the hydrophilic PPEGMA provides steric repulsion and water dispersibility to the
particles.

In this report, PDMS was first synthesized via an acid-catalyzed ring-opening
copolymerization of D, and D4H, followed by ATRP of PPEGMA brush from the
polysiloxane macroinitiator. Kinetic studies of the ATRP of PEGMA from the PDMS
macrointiator were investigated via nuclear magnetic resonance spectroscopy (‘*H NMR).
TEM was conducted to determine the particle size and its distribution and photocorrelation
spectroscopy (PCS) was performed to determine hydrodynamic size of the copolymer-MNP
complex. Magnetic properties of the complex were investigated via VSM. The percentages of
the composition in the copolymer-MNP complex were also determined via TGA. In addition,
the preliminary studies on the entrapment and loading efficiencies of indomethacin as a

model drug in this complex are also reported.

Figure 1 Surface modification of MNP with amphiphilic steric surfactant of PDMS and
PPEGMA
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2. Experimental
2.1 Materials

Unless otherwise stated, all reagents were used without further purification: iron (I11)
acetylacetonate (Fe(acac)s), 99.9% (Acros), benzyl alcohol, 98% (Unilab), oleic acid (Fluka),
CuBr, 99.999% (Aldrich), triethylamine, 97% (Carto Erba), 3-aminopropyl triethoxysilane,
99% (Acros), 2-bromoisobutyryl bromide (BIBB), 98% (Acros) and allyl glycidyl ether, 99%
(Acros). Dy, 99% (Fluka) and D4H, 95% (Fluka) were stirred in CaH, and distilled prior to
use. 1,1,3,3-Tetramethyldisiloxane, 97% (Acros) and allyl alcohol, 99C% (Acros) were

fractionally distilled and stored under N, until used. Poly(ethylene glycol) methacrylate
(PEGMA) (Aldrich) with average M, of 300 g.mol™ was purified by passing through basic

and neutral alumina, respectively and stored at -4 °C after purification. MegTren was prepared
according to the previously reported procedure and the details of the syntheses have been
provided in the supporting information. N,N-dimethyl formamide (Acros), toluene (Acros)

and CDCl; (Euriso-Top) were used as received.

2.2 Syntheses
2.2.1. Synthesis of PDMS via acid-catalyzed ring-opening polymerization
2.2.1.1. Synthesis of 3-dihydroxypropyl tetramethyl disiloxane (disiloxane diol) as
an endcapper
Allyl alcohol (4.2 ml, 0.06 mole), toluene (15 ml) and platinum (0)-1,3-
divinyl-1,1,3,3-tetramethyldisiloxane complex (0.046 ml, 0.5%v/v) were charged into a
reaction flask with consistently stirring at 50 °C. 1,1,3,3-Tetramethyldisiloxane (5 ml, 0.025
mole) was then slowly introduced into the reaction flask via a dropping funnel. The reaction
temperature was set at 65 °C for 4 h. After the reaction was complete, an excess of allyl
alcohol was removed from the mixture under reduced pressure at 65 °C for at least 3 h.
2.2.1.2. Synthesis of hydroxyl-terminated polydimethylsiloxane (PDMS-OH)
PDMS-OH was prepared through an equilibrium acid-catalyzed ring-
opening copolymerization of D, and D4H. 1:1 Molar ratio of D4 to D4H (D4, 1 g, 3.4 mmole
and D4H, 0.81 g, 3.4 mole) was used in the reaction with the use of the disiloxane diol (0.19
g, 0.722 mmole) end capping agent. After the reaction temperature was raised to 50 °C,
trifluoromethane sulfonic acid (triflic acid) (0.001 ml, 0.65%v/v) was slowly added into the
solution via a syringe. The reaction was equilibrated at 55 °C for 48 h. The acidic mixture

was cooled to room temperature, dissolved in diethyl ether and neutralized by extraction with
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water. The mixture was dried over sufficient anhydrous magnesium sulfate with continuously
stirring for 30 min and subsequently filtered through a filter paper. Diethyl ether was
evaporated via a rotary evaporator and monomers remaining from the equilibration were

removed under reduced pressure at 60 °C overnight.

2.2.2. Synthesis of allyl-grafted MNP

APS (2.734 ml, 0.012 mole) was slowly introduced into a mixture of sulfamic acid
(SA) (0.1 g, 1.03 mmol) and allyl glycidyl ether (1.175 g, 0.010 mol) under nitrogen
atmosphere. The reaction was set at room temperature for 12 h with stirring. After reaction
was complete, SA was removed by filtration and the product was washed with diethyl ether
(3x10 ml) and evaporated until dryness. The as-synthesized allyl-containing silane compound
(0.1 ml) and 2 M TEA in toluene (1 ml) were added into the dispersion of oleic acid-coated
MNP (0.1 g oleic acid-coated MNP in 5 ml toluene) and the details of the synthesis of oleic
acid-coated MNP have been provided in the supporting information. The mixture was stirred
at room temperature for 24 h under nitrogen blanket. The particles were precipitated in
ethanol, following by external magnet separation to obtain the allyl-grafted MNP. Then, the
MNP were re-dispersed in toluene and re-precipitated in ethanol. This procedure was

repeated three times to remove unreacted species from the particles.

2.2.3. Immobilization of the PDMS onto surface of the allyl-grafted MNP and ATRP of
PPEGMA from the particle surface

The PDMS-OH (1 g, 0.476 mmole) was slowly introduced into the reaction mixture
of the allyl-grafted MNP dispersion (0.1 g of the MNP in 10 ml toluene) and Pt catalyst
(Platinum (0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex). The reaction temperature
was set at 70°C for 6 h. After the reaction was complete, the precipitants were removed from
the dispersion using an external magnet and washed with ethanol and toluene, respectively.
BIBB (0.15 ml, 0.05 mmole) was slowly introduced into the reaction mixture of the PDMS-
OH-coated MNP dispersion (0.1 g of the PDMS-coated MNP in 10 ml toluene) and 2 M TEA
in toluene (0.25 ml) at 0°C under nitrogen atmosphere. A white precipitate was formed upon
the addition. The reaction temperature was set at room temperature for 24 h with stirring.
After the reaction was complete, the precipitants of PDMS-Br-coated MNP were removed
from the dispersion using an external magnet and washed with ethanol and toluene,

respectively.
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The mixture of the PDMS-Br-coated MNP (0.1 g) and PEGMA (3 ml, 0.01 mole)
dispersed in toluene (2 ml, 60% w/v) was sonicated for 1 h and purged with nitrogen gas for
15 min. After the addition of CuBr (0.014 g, 0.1 mmole), Me6-Tren (0.025 ml, 0.1 mmole)
and dialkyl bromide disiloxane (0.055 ml, 0.1 mmole) as a sacrificial initiator (the synthesis
has been provided in the supporting information), ATRP reaction was carried out at room
temperature for 24 h with nitrogen gas purging and magnetically stirring. After the
polymerization, the particles were precipitated in ethanol and the aggregate was repeatedly
washed with ethanol to remove unreacted PEGMA, CuBr and the ligand. The as-synthesized
PPEGMA-coated MNP was finally dried under reduced pressure.

2.3. Characterization

'H NMR spectra were performed on a 400 MHz Bruker NMR spectrometer using
CDCl; as a solvent. FTIR was performed on a Perkin-Elmer Model 1600 Series FTIR
Spectrophotometer in the wavenumber range of 4000-400 cm™. Liquid samples were directly
cast onto potassium chloride plates. Solid samples were made by the pressed disc method
after mixing dried solid samples with KBr. TEM was performed on Philips Tecnai 12,
operated at 120 kV equipped with Gatan model 782 CCD camera. The sample solution in
water or toluene was directly cast onto carbon-coated copper grids and let to slowly evaporate
at room temperature. Magnetic properties of the particles were measured at room temperature
using a Standard 7403 Series, Lakeshore vibrating sample magnetometer (VSM). Magnetic
moment of each sample was investigated over a range of £ 10000 G of applied magnetic
fields using 30 min sweep time. TGA was performed on SDTA 851 Mettler-Toledo at the
temperature ranging between 25 and 600°C at a heating rate of 20°C/min under oxygen
atmosphere. Hydrodynamic size of the particles was measured by PCS using NanoZS4700
nanoseries Malvern instrument. DI water used as a dispersing media was filtered through
0.22 um nylon syringe filters before used. The aqueous dispersions of the particles were

sonicated for 10 min before the measurement without filtration.

2.4 Investigation of entrapping and loading efficiencies of indomethacin in PPEGMA-
coated MNP

To incorporate indomethacin, the model drug, to the particles, the drug solution (2

ml, 25 mg/ml in THF) was added dropwise with stirring to an aqueous dispersion of
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PPEGMA-coated MNP (5 ml). The mixture was stirred for 30 min to remove THF and to
allow fully partitioning the drug into the hydrophobic shell of the particles. Drug-loaded
magnetite was then separated using an external magnet. The concentration of the excess drug
in the supernatant was determined using UV-Visible spectrophotometer. The amount of the
entrapped drug in the particles was determined from the difference of the weights of the
loaded drug and the excess of the drug remaining dispersible in the solution. The details of
the calculation are provided in the supporting information. Entrapment efficiency and drug

loading efficiency (DLE) were determined as followed:

Entrapment efficiency (%EE) = Weight of the entrapped drug in the particles x 100

Weight of loaded drug

Drug loading efficiency (%DLE) = Weight of the entrapped drug in the particles x 100

Weight of the particles

3. Results and discussion

The primary aim of this work was to coat MNP with a novel amphiphilic surfactant
to obtain bilayer surface of hydrophobic PDMS inner shell and hydrophilic PPEGMA corona.
It was envisioned that the hydrophobic PDMS inner layer can be used as a reservoir for
entrapment of hydrophobic entities and the hydrophilic PPEGMA brush provided steric
repulsion and water dispersibility to the particles. Polysiloxane was first synthesized via an
acid-catalyzed ring opening copolymerization of D, and D4H to obtain the Si-H-containing
PDMS. This reaction was designed such that the PDMS can be covalently grafted onto the
MNP surface through hydrosillylation. The PDMS-coated MNP can be then used as a
macroinitiator for ATRP of PPEGMA to form water dispersible particles with double-layer

surface.

3.1. Synthesis of difunctionalized PDMS via an acid-catalyzed ring-opening polymerization
3.1.1. Synthesis of dihydroxypropyl tetramethyl disiloxane (disiloxane diol)
Disiloxane diol was synthesized through a hydrosillylation between 1,1,3,3-

tetramethylsiloxane and allyl alcohol to obtain the hydroxyl-terminated endcapper. *H NMR
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indicated the formation of the linkages corresponding to the coupling reaction of Si-H bond
to allyl alcohol: methylene protons (-CH,-) of propyl alcohol at 0.5, 1.5 and 3.6 ppm. In
addition, the disappearance of Si-H signal (4.7 ppm) signified the formation of the disiloxane
diol. The resultant product appeared as transparent oil (70.5% vyield). The FTIR and *H NMR
spectra of the product have been provided in the supporting information. "H NMR (400 MHz,
CDCl3) 64 : 0.05 [m, 12H, Si-CHjs], 0.50 [m, 4H, Si-CH,], 1.60 [m, 4H, CH,-CH,-CHj], 2.00
[s, 1H, CH,-OH], 3.60 [m, 4H, CH,-CH,-OH]. FT-IR (thin film) vma : 3369 cm™ (O-H
stretching), 2958 cm™ (C-H stretching), 1411 cm™ (CH, stretching), 1260 cm™ (Si-CHs
stretching), 1078 cm™ (Si-O stretching) and 800 cm™ (Si-C stretching).

3.1.2. Synthesis of hydroxyl-terminated polydimethylsiloxane (PDMS-OH)

PDMS-OH was synthesized via a ring-opening polymerization of D./D4H
mixture. 1:1 Molar ratio of D, to D4H was used in this reaction in order to introduce Si-H
linkages in the polysiloxane chain for further functionalization. The signal at 4.7 ppm
corresponding to the hydrogen on Si (Si-H) indicated the presence of Si-H thoroughly
dispersed in the polysiloxane chain. The *H NMR spectra of the product have been provided
in the supporting information. In good agreement with *H NMR, FTIR spectrum manifested
the presence of Si-H bond (2160 cm™), Si-O bond (1038 cm™) and Si-CH3 bond (1261 cm™)

of the PDMS-OH (Figure 2A). The 2,500 g/mol-targeted M, of the PDMS-OH were

controlled by adjusting the molar ratio of the cyclic monomers to the disiloxane diol

endcapper. The methyl protons on Si (Si-CHs, 0.06 ppm) relative to the methylene protons at
the chain terminals (Si-CH,CH,CH,0OH, 3.60 ppm) were used to calculate its M_n using an
endgroup analysis method via 'H NMR. The M_n of the as-synthesized PDMS-OH was
approximately 2,254 g/mol (m=19, n=14).
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Figure 2 FTIR spectra of A) PDMS-OH, B) allyl-grafted MNP, C) PDMS-OH-coated MNP
and D) PDMS-Br-coated MNP

3.2. Synthesis of allyl-grafted MNP

To prepare allyl-grafted MNP, allyl-containing silane was first synthesized. It was
prepared through a ring-opening reaction of epoxide ring of allyl glycidyl ether with an
amino group of aminopropy! triethoxysilane to obtain allyl-containing silane compound. The
resultant product appeared as yellowish oil (87% vyield). The *H NMR spectrum of the
product is shown in the supporting information. In combination with the disappearance of the
signals of the epoxide ring, the presence of the signals at 5.3-5.8 ppm (allyl protons), 1.2 and
3.8 ppm (ethoxy protons) indicated the formation of allyl-containing silane product. In
addition, the C=C signal of allyl functional groups (1647 cm™) in the resultant product was
apparent in FTIR spectrum. FTIR: 3412 cm™ (NH, O-H stretching), 2927 cm™ (C-H
stretching), 1647 cm™ (C=C stretching), 1490 cm™ (CH, stretching), 1103 cm™ (C-O-C, Si-O
stretching) and 800 cm™ (Si-C stretching). *"H NMR (400 MHz, CDCls) &y : 0.50 [m, 2H,
CH,-CH,-Si], 1.15 [t, 9H, O-CH,-CHg], 1.50 [m, 2H, CH,-CH,-CH_], 2.50 [m, 4H, CH,-NH-
CHy], 3.40 [m, 2H, -O-CH,-(CH-0OH)-], 3.75 [m, 1H, CH,-(CH-OH)-CH,, 2H, O-CH,-CHj3],
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4.00 [d, 2H, -CH,-O-CH>-], 5.20 [m, 1H, CH,=CH-CH,-] and 6.80 [m, 2H, CH,=CH-CH>-].
FTIR (thin film) vma : 3412 cm™ (N-H, O-H stretching), 2927 cm™ (C-H stretching), 1647
cm™ (C=C stretching), 1490 cm™ (CH, stretching), 1103 cm™ (C-O-C, Si-O stretching) and
800 cm™ (Si-C stretching).

The allyl-containing silane compound was then covalently bonded onto the oleic
acid-coated MNP through the combination of ligand exchange reaction and condensation of
triethoxysilane to obtain allyl-grafted MNP resultant product. FTIR exhibited characteristic
absorption signals of the allyl-grafted MNP: 3436 cm™ (N-H, O-H stretching) and 1018 cm™
(Si-O stretching) and 800 cm™ (Si-C- stretching) (Figure 2B). In combination with a strong
and broad signal of Fe-O bonds (634 cm™), this evidenced that allyl-containing silane

compound was immobilized onto the MNP surface.

3.3 Immobilization of the PDMS onto surface of the allyl-grafted MNP and ATRP of
PPEGMA from the particle surface

To immobilize PDMS onto the surface of MNP, hydrosillylation between Si-H of
the as-synthesized PDMS-OH and C=C of the allyl-grafted MNP was accomplished to obtain
PDMS-coated MNP. FTIR spectrum of the PDMS-OH-coated MNP exhibited characteristic
absorption signals of both PDMS-OH and MNP core: 3401 cm™ (O-H stretching), 1261cm™
(Si-CHj stretching), 1038 cm™ (Si-O stretching) and 600 cm™ (Fe-O) (Figure 2C). After the
hydrosillylation, the decrease of the signal intensity of Si-H (2160 cm™) relative to that of Si-
CHs (1261 cm™) indicated the depletion of Si-H linkages in the PDMS. The presence of the
Si-H signal in *H NMR signified the remaining of unreacted Si-H bonds after the reaction.
Even though there was some Si-H trace in the PDMS, the as-synthesized PDMS-OH-coated
MNP exhibited an improvement in its dispersibility in toluene when compared to the MNP
without PDMS coating. TGA and VSM techniques also showed supportive results to FTIR
that PDMS was bound to the MNP complexes and they have been discussed in details in the
later sections.

BIBB, an active ATRP initiator, was then immobilized on the surface of PDMS-OH-
coated MNP to obtain PDMS-Br-coated MNP. After the reaction, alkyl bromide groups,
functioning as active ATRP initiators for PPEGMA, should present on the MNP surface.
FTIR exhibited characteristic absorption signals of the PDMS-Br-coated MNP: 1727 cm™
(O-(C=0) carbonyl stretching), 1261 cm™ (Si-CHjs stretching), 1038 cm™ (Si-O stretching)
and 600 cm™ (Fe-O) (Figure 2D). The disappearance of Br-C=0 (1767-1807 cm™) of BIBB
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and the presence of —OC=0 (1727 cm™) of the resultant product indicated the occurrence of
the coupling reaction.

ATRP reactions of PPEGMA from the PDMS-Br-coated MNP surface were set for
24 h at room temperature. The samples were withdrawn from the reaction mixture after 1, 6
and 24 h of the reaction, ultracentrifuged to precipitate the particles, thoroughly washed with
ethanol, dried in vacuo and characterized via FTIR. Figure 3 shows FTIR spectra of PEGMA
oligomer and PPEGMA-coated MNP after 0, 6 and 24 h of ATRP. A progressive growth of -
O(C=0)- stretching signals (1727 cm™) and C-O-C stretching signals (1105 cm™) of
PPEGMA repeating units indicated that M_n of PPEGMA on MNP surfaces increased as

increasing ATRP reaction time. In addition, Fe-O bond signals at 600 cm™ were also

observed throughout the reaction.

Figure 3 FTIR spectra of (A) PEGMA oligomer, PPEGMA-coated MNP after (B) 0 h, (C) 6
h and (D) 24 h of ATRP

In the ATRP reaction, the as-synthesized dialkyl bromide disiloxane was also added
into the reaction mixture as a sacrificial initiator. After ultracentrifugation of the dispersion to
precipitate the particle, the supernatant containing free PPEGMA brush initiated from the
sacrificial initiator was analyzed via 'H NMR to monitor the reaction progress using DMF as

an internal standard. Due to the structural similarity between alkyl bromide grafted on the



119

particle surface and the sacrificial initiator, it was assumed that the reaction reactivities of
these two initiator systems were similar.

The monomer conversion vs time plot of the ATRP of PPEGMA shows that the
reaction rate was constant during first 7 h of the reaction and it was slowed down when the
reaction was prolonged (Figure 4). In good agreement with this, the first-order plot reveals a
linear relationship during the course of first 7 h of the reaction, indicating the constant
consumption rate of the monomer at initial state of the reaction. After 7 h of the reaction, the
rate of the reaction started to deviate from linearity at high percent monomer conversion. This
was probably due the premature termination of active radicals during the polymerization due
to the depletion of PEGMA concentration.

Figure 4 Conversion vs time plot and first-order kinetic plot of ATRP of PPEGMA

According to the TEM measurements, the particles show narrow size distribution
with the size ranging between 4 and 9 nm and the average of 7 nm in diameter (Figure 5).
Figure 5B and 5C illustrate the particle distribution of the PPEGMA-coated MNP prepared
from aqueous dispersions in comparison with that of the PDMS-OH-coated MNP prepared
from toluene dispersion (Figure 5A). Hydrophobic PDMS in the PDMS-OH-coated MNP
promoted their good dispersibility in toluene, while hydrophilic PPEGMA in the PPEGMA-
coated MNP rendered them well dispersible in water. It was also noticed that dispersibility of
the PPEGMA-coated MNP in water was greatly improved when ATRP reaction time was
prolonged from 6 h to 24 h as indicated by the more transparent yellowish dispersion in
Figure 6C (12 h) than that in Figure 6B (6 h). This implied a better coating of hydrophilic
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PPEGMA on MNP surface. The slight difference in colors of the dispersions in Figure 6A
and 6C was probably due to the interaction of MNP complexes in different solvents (toluene
and water), which might influence the appearance of the dispersion colors. One might wonder
that the color change of these dispersions may arise from the phase transformation of
magnetite during the ATRP step. Selected area electron diffraction (SAED) technique was
thus performed to obtain the crystal structure information of the complexes from each step of
the reactions (bare MNP, PDMS-coated MNP and PPEGMA-coated MNP). Their SAED
patterns revealed that the particles were crystalline and their d-values were in good agreement
with those observed in Fes04 [Moisescu et al., 2008; Prai-in et al., 2012], indicating that there
was no major phase transformation of magnetite core in each step. The SAED patterns of

each complex are shown in the supporting information.

Figure 5 TEM images of A) PDMS-OH-coated MNP prepared from toluene dispersion, B)
and C) PPEGMA-coated MNP after 24 h of ATRP prepared from aqueous dispersion at

different magnifications



121

Figure 6 Appearance of (A) PDMS-OH-coated MNP in toluene and PPEGMA-coated MNP
dispersed in H,O after (B) 6 h and (C) 24 h of ATRP

PCS was conducted to investigate the hydrodynamic diameters (Dy) of PDMS-OH-
coated MNP dispersed in toluene and PPEGMA-coated MNP dispersed in water (Table 1).
The hydrodynamic size of bare MNP in toluene was not measured because it was not well
redispersible in the solvent, resulting in aggregation of the particles. In the particles stabilized
with the polymers, the large Dy ranging between 162 and 446 nm was attributed to the size of
their complexes with some nanoscale particle aggregation. This nanoaggregate was also
apparent in the TEM experiments (Figure 5C). It was also observed that Dy of the PPEGMA-
coated MNP after 24 h of ATRP was significantly smaller than those of the other two
complexes. This was devoted to the better coating of hydrophilic PPEGMA on the particle
surface, resulting in the enhancement in water dispersibility and the decrease in Dy of the
aggregate.

The rather large size of Dy (162 nm) even after ATRP (PPEGMA-coated MNP) was
probably due to the limited accessibility of PEGMA to react with the pre-formed aggregated
PDMS-coated MNP. Therefore, the stability of the particles in the solvents was concerned
when dispersed for long period of time. Stability studies of PDMS-coated MNP (before
ATRP) in toluene and PPEGMA-coated MNP (after ATRP) in water were performed. At a
given time, the dispersions were centrifuged to remove large aggregate and the
concentrations of MNP remaining dispersible in the media were measured via atomic
absorption spectroscopy (AAS). It was found that, in both samples, percentages of the
dispersible particles in the solvents gradually decreased and there were about 30-50% MNP
remaining dispersible in the media after 5 weeks (the plot is shown in the supporting

information). One possible explanation is that the polymers might not be completely coated
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on the surface of the particles, which essentially influenced their stability in the dispersions.
Improvement in dispersibility of PDMS-coated MNP in toluene should also enhance
dispersibility and stability of PPEGMA-coated MNP in water. This can be achieved by
optimization of the reaction conditions in the PDMS-coating step of MNP such as the
reaction temperature, solvent and catalyst, and this is warranted for a future study.

Table 1 Hydrodynamic diameter (Dy), composition and magnetic properties of the MNP

complexes
% Char % in the complex” emu/g of emu/g of
Type of complex Dy (nm) @ o . .
yield FesO, PDMS PPEGMA  complex FesO,™
Bare MNP - 88 100 - - 44 44
PDMS-OH-coated MNP 446 £ 1 80 91 9 - 35 38
PPEGMA-coated MNP
after 6 h of ATRP 2951 58 66 7 27 25 38
after 24 h of ATRP 162+1 23 26 3 71 10 38

% Measured at room temperature via PCS technique
b Estimated from % char yield at 600 °C via TGA technique
¢ Estimated from M values at 10,000 G via VSM technique

Figure 7 shows the TGA thermograms of bare MNP, PDMS-OH-coated MNP and
PPEGMA-coated MNP after 6 and 12 h of ATRP. The samples from each step of the
reactions exhibited distinctive TGA curves giving rise to the information of the amount of
PDMS and PPEGMA in the complexes. The slight drop in the weight of bare MNP was
attributable to the residual benzyl alcohol used as the solvent in the MNP preparation step.
According to the TGA results, there were about 9 wt% PDMS in the PDMS-OH-coated MNP
and 3-7 wt% PDMS in the PPEGMA-coated MNP (Table 1). The drop in the percentage of
PDMS was attributed to the increase of PPEGMA component in the complexes. The
PPEGMA-coated MNP showed the weight loss stage ranging between 200 and 380°C (Figure
7C and 7D), which was attributed to the decomposition of PPEGMA in the complexes. When
the time periods of ATRP reaction were extended from 6 to 24 h, the percentage of PPEGMA

increased from 27% to 71% and the percentage of magnetite core decreased from 66% to



123

26%, indicating the progressive increase of PPEGMA in the complexes. This was a
supportive result to FTIR (Figure 3) and PCS experiments (Table 1) that PPEGMA chain

length on their surface was extended when ATRP reaction time was prolonged.

Figure 7 TGA thermograms of (A) bare MNP, (B) PDMS-OH-coated MNP and PPEGMA-
coated MNP after (C) 6 h and (D) 24 h of ATRP

Hysteresis curves of bare MNP, PDMS-OH-coated MNP, PPEGMA-coated MNP
after 6 h and 24 h of ATRP were illustrated in Figure 8. They showed superparamagnetic
behavior at room temperature as indicated by the absence of remanence and coercivity upon
removing an external applied magnetic field. The saturation magnetization values (M;)
ranged between 10 and 44 emu/g complex (Table 1). As expected, the M values decreased as
the percentage of magnetite core in the complexes, determined via TGA technique,
decreased. When taking the percentage of magnetite in the complex into account, the Ms in
emu/g magnetite basis of PDMS-OH-coated MNP slightly dropped from 44 to 38 emu/g
magnetite. This was attributed to the use of high reaction temperature in the PDMS-coating
step of MNP (hydrosillylation of PDMS-OH and allyl-grafted MNP), which might affect the
magnetic properties of MNP core. Interestingly, magnetic properties of the PDMS-coated and

PPEGMA-coated MNPs were not significantly different from each other, indicating that the
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ATRP grafting step of PPEGMA from MNP surface did not deteriorate magnetic properties

of the complexes.

Figure 8 Magnetization curves of (A) bare MNP, (B) PDMS-OH-coated MNP and
PPEGMA-coated MNP after (C) 6 h and (D) 24 h of ATRP

The studies on drug entrapping and loading efficiencies were performed to confirm
the formation of bilayer surface of MNP with a hydrophobic inner shell. Indomethacin was
selected as a hydrophobic model drug in this study because its concentration can be measured
via UV-vis spectrophotometry. It was envisioned that indomethacin should somewnhat
partition into the hydrophobic PDMS layer on the particle surface. It was found that percent
drug entrapment efficiency (%EE) of the complex was 62% and drug loading efficiency
(%DLE) was 27% (an example of the calculation is illustrated in the supporting information).
This signified the formation of bilayer structure with hydrophobic PDMS inner shell on MNP

surface.

4. Conclusions
Surface modification of MNP with PDMS-PPEGMA amphiphile via a *“grafting
from” strategy to obtain polymeric bilayer surfactant has been reported. The hydrophilic

PPEGMA provided steric repulsion and water dispersibility to the particles, while



