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ABSTRACT

This work presents the synthesis of magnetite nanoparticle (MNP) coated with
poly(N',N—diethylaminoethyl methacrylate)-b-poly(N-isopropyl acrylamide-st-
thiolactone acrylamide) (PDEAEMA-b-P(NIPAAm-st-TlaAm) copolymer and its use in
controlled drug release and bio-conjugation. TlaAm units in the copolymer were ring-
opened with various alkyl amines to form thiol groups (-SH), followed by thiol-ene
coupling reactions with acrylamide-coated MNP and then quaternized to obtain
cationic copolymer-MNP assemblies (the size < 200 nm/cluster). The use of alkyl
amines having various chain lengths (e.g. 1-propylamine, 1-octylamine or 1-
dodecylamine) in the nucleophilic ring-opening reactions of the thiolactone rings
affected their magnetic separation ability, water dispersibility and release rate of
dokorubicin model drug. In all cases, when increasing the temperature, they showed
a thermo-responsive behavior as indicated by the decrease in hydrodynamic size and
the accelerated drug release rate. These copolymer-MNP assemblies could be used
as a novel platform with thermal-triggering controlled drug release and capability for

adsorption with any negatively charged biomolecules.
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CHAPTER |

INTRODUCTION

Research rationale

In recent years, magnetite nanoparticle (MNP) has extensively attracted
interest owing to their superparamagnetic properties and their potential applications
in various fields. Incorporation of MNP into various organic nano-assemblies has been
investigated by features of their intriguing biomedical applications, such as remotely
controlled drug release, magnetically guidable drug delivery [1-3], magnetic resonance
imaging (MRI) [4-5], and hyperthermia cancer treatment [6-8]. However, it tends to
aggregate to each other mainly owing to dipole-dipole and magnetic attractive forces,
leading the loss in nano-scale related properties and a decrease in the surface
area/volume ratio [9]. Grafting long-chain polymers onto MNP surface is currently one
of the promising approaches to realize its dispersibility in the media due to charge
repulsion of ionic surface or steric repulsion of long chain surfactant [10,11]. In
addition, this polymeric coating can also serve as a platform for conjugation of
biomolecules of interest on the MNP surface [12-15].

Many works have now extensively reported in the MNP polymeric coating
accomplished either via “grafting from” or “grafting to” strategies [16,17] with
controlled radical polymerization (CRP) techniques. CRP technique produces well
controllable polymer architecture on pérticle surface because it can control
molecular weight, polydispersity, functionality and composition distribution of
polymers [18,19]. Three general techniques of CRP include nitroxide-mediated
polymerization (NMP) [20,21], atom transfer radical polymerization (ATRP) [22,23],
reversible addition fragmentation chain transfer polymerization (RAFT) [24,25]. Being of
our particular interest, RAFT as opposed to other CRP techniques can be performed
in various kinds of solvent, wide range of temperature, no need of metals used for

polymerization and large range of monomer classes [26].



This present work reports the synthesis of a multifunctional amphiphilic
copolymer with bilayer via RAFT for coating onto the surface of MNP and its use in
drug controlled and sustained release and bio-conjugation. This copolymer was well
designed to have multi-functions including; 1) thermo-responsive poly(N-
isopropylacrylamide) (PNIPAAmM) serving as a drug reservoir with a temperature-
triggering mechanism for controlled and sustained release, 2) thiolactone moiety for
covalent grafting with MNP surface and tuning degree of hydrophobicity of the
copolymer, and 3) positively charged poly(N,N-diethylamino-2-ethylmethacrylate)
(PDEAEMA) for improving its water dispersibility and ionic adsorption with anionic bio-
entities. PNIPAAm responded to the change of the environmental temperature due to
the phase separation when crossing its lower critical solution temperature (LCST = 30-
34 °C) [27]. When raising the temperature above its LCST, the copolymer was in the
collapse state due to the formation of the intramolecular hydrogen bonding among
the polymer chains. In contrast, it swelled at the temperature below its LCST owing
to the intermolecular hydrogen bonding between water molecules and polymer
chains [28-32]. |

The reactions involving thiol chemistry has now gain a great attention because
thiols (-SH) are highly reactive nucleophiles for the reactions with epoxide, alkyt
halides, and double or triple bonds [33-34]. However, the applications of thiols are
rather limited because they have a short shelf life due to the oxidation reaction
resulting in disulfide formation [35]. A promising approach to overcome this limitation
is to use a reactive thiolactone, a cyclic thioester, as a latent thiol functional group.
This reaction involves a ring-opening reaction of thiolactone moieties to obtain thiol
functionality (-SH), subsequently reacting with electrophites for the second
modification in one-pot reaction [33,36-38]. Many works from Du Prez’s research
group have reported the use of thiolactone for the double modification purpose [33-
38].

in this report, we describe a synthesis of a thermo-responsive multifunctional
diblock copolymer containing thiolactone acrylamide (TlaAm) units for coating on
MNP surface and its use for drug controlled release and bio-conjugation applications.

PDEAEMA synthesized via RAFT polymerization was used as a macro chain transfer



agent (CTA) for a chain extension of PNIPAAmM-st-PTIAm second block. PTIAm units
were ring opened by alkyl amines to form thiol groups, which were subsequently
reacted with the acrylamide-coated MNP to obtain the copolymer-coated particle.
PDEAEMA block was then quaternized to obtain cationic MNP to improve the water
dispersibility of the particle and for ionic adsorption with negafive bio-entities. The
effect of alkyl chain lengths (C3, C8 and C12) on the assemblies of the copolymer-
coated MNP, affecting their water dispersibility and magnetic separation ability, was
investigated. Moreover, the temperature change and the effect of alkyl chain lengths
on the rate of the drug release (doxorubicin as a model drug) was also studied (Figure

1.1).
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Figure 1.1 Synthetic scheme of the copolymer-coated MNP (MC) and its
quaternization (gMC)

Research objectives

This work focuses on the surface modification of MNP with PDEAEMA-b-
P(NIPAAmM-st-TlaAm) copolymer to obtain magnetic nanocluster with bilayer
copolymer coating with thermo-responsive properties for drug controlled release
application. The effect of temperature changes on drug releasing behavior of the

copolymer-coated MNP will be demonstrated.
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Research scopes
1. Design and synthesis of thermo-responsive PDEAEMA-b-P(NIPAAM-st-

TlaAm)
2. Immobilization of the synthesized copolymer on MNP surface

3. Study in the effect of temperature change on drug releasing behavior of

the copolymer bilayer-coated MNP



CHAPTER Il
LITERATURE REVIEW

This research focused on the synthesis of thermo-responsive functional
diblock copolymer containing TlaAm moiety for coating on MNP surface and obtain
amphiphilic copolymer bilayer for controlted and sustained release of the entrapped
drug. This copolymer was synthesized via RAFT polymerizatién using a PDEAEMA
macro chain transfer agent (CTA) to mediate the polymerization of statistical
P(NIPAAM-st-TlaAm) block (Figure 2.1). The TlaAm units were ring-opened with
primary alkylamine to form thiol groups (-SH), followed by the thiol-ene coupling
reactions with acrylamide-grafted MNP. 1-propylamine, 1-octylamine and 1-
dodecylamine were used in the ring-opening reactions to investigate the effect of
degree of hydrophobicity due to various chain lengths of alkyl groups on the
aggregation, water dispersibility and morphology of the copolymer-coated MNP.
PDEAEMA block in the copolymer was subsequently quaternized with CHjl to give
good water dispersibility to the copolymer-grafted MNP. This novel polymer-MNP

hybrid was well designed to be used in drug controtled release application.

o T, T ¢ )_4‘ L??}_

N{Mm PDEAEMA-b-P( NIPAAm-co-TlaAm } " PDEAEMA-b-P( NIPAAm-co-TlaAm ) coated MNPs

tn water

collapse "
swolle:
= PDEAEMA % MNPs ¥ | primaryamine

M NIPAAm % TiaAm

Figure 2.1 Synthesis of the copolymer-coated MNP to form polymeric bilayer for use

in drug controlled release application



Because the experimental section in this project was divided into 3 parts: 1)
synthesis of PDEAEMA-b-P(NIPAAm-st-TlaAm) copolymer, 2) modification of the
synthesized copolymer on MNP surface and 3) study in the effect of temperature
change on drug releasing ‘behavior of the copolymer-coated MNP, therefore, the
literature reviews are divided into 3 parts as following;

1. thermo-responsive polymefs
2. poly(N-thiolactone acrylamide) (PTlaAm)
3. polymer-coated MNP

1. Thermo-responsive polymers

There are two main types of thermo-responsive polymers; the first contains
a lower critical solution temperature (LCST) and the second has an upper critical
solution temperature (UCST). LCST is the critical temperature point below which the
polymer and solvent are completely miscible as shown in Figure 2.2 [39]. Similarly, in
the case of UCST, the polymer and solvent are miscible at above UCST critical
temperature point. Therefore, at temperature below LCST, a polymer solution
appears clear and homogenous, but a polymer solution will tumn cloudy at
temperature above LCST. Therefore, LCST is also referred to as the minimum of the
cloud point curve on temperature-polymer volume fraction (#) phase diagram. The
variable appearances of polymer solution at different temperatures depend on
whether the interaction of po.Lymer and solvent are energetically favorable. In

particular, considering the free energy of the system using the Gibbs equation:

AG = AH - TAS
where AAG is Gibbs free energy, AH is enthalpy and Asis entropy.

Increase in temperature augments the entropy of the system causing the
phase separation to be more favorable. Entropy of the water plays a major role in the
determination of polymer solubility because the presence of polymer in a solution

causes the water molecules to be less ordered and have higher entropy. This is also



called the “hydrophobic effect” [40-42]. It is known that LCST provides an
entropically driven effect while UCST is an enthalpically driven effect [43].

T s‘ing.leuphase
‘ regnon

1. two-phase
'\ region A

two-phase
region

single-phase
region

s ¢

Figure 2.2 A terhperature (T) vs. polymer volume fraction (#) plot. Schematic
illustration of phase diagrams for polymer solution (a) LCST behavior and (b) UCST
behavior [39]

Most of the studies detailed in this review use polymers that have an
LCST. PNIPAAm, polymenzed from NIPAAm monomer (Figure 2.3), is one of the best
known and most studied thermo-responsive polymers in this class. PNIPAAmM exhibits
phase separation at a certain temperature, which is referred to as LCST. PNIPAAm has
a LCST of about 32 °Cin aqueous solution [44-48]. When the temperature is below its
LCST, PNIPAAm is hydrophilic and soluble in water (Figure 2.4). The polymer chains
are well hydrated and completely extended with intermolecutar hydrogen bonding
between the water molecules and the polymer chains (Figure 2.5). On the other
hand, at a temperature above its LCST, the chains abruptly collapse resulting in an
increase in hydrophobicity and exclusion of water, resulting in the formation of

intermolecular hydrogen bonding among the polymer chains.
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Lo r
NIPAAm

poly(NIPAAm)

Figure 2.3 Chemical structure of N-isopropylacrylamide (NIPAAM) and PNIPAAM

Globute conformation

Call conformation

H,0

Amide—water H-bonding Amide—amide H-bonding

Figure 2.4 H-bonding between amide-water (hydration) and amide—amide

(dehydration) giving a potential role in its phase transition behavior [49]

Below LCST Above LCST
HZC:CH /4 /” /e‘
HN/& o 1 N
T
NIPAAm N, &/O\" W

Figure 2.5 H-bonding between PNIPAAmM chains and water molecules as a function aof

temperature at above and below LCST [49]

Zhou, et al. have presented RAFT polymerization and dually responsive
behaviors of terpyridine-containing PNIPAAmM copolymers in dilute solutions (Figure
2.6) [50]. They showed the development of terpyridine-containing PNIPAAmM

copolymers to obtain the copolymers that gave the properties of thermo-responsive



-

polymers and sensitive metal ion. The molecular structures of the polymers had
been confirmed by fourier transform infrared spectroscopy (FTIR), proton nuclear
magnetic resonance spectroscopy ('H NMR). From the transmittance of the polymer
solution, the LCST of poly(NIPAAm-co-TpyPhA) was 28 °C, while the responsiveness to
Fe”* was fast from colorless state into purple state due to the coordination between
Fe™* and terpyridine in poly(NIPAAm-co-TpyPhA) chain (Figure 2.7). This information
provided some clues for developing new multi-responsive and multi-functional

polymers.

1 K;L0;, DMSO, 50 °C, N;
2 Br-CH,-CH=CHy

- NIPAAm, DMPA, AIBN i

Figure 2.6 Schematic illustration of the synthetic route for poly(NIPAAm-co-TpyPhA)
(50]
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Figure 2.7 The thermo-responsive polymers and sensitive metal ion of poly(NIPAAm-

co-TpyPhA) [50]

Barnes, et al. have presented the synthesis of collagen-PNIPAAmM hydrogels
with tunable propérties (Figure 2.8) [51]. A combining collagen with a poly(NIPAAmM-co-
styrene-graft-NVP) (NSN) was developed to improve mechanical properties and to
maintain cytocompatibility. It was found that the resulting hydrogel syneresis,
mechanical properties and cytocompatibility can be tuned by adjusting the ratio of
collagen to NSN. They found that more than 2.5 wt% collagen combined NSN were

able to form self-supporting gels; they were suitable for use as cell scaffolds.

"N ég,,— BN

é’(j/ g ’\/\J
S T

4

mix on'ice
¢ arec
collagen fibril |, {2 By L
formation andiZ#s
PNIPAM i3
coil - globule i ¢

] PNIPAM content

Figure 2.8 Schematic illustration the collagen-PNIPAAmM hydrogels [51]
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In 2011, Fan, et al. have demonstrated the synthesis of a novel thermo and
pH responsive magnetic hydrogel nanosphere of poly(N-isopropylacrylamide-co-
acrylic acid)/MNPs (P(NIPAAM-co-AA)/MNPs) for drug release application [52]. The
procedure to prepare poly(NIPAAm-co-AA)/MNPs hydrogel nanospheres composed of
three steps (Figure 2.9). A stable dispersion of MNPs modified by citrate groups was
first dispersed in NIPAAm and AA solutions, which  then polymerized by using
potassium persulfate (KPS) as an initiator and N,N-methylenebis(acrylamide) (BIS) as a
crosslinker, resulting in the formation of the P(NIPAAmM-co-AA) polymer magnetic
hydrogel nanospheres. These nanospheres were analyzed particle sizes and shapes
by TEM technique. It was found that the magnetic hydrogel nanospheres had uniform

sphere structures and the average diameter of such a structure was 150 nm.

NIPAAmM Fey0,nancparticles

.:7. r/\ AR KPS

Figure 2.9 Preparation (A) and TEM micrographs (B) of the drug-loaded P(NIPAAm-co-
AA)/MNP hydrogel nanospheres [52]

2. Poly(N-thiolactone acrylamide) (PTlaAm)
Thiolactone monomer can be synthesized via the nucleophilic substitution

between D,L-homocysteine thiolactone and acryloy! chloride (Figure 2.10).
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O —
O
——0
. NH, HCI
\ 3 — NH
Cl
. O
acryloyl chloride D,L-homocysteine

thiolactone hydrochloride
S

thiolactone monomer

Figure 2.10 Synthesis and chemical structure of a thiolactone monomer

Chain polymerization of thiolactone monomer to obtain polythiolactone

(PTlaAm) is shown in Figure 2.11.

Figure 2.11 Chain polymerization of thiolactone monomer to obtain polythiolactone

(PTlaAm)

This polymerization reaction gives good electrophilic PTlaAm with no by-
product after the ring-opening reaction. The formation of thiol (-5H) allows for the
second modification after the ring-opening reaction. Belbekhouche, et al. have
presented the polythiolactone-based redox responsive layers for the reversible
release of functional molecules (Figure 2.12) [53]. A novel copolymer of the TlaAm
and N,N-dimethytacrylamide (DMA) was synthesized via RAFT polymerization. After
the ring opening reaction of the polythiolactones with amine derivatives and
essentially form free thiol groups, they were successfully grafted onto flat gold
surfaces. The presence of polythiol layers on gold substrates were confirmed via

various techniques such as electrochemical Impedance spectroscopy, water contact
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angle measurement, X-ray photoelectron spectroscopy, and X-ray reflectometry.
These layers were functionalized with rhodamine B-poly(ethylene glycol)-thiol, a
thiolated dye, which could be released in reducing conditions and again re-grafted in

oxidizing conditions.

Redox

~ \\\raﬂmulaﬁon

Figure 2.12 The design of polythiolactone-based redox responsive layers on

. gold surface [53]

* Reinicke, et al. reported a quantitative, additive-free, and one-pot reaction
involving the ring-opening reaction of poly(N-isopropyl acrylamide-co-N-thiolactone
acrytamide) (poly(NIPAAmM-co-TlaAm)) by primary amine treatment and subsequent
conversion of the released thiol groups via a Michael addition reaction with acrylate
functional groups [54]. This was used for the double modification/functionalization of
the polyNIPAAm-containing polymers, yielding tailor-made thermo-responsive
polymers. It was found that the cloud points of the polymer-containing solutions can
be tuned by adjusting the amount of loaded amines in the ring-opening reactions,

allowing for the control of the degree of the modification (Figure 2.13).
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Figure 2.13 One-pot double modification of p(NIPAAmM-co-TlaAm) [54]

Chen and co-workers recently reported the synthesis of the copolymer of
TlaAm and NIPAAmM via RAFT polymerization [55]. This copolymer was then reacted
with various 1-amino alkyl compounds to obtain thiol groups after the ring-opening
reaction, and followed by the coupling of the thiol groups (-SH) with sugar derivatives
to obtain the double-modified graft copolymers (Figure 2.14). They were able to self-
assemble as micellar structure due to their amphiphilic nature. The sizes of the
micelles increased from 200 to 600 nm in diameter when the loaded alkyl amines
were increased, and the assembled nanopartlcles were bioactive and can interact

effectlvely with Concanavalin A (ConA) lectin:
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Figure 2.14 One-pot reactions of glycopolymer-based nanoparticles, employing a
double modification (aminolysis and nucleophilic substitution) of thiolactone-

containing polyacryl-amides [55]

3. Polymer-coated MNP

Because MNP is in nano-scale that has a high surface area-to-volume ratio, it is
not stable, leading to aggregation in dispersions due to attractive forces among the
particles. Large clusters of aggregates take place during or after the synthesis of the
MNP because of these attractive forces in order to minimize the total surface energy.
Therefore, stabilization of MNP by surface modification is necessary to protect them
from particle aggregation.

Sahoo, et al. have presented the synthesis of thermal and pH responsive
polymer-tethered multifunctional magnetite nanoparticles (MNP) for targeted delivery
of anticancer drug (Figure 2.15) [1]. Amino-grafted MNP surface by co-precipitation
were covalently coupling with -COOH of PNIPAAM-b-polyacrylic acid (PAA)

copolymers. Then, the surface was modified with folic acid (FA) and rhodamine B
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isothiocyanate (RITC), fotlowed by loading of doxorubicin (DOX) into the particle
surface. The magnetic core and polymer shell structure of the particles prepared was
confirmed by X-ray diffraction (XRD) and FTIR spectroscopy. The release of the DOX-
loaded MNP was studied by fluorescence microscopy about 25 and 37 °C. It was

found that the release amount and rate depend on pH and temperature.
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Figure 2.15 The designing of thermal and pH responsive polymer-tethered

multifunctional magnetife nanoparticles (MNP) [1]

Meerod, et al. have presented the modification of hydrophilic poly(NIPAAM-
co- polylethylene glycol) methacrylate)-coated MNP nanoclusters with thermo-
responsive properties and their drug controlled release (Figure 2.16) [32]. These
magnetic nanoclusters were synthesized via an in situ radical polymerization in the

presence of acrylamide-grafted MNP. PNIPAAmM provided thermo-responsive
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properties, while poly(ethylene glycol) methacrylate (PEGMA) provided good water
dispersibility; the nanoclusters were well dispersible in water at room temperature
and can be agglomerated when temperature above the LCST (32 °C). The release
behavior- of an indomethacin model drug from the nanoclusters was investigated
during stepwise temperature between 15 °C and 45 °C. It was found that the ratio of
PEGMA to NIPAAm in the MNP nanoclustering influenced the entrapment efﬂcfency as

well as the release behavior of an indomethancin model drug.

1. PEGMA ==~

2. Acrylamide-grafted MNP

Figure 2.16 The formation of the thermo-responsive poly(NIPAAM-co-PEGMA)-
grafted MNP nanoclusters [32]

NIPAAM Initiator

Chen, et al. have presented the synthesis of thermo-responsive hollow
magnetic microspheres with hyperthermia and controlled release properties (Figure
2.17) [7]. A carbon nanomaterial was used as a steric stabilizer for MNP and a
supporter for PNIPAAmM. Thermo-responsive NIPAAM was grafted on the carbon-
encapsﬁlate hollows by surface radical polymerization. The thermo-responsive
hollow magnetic microspheres were confirmed by XRD, SEM and TEM measurements.
The results showed that the microspheres had a phase-transition temperature around
43 °C and a saturation magnetization of 56.9 emu/g. The 5-fluorouracil model drug
was loaded in and released from the microspheres with different release rates at 35

and 50 °C.
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hollow magnetic microspheres [7]

Wan, et al. have prepared stable MNP in aqueous dispersions by
coprecipitation of aqueous ferrous (Fe™") and ferric (Fe™") solutions in a base in the
presence of poly(glycerol monoacrylate)-g-poly(PEG methyl ether acrylate) (PGA-g-
PEG) graft copolymers (Figure 2.18) [56]. PGA-g-PEG was prepared by acidic hydrolysis
of poly(solktal acrylate)-g-poly(PEG methyl ether acrylate), which was synthesized by
copolymerization of solktal acrylate and PEG methyl ether acrylate by atom transfer
radical polymerization (ATRP). The size of the copolymer-stabilized MNP can be
controlled from 4 nm to 18 nm by varying the graft density of the graft copolymers.
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Figure 2.18 Stabilization of MNP with PGA-g-PEG copolymer [56]

Fan, et al. have reported the grafting reaction of poly(ethyleneglycol)
monomethacrylate (PEGMA) on MNP surface via a solvent-free atom transfer radical
polymerization (ATRP) (Figure 2.19) [57]. MNP was prepared via a high-temperature
decomposition of Fe(acac);. The macroinitiators were immobilized on the surface of
6.5+0.8 nm MNP via effective ligand exchange of oleic acid with 3-chloropropionic
acid (CPA). The surface-modified MNP was well dispersible in the PEGMA monomer.
The ligand exchange method enabled dispersibility of the MNP to fulfill the
requirement of solvent-free ATRP since CPA, the surface capping agents, can be
exchanged in a controllable fashion, depending on the functional groups and
concentrations of the surfactants. The PEGMA-grafted MNP has a uniform
hydrodynamic particle size of 36.0+1.2 nm. The physical properties, cytotoxicity and
MRI of the PEGMA-grafted MNP were investigated and the results showed that these
MNP may be a good candidate for bio-applications.
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Figure 2.19 Preparation route of (a) P(PEGMA)-grafted MNP by solvent-free ATRP and
(b) a photograph of PEGMA-grafted MNP dispersion in water [57]

Galeotti, et al. have reported a detailed study of surface modification of MNP
by means of three different grafting organosilane agents for preparation of magnetic
polymer brushes (Figure 2.20) [58]. 3-Aminopropyltriethoxysilane (APTES), 3-
chloropropy!-triethoxysilane (CPTES) and 2-(4-chlorosulfonylphenyl)
ethyltrichlorosilane (CTCS) were selected as grafting models through which a wide
range of polymer brushes can be obtained. By means of accurate thermogravimetric
analysis, it was found that a good control over the amount of immobitized molecules
was achieved, and optimal operating conditions for each grafting agent were
consequently determined. Graft densities ranging from 4 to 7 molecules per nm”
were obtained depending on the conditions used. In addition, the surface-initiated
ATRP of methyl methacrylate (MMA) carried out with CTCS-coated nanoparticles was
presented as an example of polymer brushes, leading to a well-defined and dense

polymeric coating of around 0.6 poly(methyl methacrylate) (PMMA) chains per nm’.
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Figure 2.20 Reaction scheme and organositane structures employed for the

functionalization of MNP surface [58]

Rutnakornpituk, et al. have prepared poly(acrylic acid) (PAA)-grafted MNP via
surface-initiated ATRP of t-butyl acrylate, followed by acid-catalyzed deprotection of
t-butyl groups (Figure 2.21) [59]. In addition to serve as both steric and electrostatic
stabilizers, PAA grafted on MNP surface also served as a platform for conjugating folic
acid, a cancer cell targeting agent. The particle size was 8 nm in diameter without
significant aggregation during the preparation process. 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.



Poly(acrylic acid)

0
Folic acid

Figure 2.21 Immobilization of folic acid on the surface of PAA-coated MNP
(59]
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CHAPTER I
RESEARCH METHODOLOGY

The aim of this work is to modify surface of MNP with PDEAEMA-b-P(NIPAAmM-
st-TlaAm) copolymer to obtain magnetic nanocluster with bilayer copolymer coating
with thermo-responsive properties for drug controlled release application. In addition,
the effect of temperature changes on drug releasing behavior of the copolymer-

coated MNP will be studied.

Materials

Unless otherwise stated, the reagents were used without purification: iron(Ill)
acetylacetonate (Fe(acac);, 99%, Acros), aminopropyltriethoxysilane (APTES, 99%,
Acros), D,L-homocysteine thiolactone hydrochloride (99%, Acros), oleic acid (Carlo
Erba), (3-aminopropyl) triethoxysilane (APTES, 99%, Acros), triethylamine (TEA, 97%,
Carlo  Erba), 2,2’-azobis(2-methylpropionitrile) (AIBN,  98%, Sigma-Aldrich), s-
(thiobenzoyl) thioglycolic acid as a chain transfer agent (99%, Aldrich), 2-
(diethylamino)  ethyl methacrylate (DEAEMA, 99% stabilized, Acros), and N-
isopropylacrylamide (NIPAAM, 99%, Acros) were used as received. Acrytoyl chloride
was synthesized prior to use via a chloride exchange reaction between acrylic acid-
(98%, Acros) and benzoyl chloride (99%, Acros) to obtain a colortess liquid with 60% .
yield. 1-Propylamine  (99%, Sigma-Aldrich), l-octylamine (99%, Merck), 1-
dodecylamine (98%, Acros) and iodomethane (2.0 M in tert-butyl methyl ether,
Sigma—Aldrich) were used as received. Doxorubicin hydrochloride (DOX, 2 mg/ml,

Pharmachemie BV) were used as received.



24

Syntheses
Synthesis of N-thiolactone acrylamide (TlaAm) monomer

To the mixture of D,L-homocysteine thiolactone hydrochloride (7.05 g, 45.6
mmol) in a H,0/1,4-dioxane solution (100 ml), NaHCO; (19.20 ¢, 227.9 mmol) was
added and stirred for 30 min in an ice bath. Acryloyl chloride (8.3 g, 91.2 mmol) was
then added dropwise and stirred at room temperature overnight. After the reaction
completed, brine (100 ml) was added into the solution, followed by extracting with
ethyl acetate (3x200 ml) to obtain TlaAm in an organic layer. Finally, TlaAm

monomer was purified by recrystallization from CH,Cl, and then dried in vacuo.

Synthesis of acrylamide-coated MNP

MNP was synthesized via a thermal decomposition method of Fe(acac)s (5 g,
14.1 mmol) in 90 m! benzyl alcohol at 180 °C for 48 h. Then, the particle was
magnetically separated and washed with ethanol and then chloroform. Oleic acid (4
ml) was slowly added to the MNP-toluene dispersion (30 ml) with sonication to form
oleic acid-coated MNP, followed by an addition of APTES (4 ml) containing TEA (2 ml)
to form amino-coated MNP. After stirring for 24 h, the particles were precipitated in
ethanol and washed with toluene. After re-dispersing the particles (0.1 g) in a NaOH
solution (6.72 mmol in 10 ml DI), acryloyl chloride (3.36 ¢, 37.1 mmol) was then
added to the dispersion and stirred for 24 h. The product was magnetically separated,
repeatedly washed with water and then stored in the form of dispersions in THF (0.1

¢ MNP/1 ml).

Synthesis of PDEAEMA macro chain transfer agent (PDFAEMA macro CTA)

DEAEMA monomer (1.9361 g, 10.4 mmol), S-(thiobenzoy!) thioglycolic acid
(31.7 mg, 0.1 mmol) as CTA and AIBN initiator (4.9 mg, 0.03 mmol)
(IDEAEMA]:[CTAL[AIBN] molar ratio of 70:1:0.2, respectively) were dissolved in 1,4-



dioxane (7 ml) under N, atmosphere with stirring for 30 min. The RAFT polymerﬁ'ﬂ%f‘&'l‘i3m”ﬂ

was performed for 48 h at 70 °C to obtain ca.50% monomer conversion with M,, of
PDEAEMA about 6,700 g/mol (Supplementary material Figure S1). The polymerization
was ceased by cooling at room temperature in air. The PDEAEMA macro CTA was

purified by dialysis in methanol and dried in vacuo.

Synthesis of PDEAEMA-b-P(NIPAAm-st-TlaAm) block copolymer

PDEAEMA macro CTA (0.06 mmol), NIPAAmM (4.24 mmol), TtaAm (1.82 mmol)
and AIBN initiator (0.01 mmol) (INIPAAM]y:[TlaAm]y:[PDEAEMA macro CTAL[AIBN] molar
ratio of 70:30:1:0.2, respectively) was dissolved in 1,4-dioxane (8.5 ml) under N,
atmosphere with stirring for 30 min. The RAFT potymerization was performed at 70 °C
for 4 h to obtain ca.50% NIPAAm conversion and 30% TlaAm conversion with E of
the copolymer about 12,200 g/mol (Supplementary material Figure $2). The
polymerization was stopped by cooling at room temperature with air. The copolymer

was purified by dialysis in methanol and dried in vacuo.

Synthesis of the copolymer-coated MNP by a double modification of PDEAEMA-b-
P(NIPAAm-st-TlaAm) copolymer

The copolymer (0.16 mmol of TlaAm unit) was dissolved in chloroform (5 ml)
followed by an addition of primary alkylamines (0.32 mmol, 2:1 molar ratio of alkyl
amine to TlaAm unit), e.g. 1-propylamine, 1-octylamine and 1-dodecylamine, to
obtain the C3, C8 and C12 copolymers, respectively. The solution was then mixed
with the acrylamide-coated MNP (100 mg) and TEA (0.1 ml) and stirred for 24 h under
N, gas. The copolymer-coated MNP was magnetically separated and washed with

chloroform and designated as MC3, MC8 and MC12, respectively.
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Quaternization of PDEAEMA in the copolymer-coated MNP

The copolymer-coated MNP (1.76 mmol of DEAEMA units) was re-dispersed in
ethanol (40 ml), followed by dropwise addition of 2M CHsl solution (1.76 mmol). The
mixture was stirred for 20 h in dark at room temperature. The quaternized products
(gQMC3, gMC8 and gMC12) were magnetically separated and washed with THF to

remove an excess of CHsl, followed by drying in vacuo to obtain black powder.

In vitro release studies of entrapped DOX from the copolymer-coated MNP

The drug solution (2 mg/ml of DOX) was added dropwise into the quaternized
MNP dispersions (10 mg/2 ml in DI water) with stirring at 15 °C for 3 h. The DOX-
entrapped MNP was separated from an excess DOX by magnetic separation for 30
min and washed with DI water for 4 times. The dispersion of DOX-entrapped MNP (10
mg in 3 mL DI water) was placed in a water bath at 25 °C (below LCST of PNIPAAm)
for 1 h and then temperature was increased to 45 °C (above LCST of PNIPAAm) for
another 80 min. During the experiment, 0.2 ml of the dispersions was withdrawn from
the release media at a pre-determined time until the released drug reached the
equilibrium (the total time points ranging between 12 and 15). After 30-min magnetic
separation, the concentrations of the released drug in the supernatant at a given time
were determined via UV-visible spectrophotometry at A= 480 nm and % drug release

was calculated from the following equation;

Weight of released drug at a given time
% drug released = - - x 100
Weight of the entrapped drug in the MNP

where the weight of the entrapped drug in the MNP was determined from the
amount of the drug at the maximum point of the release profile combined with
those remaining in the particles. To dissolve the remaining drug from the MNP, DI
water (3 ml) was added to the particles and then the mixture was heated at 50 °C for

1 h. After 30-min magnetic separation, the drug concentration in the supernatant was
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then determined via UV-visible spectrophotometry. The drug entrapment efficiency

was calculated from the following equation;

Entrapment efficiency (%EE) = .80 ofthe entrapped drugin the MNP _,
HrapmenteTceny L8 B weight of the loaded drug X

Characterization

FTIR spectrophotometry was operated on a Perkin—Elmer Model 1600 Series
FTIR spectrophotometer. "'H NMR spectroscopy was performed on a 400 MHz Bruker
NMR spectrometer using DMSO-dg4 or CDCl; as solvents. The hydrodynamic diameter
(Dy) and zeta potential of the particles were measured by PCS using NanoZS4700
nanoseries Malvern instrument. The sample dispersions were sonicated for 1 h before
each measurement without filtration. The TEM images were conducted using a Philips
Tecnai 12 operated at 120 kV equipped with Gatan model 782 CCD camera. The
particles were re-dispersed in water and then sonicated before deposition on a TEM
grid. TGA was performed on Mettler-Toledo’s SDTA 851 at the temperature ranging
between 50 and 800 °C and a heating rate of 20 °C/min under oxygen atmosphere.
Magnetic properties of the particles were measured at room temperature using a

Standard 7403 Series, Lakeshore vibrating sample magnetometer (VSM). UV-visible

spectrophotometry was performed on microplate reader at A = 480 nm.



CHAPTER IV
RESULTS AND DISCUSSION

This work focused on the surface modification of MNP with multi-functional
PDEAEMA-b-P(NIPAAM-st-TlaAm) copolymer to obtain magnetic nanoduster with
thermo-responsive properties for drug controlled release application. The copolymer
was synthesized via RAFT polymerization to control architecture and the molecular
weight of the block copolymer. PDEAEMA macro CTA was first synthesized, followed
by the extension of P(NIPAAm-st-TlaAm) second block from PDEAEMA first block. It
was envisioned that the quaternized PDEAEMA could form the corona, while
P(NIPAAM-st-TlaAm) block self-assembled to be a core in aqueous media.
(Supplementary material Figure S3). PTlaAm in the P(NIPAAm-st-TlaAm) allowed for a
double modification for 1) adjustment of the degree of the hydrophobicity of the
polymeric core and 2) immobilization of the polymer on MNP surface. This P(NIPAAm-
st-TlaAm) core was also used for entrapment of a therapeutic drug with a thermo-
triggering release mechanism owing to the existence of PNIPAAm in the structure. In
addition, an optimal degree of hydrophilicity/hydrophobicity of the copolymer might
be necessary for controlled release of the entrapped drug. Therefore, three different
alkyl chain lengths (C3, C8 and C12) were used for tuning the degree of the
hydrophobicity of the copolymer coated on the particle surface.

Synthesis and characterization of the copolymer-coated MNP

"H NMR spectra of the purified products from each step were shown in Figure
4.1. The signals corresponding to the methylene protons of PDEAEMA macro CTA (1.8-
1.9 ppm) indicated the polymerization of PDEAEMA (Figure 4.1A). This macro CTA was
then used for the propagation of NIPAAM and TlaAm monomers. The new signals at
O 1.1 and 3.6 ppm of the NIPAAm units and at O 3.2 and 4.7 ppm of TlaAm units
indicated the propagation of both monomers from PDEAEMA macro CTA (Figure 4.1B).
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After the ring-opening reactions of thiolactone units with various alkylamines (1-
propylamine, 1-octylamine and 1-dodecylamine), the strong signals of the protons of
alkyl groups appeared in the range of D09-14 ppm (Figure 4.1C, 4.1D, and 4.1E). In
good agreement with this result, the disappearance of TlaAm signals at 03334 ppm
(signal k in Figure 4.1B) and O 4.7 (signal i in Figure 4.1B), indicating the successful ring-
opening reactions of thiolactone moiety in the copolymers. In addition, the results
from FTIR were also in good agreement with those obtained from "H NMR

(Supplementary material Figure S4).

Appmiary
! ,,
| 1 J\J ®
S A JMM ) J\ J
N . )
' M / (D)
N WA A | |
i ©
i/
/\Jbu,\” I ' ®)
“j : LU
i l ¢ d\ b
IRAL
. J AN
, - ‘

6 5 4 3 2
chemical shift (ppm)

0

Figure 4.1 "H NMR spectra of (A) PDEAEMA macro CTA, (B) PDEAEMA-b-P(NIPAAM-st-
TlaAm) copolymers before the ring-opening reaction, and after the ring-opening

reactions with (C) 1-propylamine, (D) 1-octylamine, and (E) 1-dodecylamine
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After the ring-opening reaction of thiolactone rings in the copolymers with
alkylamines to form thiol groups (-SH), the acrylamide-coated MNP was subsequently
added to the mixture allowing for the thiol-ene reaction (Lowe 2010). The proposed
thiol-ene reaction mechanism between the acrylamide on the MNP surface and thiol
groups (-SH) of the copolymer is shown in Figure 4.2. Figure 4.3 shows FTIR spectra of
the acrylamide-coated MNP and the MNP coated with the copolymers after the thiol-
ene reaction. The signal at 590 e’ corresponding to Fe-O bond in the MNP
appeared in every 'sample (Figure 4.3). Figure 4.3B-4.3D show the characteristic
adsorption signals of C=0 stretching (1730 cm-l), C-O stretching (1260 cm’) of
carboxyl groups and C-C stretching (800 cm ) of the copolymer, signifying the

existence of the copolymer on the particle surface through the thiol-ene reaction.
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Figure 4.2 The thiol-ene reaction mechanism between the acrylamide groups on the
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Figure 4.3 FTIR spectra of (A) acrylamide-coated MNP, (B) MC3, (C) MC8, and (D) MC12

To étudy the organic/inorganic composition of the copoymer-coated MNP, TGA
was used to determine the weight loss at 800 °c (Figure 4.4A). It was hypothesized
that the residue weight was the weight of iron oxide from oxidized MNP, while the
loss weight was the organic conponents in the copolymer-MNP assemblies. The
decrease of the residual weight in the samples corresponded to the increase in the
organic contents in the MNP. It was found that there was about 12% organic content
in acrylamide-coated MNP, while after coating with the copolymer, there were 26%,
28% and 41% of the polymers in MC12, MC8 and MC3, respectively, signifying that
MC3 had higher degree of alkyl substitution as compared to the other two. This was |
rationalized that the short alkyl chain length in the C3 copolymer 'might have less
steric hindrance in the particle coating step, resulting in the better accessibility of the
particles to react with the copolymers and thus higher amounts of the copolymers

on the particles.



32

100
95 1
-90 A
85 1
80 -
75 1
70 -
65
60 -
55
50

(A)

% residual weight

0 200 400 600 800 1000
Temperature (°C)

80 T : — ®)

60
40 A

l
o am

Magnetization emu/g)

-15000 -10000 -5000 0 5000 10000 15000 :
Applied field (Oe)

Figure 4.4 (A) TGA thermograms and (B) M-H curves of (a) acrylamide-coated MNP,
(b) MC3, (c) MC8 and (d) MC12

VSM technique was used to determine magnetic properties of the MNP before

| and after the copolymer coating (Figure 4.4B). They well responded to an applied
' magnet and showed superparamagnetic behavior due to the absence of the

coercitivity (H.) and remanence (M) upon removal of an external magnetic field. The



33

saturation magnetization (M) decreased from 58 emu/g of acrylamide-coated MNP to
56 emu/g of MC12, 54 emu/g of the MC8 and 31 emu/g of MC3, due to the presence
of non-magnetic copolymer on the particle surface and thus the drop of their
magnetic responsiveness. The decrease in the net magnetization corresponded well

to the increase of the copolymers coated on the particles observed in TGA.

The copolymer-coated MNP was then quaternized to improve the particle
dispersibility in water. Zeta potentials of the particle both before (MC3, MC8 and
MC12) and after quaternization (gMC3, gMC8, and gMC12) were studied using PCS
(Table 4.1). The zeta potentials of acrylamide-coated MNP before and after
guaternization did not change because there was no copolymer coated on the MNP
surface. After the copolymer coating, their zeta potential values of all copolymers
significantly increased from 0 to 16-28 mV after quaternizations, owing to the
formation of permanent positive charges of quaternary ammonium groups in the
copolymer-coated MNP. It should be noted that these positive charges might
facilitate the particles to be well dispersible in an aqueous media, which was
necessary for the use in drug controlled release applications discussed later in this

report.

In addition, the preliminary studies in the use of the cationic MNP for ionic
adsorption with negative bio-entities were also investigated. DNA tagged with 6-
carboxytetramethyl rhodamine (TAMRA-5’-TACCACCATTC-3’) was selected as a model
compound to proof the idea of ionic adsorption capability of the particles. gMC12 (2
mg) as a representative was dispersed in 0.4 M DNA solution (2 ml) and then stirred
for 2 h, followed by magnetic separation. It was found that the concentrations of DNA
in the solutions significantly decreased from 0.42 uM to 0.05 uM (Supplementary
materials Figure S5), indicating that the MNP can be used as a cationic platform for

adsorption with DNA through the electrostatic interaction.
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Table 4.1 Zeta potential values and hydrodynamic size (D;,) of the copolymer-coated

MNP

Dy, of quaternized particles
Zeta potential [mV]

Types of [nm]
MNP Before After . .
at 25 C at 45 C
quaternization quaternization
Acrylamide- 153405 153105 564 X 63 506 X 52
coated
MNP
MC3 0 284+ 1.0 1068 & 197 396 T 58
MC8 0 16.2 X 0.6 836 & 214 372 £ 103
MC12 0 263108 1426 + 218 295 %0

Representative TEM images of acrylamide-coated MNP and the quaternized
copolymer-coated MNP (gMC) prepared from aqueous dispersions are shown in Figure
4.5. Acrylamide-coated MNP showed macroscopic aggregation due to the lack of
potymer coating resulting in the particles with poor water dispersibility (Figure 4.5A).
After coating with the copolymer and then quaternization, formation of the
nanoclusters with the size below 200 nm/cluster was observed (Figure 4.5B-4.5D).
They showed good dispersibility in water without noticeable aggregation after
standing for 2 h (Figure 4.6A). After 75 h, the gMC3 dispersion exhibited some
aggregation, while those of gMC8 and gMC12 were inéigniﬁcant. This was attributed to
the higher degree of alkyl substitution of 1-propylamine in the copolymer due to less
steric hindrance as compared to those of 1-octyl and 1-dodecylamines, resulting in
the higher degree of hydrophobicity of the copolymer and consequently aggregating
in water. The TGA result discussed above also supported this assumption that there
was higher amount of the copolymer in gMC3, which might result in the higher

degree of hydrophobicity as compared to gMC8 and gMC12.



35

Figure 4.5 TEM images of (A) acrylamide-coated MNP, (B) gMC3, (C) gMC8 and (D)

gMC12 prepared from aqueous dispersions

The particle dispersibility in water shown Figure 4.6A was in good agreement
with their magnetic separation ability in water. After 5 min of magnetic separation,
gMC3 can be completely separated while there were some dispersible particles
remaining in gMC8 and gMC12 dispersions (Figure 4.6B). Importantly, the completely
separated ability of particles from the dispersion with an assistance of a magnet was
necessary for the determination of the drug controlled release discussed later in this

work.
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Figure 4.6 (A) Water dispersibility and (B) magnetic separation ability of gMC3, gMC8
and gMC12

Because the copolymer coated on the particles in this work comprised
thermo-responsive moieties of PNIPAAm and PDEAEMA, the effect of the change in
the temperature on their Dy, was investigated. The experimental temperatures were
set at 25 °C and 45 °C, which crosses their critical solution temperature (LCST of
PNIPAAM = 30-34 °C and LCST of PDEAEMA = 31 °C) [27, 60]. It was found that, in all
cases, Dy, of the particle coated with the copolymers at 45 °C was smaller than those
at 25 °C (Table 4.1). The copolymers collapsed at the temperature above its critical

solution temperature, resulting in the shrinkage of the nanocluster and thus the
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decrease in their Dy, It should be noted that the shrinkage of the copolymer when
heated to 45 °C would be utilized as a triggering mechanism for drug controlled

release discussed in the later section.

In vitro release studies of entrapped DOX from the copolymer-coated MNP triggered

by the temperature change

DOX, known as a chemotherapy medication used to treat cancer, was used as
a model drug for entrapment in and then release from the copolymer-coated MNP.
Fluorescence spectra of the DNA solutions before and after adsorption with gMC12
and (B) a standard calibration curve of the DNA solutions (TAMRA-5’-TACCACCATTC-3")
are shown in Figure S6 (in the supplementary materials). It was hypothesized that
DOX was entrapped in the copolymer-coated particles due to thé hydrogen bonding
of DOX molecules with the copolymer. %EE of gMC3 was ca.5.4%, while those of
gMC8 and gMC12 ranged between 10.3% and 10.8%. The two-fold lower percentage
of gMC3 as compared to those of the other two samples was probably due to the
higher degree of hydrophobicity in gMC3 (higher degree of alkyl substitution), which

might result in less entrapment of DOX on the particles.

DOX release studies were performed at 25 °C with a step-wise increase in the
temperature to 45 °C after the equilibrium (Figure 4.7). In all cases, the release of
DOX from the particle at 25 °C reached their equilibrium within 40 min and they were
held at this temperature for 1 h to ensure the equilibrium. Generally, when the
temperature of dispersion is increased above room temperature, the preloaded drug
should mainly be released via a diffusion mechanism [61]. In this work, when
increasing the temperature to 45 °C (above LCST of PNIPAAM), all samples (gMC3,
gMC8 and gMC12) showed the same trend of the drug release. The increment of DOX
release upon increasing the temperature was mainly attributed to “a diffusion
mechanism”. Interestingly, gMC8 and gMC12 showed the faster rate of DOX release
with additional release of ca.8-10% and reached the equilibrium within 40 min. This

accelerated release rate was attributed to “a squeezing mechanism” due to the
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collapse of PNIPAAM chains at above its LCST [62]. However, the release rate of DOX
in gMC3 seemed to be retarded at the beginning of the elevated temperature and it
was then slowly released afterward with additional DOX release of ca.11%. The
higher degree of hydrophobicity in gMC3 discussed above might inhibit the squeezing
behavior of PNIPAAM in the-copolymer, which thus initially retarded the release of
the entrapped drug from the particles at the elevated temperature (Figure 4.8).
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Figure 4.7 DOX release profiles of the copolymer-coated MNP (gMC3, gMC6 and
gMC12)
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CHAPTER V
CONCLUSIONS

We herein reported the multi-responsive MNP modified with cationic
PDEAEMA-b-P(NIPAAM-st-TlaAm) copolymer and its potential applications in
controlled drug rélease and bio-conjugation. Degree of hydrophobicity of the
copolymers coated on surface of particle can be tuned by using various alkyl chain
lengths in thiolactone ring-openiné reaction and this can influence the particle self-
assemblies in water (e.g. Dy, dispersibility, nano-aggregation) and the drug release rate.
These particles exhibited the temperature responsive behavior, which can be used as
a triggering mechanism for controlled release of DOX. These versatile copolymer-MNP
assemblies showed an enormous potential for use as a smart platform with thermal-
triggering controlled drug release system and for conjugation with any negatively

charged bio-entities.
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Figure S1 Monitoring the monomers conversions via "H NMR spectroscopy during RAFT of
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Figure S3 A TEM image of quaternized C12 copolymer showing the self-assemble behavior. The

TEM sample was prepared from the copolymer aqueous dispersion.
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surface with
PDEAEMA-b-
P(NIPAAM-st-
TlaAm) copolymer
to obtain magnetic
nanocluster with
bilayer copolymer
coating with
thermo-responsive
properties.

2. To apply the
copolymer-coated
MNP for use in
drug controlled
release
application.

3. To study the
effect of
temperature
changes on drug
releasing behavior
of the copolymer-

coated MNP.

1. To modify MNP

Step 1: Synthesis of TlaAm

monomer

TlaAm monomer was synthesized

and characterized via 'H NMR

technique.

Step 2: Synthesis of
acrylamide-coated MNP

The acrylamide-coated MNP was
synthesized and characterized via

FTIR TEM, VSM and TGA techniques

Step 3: Synthesis of
PDEAEMA macro CTA

PDEAEMA macro CTA was
synthesized and characterized via 'H

NMR technique.

Step 4: Synthesis of
PDEAEMA-b-P(NIPAAmM-st-
TlaAm) block copolymer

PDEAEMA-b-P(NIPAAM-st-TlaAm)

block copolymer were
synthesized and characterized via 'H

NMR technique.

Step 5: Synthesis of the
copolymer-coated MNP

The copolymer-coated MNP
were synthesized and characterized
via FTIR, TEM, VSM, PCS and TGA

techniques

Step 6: Quaternization of
PDEAEMA in the
copolymer-coated MNP

The copolymer-coated MNP was
quaternized and characterized

via PCS technique.

Step 7: In vitro release
studies of entrapped DOX
from the copolymer-

coated MNP

In vitro release studies of
entrapped DOX from the
copolymer-coated MNP was
studied as a function of

temperature.
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Step 1: Synthesis of TlaAm monomer

100%

Step 2: Synthesis of acrylamide-coated MNP 100% -
Step 3: Synthesis of PDEAEMA macro CTA 100% -
Step 4: Synthesis of PDEAEMA-b-P(NIPAAM- 100% -
st-TlaAm) block copolymer

Step 5: Synthesis of the copolymer-coated 100% -
MNP

Step 6: Quaternization of PDEAEMA in the 100% -
copolymer-coated MNP

Step 7: In vitro release studies of entrapped 100% -

DOX from the copolymer-coated MNP
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Abstract This work presents the synthesis of magnetite
nanoparticle (MNP) coated with poly(N,N-
diethylaminoethyl methactylate)-b-poly(N-isopropyl
acrylamide-st-thiolactone acrylamide) (PDEAEMA-b-
P(NIPAAm-s+-TlaAm) copolymer and ils use in con-
trolled drug release and bio-conjugation. TlaAm units in
the copolymer were ring-opened with various alkyl
amines to form thiol groups (-SH), followed by thiol-

ene coupling reactions with acrylamide-coated MNP

and then quaternized to obtain cationic copolymer-
MNP assemblies (the size <200 nnveluster). The use
of alkyl amines having various chain lengths (e.g., 1-
propylamine, 1-octylamine, or 1-dodecylaming) in the
mucleophilic ring-opening reactions of the thiolactone
rings affected their magnetic separation ability, water
dispersibility, and release rate of doxorubicin model
drug, In all cases, when increasing the temperature, they
showed a thermo-responsive behavior as indicated by
the decrease in hydrodynamic size and the accelerated
drug release rate. These copolymer-MNP assemblies
could be used as a novel platform with thermal-
triggering controlled drug release and capability for
adsorption with any negatively charged biomolecules,
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Introduction

In recent years, magnetite nanoparticle (MNP) has exten-
sively attracted inlerest owing to their syperparamagnetic
properties and their potential applications in various fields.
hicorporation of MNP into various organic nano-
assemblies has been investigated by features of their in-
triguing biomedical applications, such as remotely con-
trolled drug release, magnetically guidable drug delivery
(Sahoo et al 2013; Wang el al. 2013; Li et al. 2006),
magnetic resonance imaging (MRI) (Mahmoud et al,
2013; Hu et al. 2013), and hyperthermia cancer freatment
delivery (Qu et al, 2014; Chen et al, 2015; Singh et al,
2014). However, it tends to aggregate to each other mainly
owing to dipole-dipole and magnetic attractive forces,
leading the loss i nano-scale relaied properties and a
decrease in the surface areavolume ratio (Lim et al,
2013). Grafling long-chain polymers onto MNP surface
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is curently one of the promising approaches to reafize its
dispersibility in the media due to charge repulsion of ionic
surface or steric repulsion of long chain surfactant (Chen
et al. 2012; Mekkapat et al. 2013). In addition, this poly-
meric coating can also serve as a platform for conjugation
of biomolecules of interest on the MNP surface (Leung
et al. 2013; Machida et al. 2014; Prabha and Raj 2016;
Ulbtich ¢t al. 2016),

Many works have now extensively reported in the
MNP polymeric coating accomplished either via
“grafting from" or “grafling to” strategies (Qin
et al, 2004; Wang et al. 2008) with controlled radical
polymerization (CRP) techniques. CRP technique
produces well controllable polymer architecture on
pariicle surface because it can control molecular
weight, polydispersity, functionality, and composi-
tion distribution of polymers (Braunecker and
Matyjaszewski 2007). Three general techniques of
CRP include nitroxide-mediated polymerization
(NMP) (Sciannamea et al, 2008), atom transfer rad-
ical polymerization (ATRP) (Matyjaszewski 2012;
Huang et al, 2017), reversible addition fragmenta-
tion chain transfer polymerization (RAFT) (Moad
et al. 2008; Hill et al. 2015). Being of our particular
interest, RAFT as opposed to other CRP techniques
can be performed in various kinds of solvent, wide
range of temperature, no need of metals used for
polymerization, and latge range of monomer classes
(Willcock and O’Reilly 2010).

This present work reports the synthesis of a mul-
tifunctional copolymer via RAFT for coating onto
the surface of MNP and its use in drugcontrolled
release and bio-conjugation. This copolymer was
well designed to have multi-functions including:
(1) thermo-responsive poly(N-isopropylacrylamide)
(PNIPAAm) serving as a drug reservoir with a
tempetature-triggering mechanism, (2) thiolactone
moiety for covalent grafting with MNP surface and
uning degree of hydrophobicity of the copolymer,

and (3) positively charged poly(N,N-diethylamino-

2-ethylmethacrylate) (PDEAEMA) for improving its
water dispersibility and ionic adsorption with anion-
ic bio-entities. PNIPAAm responded to the change
of the environmental temperature due to the phase
separation when crossing its lower critical solution
temperature (LCST = 30-34 °C) (Gandhi et al.
2015). When raising the temperature above iis
LCST, the copolymer was in the collapse state due
to the formation of the intramolecular hydrogen

€) Springer

bonding among the polymer chains. In contrast, it
swelled at the temperature below its LCST owing to
the intermolecular hydrogen bonding between water
molecules and polymer chains (Du et al, 2010;
Bischofberger and Trappe 2015: Patil and
Wadgaonkar 2017; Rodkate and Rutnakornpituk
2016; Meerod et al. 2015).

The reactions involving thiol chemistry have now
gain a great attention because thiols (-SH) are highly
reactive nucleophiles for the reactions with epoxide,
alkyl halides, and double or triple bonds (Espeel and
Du Prez 2015; Stamenovi et al. 2011), However, the
applications of thiols are rather limited because they
have a short shelf life due to the oxidation reaction
resulting ie disulfide formation (Espeel et al, 2012).
A promising approach to overcome this limitation is
to vse a reactive thiolactone, a cyelic thicester, as a
Iatent thiol functional group. This reaction involves
a ring-opening reaction of thiolactone moieties to
obtain thiol functionality (-SH), subsequently
reacting with electrophiles for the second modifica-
tion in one-pot reaction (Espeel and Du Prez 2015;
Chen et al. 2014; Reinicke et al. 2013; Espeel et al.
2011). Many works from Du Prez's research group
have reported the use of thiolactone for the double
modification purpose (Espeel and Du Prez 2015;
Stamenovi et al, 2011; Espeel et al. 2012; Chen
et al. 2014; Reinicke ot al. 2013; Espeel et al, 2011),

Ins this report, we describe a synthesis of a thermo-

' responsive multifnctional diblock copolymer contain-

ing thiolactone acrylamide (TlaAm) units for coating on
MNP surface and its use for drug-controlled release and
bio-conjugation applications. PDEAEMA synthesized
via RAFT polymerization was used as a macro chain
transfer agent (CTA) for a chain extension of
PNIPA Am-s~-PTIAm second block. PTIAm units wers
ring opened by alkyl amines to form thiol groups, which
were subsequently reacted with the acrylamide-coated
MNP to obtain the copolymer-coated particle.
PDEAEMA block was then quaternized to obtain cat-
ionic MNP to improve the water dispersibility of the
particle and for jonic adsorption with negative bio-enti-
ties. The effect of alkyl chain lengths (C3, C8, and C12)
on the assemblies of the copolymercoated MNP, affect-
ing their water dispersibility and magnetic separation
ability, was investigated. Moreover, the temperature
change and the effect of alkyl chain lengths on the rate
of the drug release (doxernbicin as a model drug) were
also studied (Fig. 1).
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Fig. 1 Synthetic scheme of the copolymer-coated MNI* (MC) and ils quatemization (qMC)

Experimental
Materials

Unless otherwise stated, the reagents were used without
purification: iron(Il} acetylacetonate (Fe(acac);, 99%,
Acros), aminopropyltricthoxysilane (APTES, 99%,
Acros), D,L-homocysteine thiolactone hydrochlotide
(99%, Acros), oleic acid (Carlo Erba), (3-aminopropyl)
triethoxysilane (APTES, 99%, Acros), triethylamine
(TEA, 97%, Carlo Erba), 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%, Sigma-Aldrich),
s-(thiobenzoyl) thioglycolic acid as a chain transfer
agent (99%, Aldrich), 2-(diethylamino) ethy] methacry-
late (DEAEMA, 99% stabilized, Acros), and N-
isopropylacrylamide (NIPAAm, 99%, Acros) were used
as received. Acryloyl chloride was synthesized prior to
use via a chloride exchange reaction between acrylic
acid (98%, Acros) and benzoyl chloride (99%, Acros) to
obtain a colorless liquid with 60% yield. 1-Propylamine
(99%, Sigma-Aldrich), 1-octylamine (99%, Merck), 1-
dodecylamine (98%, Acros), and iodomethane (2.0 Min
tert-buty] methyl ether, Sigma-Aldrich) were used as
received. Doxorubicin hydrochloride (DOX, 2 mg/ml,
Pharmachemie BV were used as received.

Synthesis of N-thiolacrone acrylamide (TlaAm)
monomer (Reinicke et al. 2013)

To the mixture of D,L-homocysteine thiolactone hy-
drochloride (7.05 g, 45.6 mmol) in a H,0/1 4-dioxane
solution (100 ml), NaHCOs (19.20 g, 227.9 mmol) was

added and stirred for 30 min in an ice bath. Acryloyl
chloride (8.3 g, 91,2 mmol) was then added dropwise
and stirred at room temperature overnight. After the
reaction: completed, brine (100 mi) was added into the
solution, followed by extracting with ethyl acetate (3 x
200 ml) to obtain TlaAm in an organic layer. Finally,
TlaAm monomer was purified by recrystallization from
CH,Cl; and then dried in vacuo.

Synthesis of acrylamide-coated MNP

MNP was synthesized via a thermal decomposition
method of Fe(acac); (5 g, 14.1 mmol) in 90 ml
benzyl alcohol at 180 °C for 48 h. Then, the
particle was magnetically separated and washed
with ethanol and then chloroform. Oleic acid
(4 ml) was slowly added to the MNP-toluene dis-
persion (30 ml) with sonication to form oleic acid-
coated MNP, followed by an addition of APTES
(4 ml) containing TEA (2 mi) to form amino—coated
MNP, After stirting for 24 h, the particles were
precipitated in ethanol and washed with toluene.
Afler re-dispersing the particles (0.1 g) in a NaOH
solution (6,72 mmol in 10 ml DI), acryloyl chloride
(3.36 g, 37.1 mmol) was then added to the digper-
sion and stirred for 24 h. The product was magnet-
ically separated, repeatedly washed with water, and
then stored in the form of dispersions in THF
(0.1 g MNP/1 ml),

_@_ Springer
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Synthesis of PDEAEMA macro chain transfer agem
(PDEAEMA macro CTA) .

DEAEMA monomer (1,9361 g, 10.4 mmol),
S-(thiobenzoyl) thioglycolic acid (31.7 mg, 0.1 mmol)
as CTA, and AIBN initiator (4.9 mg, 0,03 mmol)
((DEAEMA]p:[CTAJ:JAIBN] molar ratio of 70:1:0.2,
respectively) were dissolved in 1,4-dioxane (7 mlj under
N> atmosphere with stirring for 30 min, The RAFT
polymerization was performed for 48 h ai 70 °C to
obtain ca. 50% monomer conversion with M, of
PDEAEMA about 6700 g/mol (Supplementary material
Fig. 51). The polymerization was ceased by cooling at
room temperature in air. The PDEAEMA macro CTA
was purified by dialysis in methanol and dried in vacuo.

Synthesis of PDEAEMA-b-P(NIPAAm-st-TlaAm) block
copolymer

PDEAEMA macro CTA (0.06 mmol), NIPAAm
(4.24 mmol), TlaAm (1.82 mmol), and AIBN initiator
0.01 mmol) (INTPAAm]y:[TlaAm]y:[PDEAEMA mac-
ro CTAJ:[AIBN] molar ratio 0f70:30:1:0.2, respective-
ly) were dissolved in 1 4-dioxane (8.5 ml) under N,
atmosphere with stirring for 30 min. The RAFT poly-
merization was performed at 70 °C for 4 h (o obtain
€a.50% NIPAAm conversion and 30% TlaAm conver-
sion with M, of the copolymer about 12,200 g/mol
(Supplementary material Fig. 82). The polymerization
was stopped by ceoling at room temperature with air.
The copolymer was purified by dialysis in methanol and
dried in vacuo.

Synthesis of the copolymer-coated MNP by a double
modification of PDEAEMA-b-P(NIPAAm-st-TlaAm)
copolymer

The copolymer (0.16 mmol of TlaAm unit) was dis-
solved in chloroform (5 ml) followed by an addition of
primary alkylamines (0.32 mmol, 2:1 M ratio of alkyl
amine to TlaAm unit), e.g., I-propylamine, 1-
octylamine, and 1-dodecylamine, to obtain the C3, C8,
and C12 copolymers, respectively. The solution was
then mixed with the acrylamide-coated MNP (100 mg)
and TEA (0.1 ml) and stirred for 24 h under N, gas. The
copolymer-coated MNP was magnetically separated
and washed with chloroform and designated as MC3,
MCB, and MC12, respectively.

@ Springer

Quaternization of PDEAEMA in the copolymer-coated
MNP

- The copolymer-coated MNP (1,76 mmol of DEAEMA

units) was re-dispersed in ethanol (40 ml), followed by
dropwise addition of 2 M CH;I solution (1.76 mmol).
The mixture was stirred for 20 h in dark at room tem-
perature. The quaternized products (QMC3, gMC8, and
gMC12) were magnetically separated and washed with
THF to remove an excess of CH;l, followed by drying
in vacuo to obtain black powder,

In vitro release studies of entrapped DOX
Sront the copolymer-coaied MNP

The drug solution (2 mg/ml of DOX) was added
dropwise info the guaternized MNP dispersions
(10 mg/2 ml in DI water) with stirring at 15 °C for
3 h. The DOX-entrapped MNP wag separated from an
excess DOX by magnetic separation for 30 min and
washed with DI water for 4 times. The dispersion of
DOX-entrapped MNP (10 mg in 3 ml DI water) was
placed in a waler bath at 25 °C (below LCST of
PNIPAAm) for 1 h, and then, temperature was increased
to 45 °C (above LCST of PNIPAAm) for another
80 min, During the experiment, 0.2 mi of the dispersions
was withdrawn from the release media at a pre-
determined time until the released drug reached the
equilibrium (the fotal time points ranging between 12
and 15). After 30-min magnetic scparation, the concen-
trations of the released drug in the supernatant at a given
time were determined via UV-visible spectrophotometry
at A=480 nm and % dmg release was calculated from
the following equation;

Y%drug released

~ Weight of released drug at 2 given time
" Weight of the entrapped drug in the MNP

x 100

where the weight of the entrapped drug in the MNP was
determined from the amount of the drug at the maxi-
mum point of the release profile combined with those
renmaining in the particles. To dissolve the remaining
drug from the MNP, DI water (3 ml) was added to the
particles and then the mixture was heated at 50 °C for
1h, After 30-min magnetic separation, the drug concen-
tration in the supernatant was then determined via UV-
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visible spectrophotometry. The drug entrapment effi-
ciency was calculated from the following equation:
Entrapment efficiency (%EE)

_ weight of the entrapped drug in the MNP
h weight of the loaded drug

x 100

Characterization

FTIR spectrophotometry was operafed on a Perkin—

Elmer Mode] 1600 Series FTIR spectrophotometer. 'H -

NMR. spectroscopy was performeéd on a 400-MHz
Bruker NMR spectrometer using DMSO-dg or CDCly
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Magnetization remufe

as solvents. The hydrodynamic diameter (Dy,) and zeta
potential of the particles were measured by PCS using
NanoZS4700 nanoseries Malvern instrument. The sam-
ple dispersions were sonicated for 1 h before each
measurement without filtration. The TEM images were
conducted using a Philips Tecnai 12 operated at 120 kV
equipped with Gatan model 782 CCD camera. The
particles were re-dispetsed in water and then sonicated
before deposition on a TEM grid, TGA was performed
on Mettler-Toledo’s SDTA 851 at the temperature rang-
ing between 50 and 800 °C and a heating rate of
20 °C/min under oxygen atmosphere. Magnetic proper-
ties of the particles were measured at room temperature
using a Standard 7403 Series, Lakeshore vibrating sam-
ple magnetometer (VSM). UV-visible spectrophotome-
try was performed on mictoplate reader at A= 480 nm.
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Fig. 8 ATGA thermograms and B M-H curves of (a) acrylamide-coated MNP, (b) MC3, (c) MC8, and (d) MC12
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Tuble § Zeta potential values and hydrodynunic size (I;) of the copalymer-coated MNP

Typos:of MNP Zety poteniial [mV] Dy, of qualeriized particlos {nm]
Before quntemization Afier quatémization 825°C at45°C
Acrylamide-coated MNP ~153£05 -153%0.5 564463 506452
MC3 0 28410 1068197 19658
MCS ) 16206 836214 3724 103
MCI12 0 26308 1426£218 2950

Results and discossion

This.work focused on the surface modification of MNP

© withi-muld-functional PDEAEMA-b-P(NIPA Am-st-

TiaAm) copolymer to obtain magnetic nanocluster with
thermo-responsive. properties for drug-controlled re-
lease; application. The copolymer was synthesized via
RAFT polymerization to control: archiiecture .and the
molecular weight of the block copolymer. I’DEAEMA
macro CTA was first synthesized; followed by the ex-
tension: of P(NIPAAm-st-TlaAm) second block from

PDEAEMA first block..It wds envisioned that the
guaterized PDEAEMA could formn the corona, while
P(NIPAAm-s-TlaAm) block self-assembled to: be 4
core in aqueous medid. (Supplementary materal Fig,

$3). PTlaAm in the P(NIPAAm—st ThaAm) allowed for
a double modification for (1) adjustment of the degree of
thie hydrophobicity. of the polymeric core and (2) immo-
bilization-of the polymer on MNP surface. This
P(NIPA Am-st-TlaAm) core was also used for entrap-
ment.of a therapeutic drug with a ‘thermo-iriggering
release mechanism owing to the existence of PNIPA Am

Fig. & TEM images 0f a acnylmmde—couled MNP, b qMC3 chCS and A gMC12 prepared from aqueous dispersions
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in the structure. In addition, an optimal degree of
hydrophilicity/hydrophobicity of the copolymer might
be necessary for controlled release of the entrapped
drug. Therefore, three different alkyl chain lengths
(C3, C8, and C12) were used for tuning the degree of
the hydrophobicity of the copolymer coated on the
particle surface.

Synthesis and characterization of the copolymer-coated
MNP

'HNMR spectra of the purified products from each step
arg shown in Fig. 2. The signals comresponding to the
methylene protons of PDEAEMA macro CTA (1.8
1.9 ppm} indicated the polymerization of PDEAEMA
(Fig. 2a). This macro CTA was then used for the prop-
agation of NIPAAm and TlaAm monomers. The new
signals at & 1.1 and 3.6 ppm of the NIPA Am units and at
8 3.2 and 4.7 ppm of TlaAm units indicated the propa-
gation of both monomers from PDEAEMA macro CTA
(Fig. 2h). After the ring-opening reactions of thiolactone
units with various alkylamines (1-propylamine, 1-
octylamine, and I-dodecylamine), the strong signals of
the protons of alkyl groups appeated in the range of &
0.9-1.4 ppm (Fig. 2c—e). In good agreement with this
result, the disappearance of TlaAm signals at § 3.3-
3.4 ppm (signal ¥ in Fig. 2b) and 6 4.7 (signal / in
Fig. 2b), indicating the successful rng-opening reac-
tiong of thiolactone moiety in the copolymers. In addi-
tion, the results from FTIR were also in good agreement
with those obtained from 'H NMR (Supplementary
material Fig. S4),

After the ring-opening reaction of thiolactone rings in
the copolymers with alkylamines to form thiol groups (-
SH), the acrylamide-coated MNP was subsequently
added to the mixture allowing for the thiol-ene reaction
(Lowe 2010). The proposed thiol-ene reaction mecha-
nism between the acrylamide on the MNP surface and
thiol groups (-SH) of the copolymer is shown in Fig. 3.
Figure 4 shows FTIR spectra of the acrylamide-coated
MNP and the MNP coated with the copolymers after the
thiol-ene reaction. The signal at 590 cm™! corresponding
to Fe—O bond in the MNP appeared in every sample
(Fig. 4). Figure 4b, d shows the characteristic adsorption.
signals of C=0 stretching (1730 cm™), C-O stretching
(1260 em™y of carboxyl groups, and C—C stretching
(800 cm ™"} of the copolymer, signifying the existence of
the copolymer on the particle surface through the thiol-
ene reaction,

@ Springer

To study the organic/inorganic composition of the
copoymer-coated MNP, TGA was used to determine
the weight loss at 800 °C (Fig. 5a). It was hypothesized
that the residue weight was the weight of iron oxide
from oxidized MNP, while the loss weight was the
organic conponents in the copolymer-MND assemblies.
The decrease of the residual weight in the samples
corresponded to the increase in the osganic contents in
the MNP, 1t was found that there was about 12% organic

- content in acrylamide-coated MNP, while after coating

with the copolymer, there were 26, 28, and 41% of the
polymers in MC12, MC8, and MC3, respectively, sig-
nifying that MC3 had higher degree ofalkyl substitution
as compared to the other two. This was rationalized that
the short alkyl chain length in the C3 copolymer might
have less steric hindrance in the particle coating step,
resulting in the better accessibility of the particles to
react with the copolymers and thus higher amounts of
the copolymers on the particles.

VSM technique was used to determine magnetic
properties of the MINP before and after the copolymer
coating (Fig. 5b). They well responded to an applied
magnet and showed superparamagnetic behavior due to
the absence of the coercitivity (H,) and remanence (M)

After standing for
TaMCT “MCE
Oh "
2h
5h

witliout & magnet {  with a magnet after 5 min

Fig.7 a Waler dispersibility and b magnetic separation ability of
qMC3, gMC8, and qMC12
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upon removal of an extermal magnetic field. The satura-
tion magnetization (M,) decreased from 58 emu/g of
acrylamide-coated MNP to 56 emu/g of MC12, 54 emw/
g of the MC8, and 31 emu/g of MC3, due to the
presence of non-magnetic copolymer on the particle
surface and thus the drop of their magnetic responsive-
ness, The decrease in the net magnetization
corresponded well to the increase of the copolymers
coated on the particles observed in TGA.

The copolymer-coated MNP was then quaternized
to improve the particle dispersibility in water, Zeta
potentials of the particle both before MC3, MCS,
and MCI12} and afier quaternization (@MC3, gMC8,
and qMC12) were studied using PCS (Table 1). The
zeta potentials of acrylamidecoated MNP before
and after quaternization did not change because
there was no copolymer coated on the MNP surface.

After the copolymer coating, their zeta potential

heat *

Diug loading

values of all copolymers significantly incrcased
from 0 to 16-28 mV after quatemizations, owing
to the formation of permanent positive charges of
quaternary ammonium groups in the copolymer-
coated MNP. Tt should be noted that these positive
charges might facilitate the particles to be well dis-
persible in an aqueous media, which was necessary
for the use in drug-controlled release applications
discussed later in this report.

Inn addition, the preliminary studies in the use of the
cationic MNP for ionic adsorption with negative bio-
entities were also investigated. DNA. tagged with 6-
carboxytetramethyl rhodamine (TAMRA-5'-TACC
ACCATTC-3%) was selected as a model compound to
proof the idea of ionic adsorption capability of the
particles. qMC12 (2 mg) as a representative was dis-
persed in 0.4 UM DNA solution (2 ml) and then stirred
for 2 h, followed by magnetic separation. It was found

N\
* % [RE 8 s
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Fig. 9 The proposed mechanisn of DOX release from the copolymer-coated MNP
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that the concentrations of DNA in the solutions signif-
icantly decreased from 0,42 to 0.05 uM (Supplemeniary
materials Fig. 85), indicating that the MNP can be used
as a cationic platform for adsorption with DNA through
the electrostatic interaction.

Representative TEM images of acrylamide-coated
MNP and the quaternized copolymer-coated MNP
(gMC} prepared from aqueous dispersions are shown
in Pig. 6. Acrylamide-coated MNP showed macroscopic
aggregation due to the lack of polymer coating resulting
in the particles with poor water dispersibility (Fig. 6a).
After coating with the copolymer and then
quatemization, formation of the nanoclusters with the
size below 200 nmv/cluster was observed (Fig. 6b-d).
They showed good dispersibility in water without no-
ticeable aggregation after standing for 2 h (Rig, 7a).
After 75 h, the gMC3 dispetsion exhibited some aggre-
gation, while those of gMC8 and gMC12 were insignif-
ieant. This was attributed to the higher degree of alkyl
substitution of 1-propylamine in the copolymer due to
less steric hindrance as compared to those of 1-octyl and
{-dodecylamines, resulting in the higher degree of hy-
drophobicity ofthe copolymer and consequently aggre-
gating in water. The TGA result discussed above also
supported this assumption that there was higher amount
of the copelymer in qMC3, which might result in the
higher degree of hydrophobicity as compared to gMC8
and gMC12.

The particle dispersibility in water shown in Fig. 7a
was in. good agreement with their magnetic separation
ability in water. After 5 min of magnetic separation,
qMC3 can be completely separated while there were
some dispersible particles remaining in qMC8 and
gMC12 dispersions (Fig. 7b). Importantly, the
completely separated ability of particles from the dis-
persion with an assistance of a magnet was necessary for
the determination of the drug-controlled release
discussed later in this work.

Because the copolymer coated on the particles in thig
work comprised thermo-responsive moieties of
PNIPAAm and PDEAEMA, the effect of the change in
the temperamre on their Dy, was investigated. The ex-
perimental temperatures were set at 25 and 45 °C, which
crosses their critical solution temperature (LCST of
PNIPAAm=30-34 °C and LCST of PDEAEMA =
31 °C) (Gandhi et al. 2015; Maeda and Mochiduki
2004), It was found. that, in all cases, Dy, of the particle
coated with the copolymers at 45 °C was smaller than
those at 25 °C (Table 1). The copolymers collapised at
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the temperature above its critical solution temperature,
resulting in the shrinkage of the nanoclusier and thus the
decrease in their Dy,. Tt should be noted that the shrink-
age of the copolymer when heated to 45 °C would be
utilized as a triggering mechanism for drug-controlled
release discussed in the later section.

In vitro release studies of entrapped DOX
from the copolymer-coated MNP triggered
by the temperature change

DOX, known as a chemothermpy medieation used to treat
cancer, was used as a model drug for enfrapment in and
then release from the copolymercoated MNP, Tt was
hypothesized that DOX was entrapped in the
copolymer-coated particles due to the hydrogen bonding
of DOX molecules with the copolymer. %EE of gMC3
was ca. 5.4%, while those of gMC8 and QMC12 ranged
between 10.3 and 10,8%, The two-fold lower percentage
of qMC3 as compared 1o those of the other two samples
was probably due (o the higher degres of hydrophobicity
in qMC3 (higher degree of alkyl sabstitution), which
might result in less entrapment of DOX on the particles.

DOX release stndies were performed at 25 °C with a
step-wise increase in the femperature to 45 °C after the
equilibrium (Fig. 8). In all cases, the release of DOX from
the particle at 25 °C reached their equilibrium within
40 min and they were held at this femperature for 1 h to
ensure the equilibrium. Generally, when the temperature
of dispersion is increased above mom temperature, the
preloaded dmig should mainly be teleased via a diffusion
mechanism (Liu et al. 2010). In this work, when increas-
ing the terperature to 45 °C (above LCSTof PNIPAAm),
all sammples (QMC3, gMC8, and qMC12) showed the
same trend of the drug release. The increment of DOX
release ypon increasing the termperature was mainly at-
tributed to *“a diffusion mechanism”. Interestingly, qMC8
and gMC12 showed the faster rate of DOX release with
additional release of ca. 8-10% and reached the equilib-
rium within 40 min. This accelerated release rate was
attributed to “a squeezing mechanism” due to the col-
lapse of PNIPAAm chains at abave its LCST
(Trongsatitkul and Budhlall 2013). However, the release
rate of DOX in gMC3 seemed to be retarded at the
beginning of the elevated temperature and it was then
slowly released afterward with additional DOX release of
ca. 11%, The higher degree of hydrophobicity in gMC3
discussed above might inhibit the squeezing behavior of
PNIPA Am in the copolymer, which thus initially retarded
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the release of the entrapped drug from the particles at the
elevated temperature (Fig. 9).

Conclusions

‘We herein reported the multi-responsive MNP modified
with cationic PDEAEMA-5-P(NIPA Ami-st-TlaAm) co-
polymer and its potential applications in controlled drug
release and bio-conjugation. Degree of hydrophobicity.
of the copolymers coated on surface of particle can be
tuned by using various alkyl chain lengths in thiolactone
ring-opening reaction and this can influence the particle
self-assemblies in water (e.g., Dy, dispersibility, nano-
aggregation) and the drug release rate. These particles
exhibited the temperature responsive behavior, which
can be used as a triggering mechanism for controlled
release of DOX. These versatile copolymer-MNP as-
semblies showed an enormous potential for use as a
smart platform with thermal-triggering controlled drug
release system and for conjugation with any negatively
charged bio-entides.
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