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AN ABSTRACT OF THE THESIS OF

ANTRANIK AGHOB JONDERIAN for Master of Science
Major: Chemistry

Title: Functionalized nanoparticles as potential precursors for smart materials

Nucleobase functionalized magnetic nanoparticles, which combine the
magnetic properties of iron oxide and the hydrogen bonding property of nucleobases,
were investigated in this research. The magnetic property can be manipulated by
external constant magnetic field to collect the nanoparticles and drive them through a
medium for drug delivery, catalyst magnetic collection for recycling, heating treatment
for hyperthermia, among other applications. While the hydrogen bonding property
allows the nanoparticles to behave as crosslinkers.

The magnetic nanoparticles were synthesized through two routes: the co-
precipitation with hydrophilic surfaces and the thermal decomposition with hydrophobic
surfaces. The surface functionalization was done by the “grafting to” and “grafting
from” approaches. The anchoring groups that were nvestigated in the “grafting to”
approach were catechol, hydroxamate, and silane. Whereas in the “grafting from”
approach the FesOs NPswere first functionalized by isocyanate group. The size of the
Fe3O4 NPswas 35 nm for co-precipitation method and 8 nm for thermal decomposition
method. Grafting densities increased from 7 uracil/nm? using “grafting to” approach to
18 uracil/nm? using “grafting from” approach. The success of the functionalization was
confirmed by the proper analysis.

These functionalized magnetic nanoparticles will be used in future works as
crosslinkers to prepare smart hydrogels.

In the second part of this thesis rhodamine B RhB loaded Poly Lactic-co-
Glycolic Acid PLGA nanoparticles NPs were formulated by the single emulsion solvent
evaporation method. The effect of the formulation parameters (PVA concentration,
sonication time, and organic to aqueous volume ratio) on the size and encapsulation
efficiency of the formulated PLGA NPs was studied. The optimized RhB loaded PLGA
NPs had spherical morphology with 184 nm average diameter, 0.2 polydispersity index ,
-21 mV zeta potential, and 40% encapsulation efficiency. The in vitro rhodamine B
release followed the Higuchi’s model with Fickian diffusion mechanism and initial
burst release.
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PART I

FUNTIONALIZATION OF IRON OXIDE MAGNETIC

NANOPARTICLES

CHAPTER |

INTRODUCTION

The aim of this research is to synthesize nucleobase coated iron oxide
nanoparticles. The triethoxysilane functionalized nucleobase precursors were
synthesized by coupling hydrazide with isocyanate. The core iron oxide nanoparticles
were synthesized via two routes: the co-precipitation method producing hydrophilic
nanoparticles and the thermal decomposition method producing hydrophobic
nanoparticles. The functionalization of these iron oxide nanoparticles was achieved via
chelation or covalent bonding. In the chelation bonding the hydroxamate functionalized
nucleobase was introduced via biphasic ligand exchange method. Onthe other hand in
the covalent bonding triethoxysilane anchor group was used. This covalent
functionalization was achieved by the “grafting from” and “grafting to” methods. In the
future work these coated nanoparticles will be used as crosslinkers when mixed with
polymers functionalized with the complimentary nucleobases as shown in Fig. 1. The
nanoparticles will bind to polymer via hydrogen bonding and self-assemble into a rigid

structure. This rigidity can be destroyed by applying high alternating frequency



magnetic field which induces heat, breaking the hydrogen bonding and softening the
material. These magnetic responsive materials can be transformed from soft to hard and
vice versa, thus can be implemented in many industrial and medical applications. For
example, they can be used as smart molds for bone injuries where they can be shaped
under the influence of the alternative magnet and then freezed into the final structure by

removing the field.

Fig. 1 Predicted hydrogen bonding between adenine functionalized polymer and
thymine functionalized iron oxide nanoparticles.

Iron oxide nanoparticles Fe3O4 NPs are interesting materials due to their high
surface area and magnetic properties. They became the interest of many researchers in
different fields such as industrial' and medical.? They have been used as MRI
contrasting agents because of their high transverse relaxivity.® Moreover, they have
been used to treat cancer by hyperthermia where the FesO4 NPs are subjected to a high
frequency alternating magnetic field to heat them up.#° They are also used for drug
delivery where they can be guided through the body and concentrated at the targeted
area by the influence of an external magnetic field.® They are good candidates for
catalyst support because of their high surface area and magnetic property.” The catalyst

can be easily collected by an external magnet and be recycled.®



A. Superparamagnetism

FesO4 NPswith superparamagnetism are more attractive because they become
un-magnetized when the external magnetic stress is released, so they don’t agglomerate
by the interparticles’ magnetic attractions. For FesO4 NPsto become
superparamagnetic, they should be smaller than the magnetic domain limit which is
approximately 20 nm. Magnetic saturation Ms is another property which researchers try
to maximize so that the FesOsNPswill have a maximum response to the applied
magnetic field. The magnetic saturation increases by increasing the FesOsNPs
crystallinity and the type of coating.®1? For example in the case of FesO4 NPs coated
with different lengths PEG polymers it was shown that as the PEG length increased the

Ms decreased.11

B. Stabilization modes

In general FesOs4 NPstend to agglomerate because of their high surface to
volume ratio. Agglomeration can be prevented by potential barriers (repulsion force)
which are of two types: steric and electrostatic.

The steric stabilization can be accomplished by coating the FezO4 NPs with
long polymers or branched molecules such as dendrimers.2? Adding charged functional
groups on the surface of the FesO4 NPs produces electrostatic stabilization. For example
coating FesO4 NPswith caffeic acid makes its surface negatively charged (carboxylate
groups); on the other side, coating it with dopamine makes its surface positively charged
(amonium groups).13

Steric stabilization increases the size of the nanoparticles which causes a

decrease of transverse relaxivity. It can also cause lower grafting rate which leads to



vacancy causing agglomeration.!4 On the other hand, electrostatic stabilized NPs are
prone to pH and ionic strength (external effects). For example reaching a pH below the
pKa of the FesO4 NPs’ surface carboxylate groups can protonate them and change the
surface charge from negative to neutral. Moreover, charged NPs have some drawbacks;
for example in biological applications, negatively charged NPs are uptaken by
macrophages. Another example is the aggregation of positively charged NPs when

proteins bind to them.1®

C. Synthesis roots of Fe304 NPs
The main two routes for preparation of FesOs NPs are the co-precipitation'®

and the thermal decomposition’ methods.

1. Co-precipitation

In the co-precipitation method an alkaline solution is added to a mixture of
Fe3*:Fe?* in aratio of 2:1 (Eq. 1).26 The sources of the Fe3*and Fe?* are usually their
sulfate or chloride salts. This method yields poly-dispersed FezO4NPs because the
nucleation and growth steps are not separated. The other drawback of this method is that
the morphology of the NPs formed is random and not crystalline leading to low
magnetic property specifically lower magnetic saturation. In this method the size is
controlled by varying the concentrations of the salts, the heat of the reaction, the way of
injection, and the amount and type of the base used (e.g. NaOH, NHs ...). They also

have low colloidal dispersity in both organic and aqueous solution.18-20

Fe' + 2Fe*" + 8OH™ — Fe;0, + 4H,0 (1)



2. Thermal decomposition

In the thermal decomposition method, an Fe3* complex (e.g. Fe(acac)s) is
heated up to high temperatures (~250 °C) in high boiling organic solvents such as
benzyl alcohol. Usually a surfactant (e.g. oleic acid) is added to the reaction (Scheme
1).17 The thermal decomposition method forms mono-dispersed crystalline NPs which
have a higher Ms compared to the co-precipitated ones. This mono-dispersity is due to
the sufficient separation between nucleation and growth processes. The size of the
Fe3O4 NPs can be controlled by changing the heat rate, the time, the type of the complex
used, and the type and amount of the surfactant. The main drawback of the thermal
decomposition method is that the obtained FesOsNPsare only organic soluble and they

need further processing to become water soluble.8:1°

Fe(acac);

Scheme 1. Thermal decomposition route of synthesizing oleic acid coated FesO4 NPs.

FesO4 NPs’ surface is always modified in order to solubilize them in a specific
solvent, stabilize them against aggregation, and protect them from acid and Oxygen

which converts magnetite into the less magnetic maghemite form (Eq. 2).

Fe;0, + 2H" —> yFe,0; + Fe*" + H,0 )

The modification of the iron oxide nanoparticles can be achieved in situ or
post-synthesis. During in situ modification, the surfactant or the ligand is mixed with
the synthesis mixture and it can intervene in the synthesis process. The ligand

complexes to one face facilitating the growth in a specific direction leading to the



formation of different shapes such as nano-needles or nano-cubes.?! As for the post-
synthesis modification, the ligand is added to the naked Fe3O4 NPs or exchanged with
existing surface ligands (ligand exchange method).?? Ligand exchange method is only
feasible when the new introduced ligand has a higher affinity than the original ligand;
otherwise there will be partial exchange leading to a mixed shell. Usually, to ensure the
exchange, the original ligand used is a carboxylate which chelates weakly to the surface
of the FesO4 NPs. Another factor that can enhance the successful exchange is adding an
excess of the introduced ligand.?? Ligand exchange can be single phased if both ligands
dissolve in the same solvent, or biphasic if using two immiscible solvents (e.g. oleic

coated Fe3O4NPs in hexane/OligoPEG-Dopa ligand in water) (Fig. 2).2

Fig. 2 TEM images of FesO4 NPsbefore (left) and aﬁer (right) biphasic ligand
exchange with OligopPEG-Dopa. Reprinted with permission from ref. [23]. Copyright
2012 American Chemical Society.

D. Modification of Fe3O4 NPs’ surface

There are hydroxyl groups Fe-OH on the surface of the FesO4 NPs through
which they interact with the medium and the ligands. These hydroxyl groups are
amphoteric; they are positively charged Fe-OH2*when the pH is below the isoelectric
point IEP and negatively charged Fe-O-when the pH is above the IEP. The ligands can

interact with the surface electrostatically, through hydrogen bonding, or covalent



bonding. The covalent bonding is the strongest and less susceptible to pH and ionic

changes.24

Ligands

The ligand is divided into three parts: anchor, spacer, and terminal. The anchor
is a functional group that has affinity to the surface of FesO4NPs (e.g. carboxylate,
phosphonate ...) The spacer is the part between the anchor and the terminal groups
which can be a short chain, polymer (e.g. PEG) or dendrimer. The terminal is a
functional group that dictates the surface charge of the NPs and its reactivity towards
further functionalization (e.g. terminal azide group can be easily coupled by and alkyne
in CuSO4 in aclick chemistry reaction) (Fig. 3).2° Further functionalization is needed

for some applications such as to introduce antibodies, aptamers or fluorescence probes.

@U)/

N=N
WN/\)\/R

Fig. 3 Azide functonalized Fe3O4 NPs for ‘Click’ Chemistry.

1. Introduction of the ligands to the surface of Fe3O4NPs
FesO4 NPs’ surface can be modified by two paths: the “grafting from” and the “grafting

to” routes (Fig. 4).

a. The “grafting from” route

In the “grafting from” route the anchor group is first bonded to the surface of
the FesO4 NPs, then the rest of the ligand is synthesized starting from the anchor on the

surface of the Fe3O4 NPs. “Grafting from” produces higher packing density compared to



the “grafting to” route but it’s harder to control the thickness of the layer and its post

functionalization.26.27

b. The “grafting t0” route

On the other hand in the “grafting to” route the pre-synthesized ligand is added
at once. In this route thickness and functionality is controlled because the ligand is
engineered before addition but the packing density is lower than in the “grafting from”

technique.?8

Nanoparticle Monomer .
Grafting from : . O + — & S n
. o I 2
Grafting to : NN+ — — NNNN— +./' R ™

Polymer  Anchor c
Fig. 4 Presentation of two principal grafting methods: “grafting from” and “grafting
t0”.29

2. Anchors

Here are some of the functional groups that have been investigated by
researchers as anchors and their characterization. The nature of their bonding is divided
into chelation (carboxylate,3° catechol,®! phosphate,?® and hydroxamate?2) and covalent

(siloxane3?).

Chelation

a. Carboxylate anchor

The lone pairs on the oxygen of the carboxylate group can coordinate to the vacancy

orbital of the FesO4NPs’ surface Fe3* atoms. This coordination can be unidentate,

bidentate or bridging as show in Fig. 5. The research done to investigate the modes of



chelation between carboxylate group and Fe3O4 NPsreported a bidentate nature. This
chelation is labile and can be broken at elevated temperatures. Moreover, because of
their weak bonding nature, they can be exchanged by other carboxylate ligands or

replaced by a higher affinity groups.

o~ I 1
o o730 970
Fe3+ Fe/‘3 Fes+ FeS+
unidentate bidentate  bridging
Fig. 5 Chelation modes of carboxylate to Fe3*.

The coordination mode between the carboxylate group and the metal can be
assigned by evaluating the IR spectrum. The difference between asymmetric and
symmetrical C-O stretching (Av = vas — Vs) shows the mode of chelation. A Av less than
110 cmrl s indicative to a bidentate mode. On the other hand it is a bridging mode when
the Av is between 140-200 and a unidentate at Av more than 200. For example, in the
FT-IR spectrum of FesO4 NPs coated with undecanoic acid (UA), the C=0 stretch at
1710 cmr! disappeared which indicates that the carboxylic group is in its deprotonated

form (carboxylate form) and the Av is equal to 86 indicating a bidentate chelation (Fig.

6).33
a) UA

g b) Fe;0,@UA
§

€

g

@
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4000 35‘00 SD'DD 25‘00 20‘00 15‘00 10'00 5[‘)0
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Fig. 6 FT-IR spectra of UA (a), FesO4 coated with UA (b), and Fe3O4(c).23



Other than IR, Solid NMR (CP-MAS or HR-MAS) have been used to
characterize the surface of the FesO4 NPs. For example the *H NMR spectrum of oleic
acid coated Fe3O4 NPs shows all the oleic acid OA assigned protons peaks along with

other minor peaks which might be contaminants from the Fe3O4 NPs synthesis step (Fig.

7).34
g\/\/\/e\_/d\/\/\/f\/ﬁ\ 5
— OH c
i a b1 C I d,le \ l
‘ A “ m f\ ’fl | ‘
S o N J/ J =
5.5 . 4.5 4. 3 o/'Q
\/\/\/\:/\/\/\/\/l\o
. ] H
1 | y" [
x |" i [A \, |
J st WA W MUV

.....................................................

Fig. 7 Comparison between the 1H NMR spectrum of oleic acid in solution (upper
spectrum) and the 'H HR-MAS NMR spectrum of the ligand OA bound to MNPs
(lower spectrum) performed in DMSO-ds at 5 kHz. Reprinted with permission from ref.
[34]. Copyright 2008 American Chemical Society.

Fig. 8 shows an example where the weak carboxylate group chelation is
enforced by thiol groups like the cysteine anchor. The thiol groups chelate to the surface

of FesO4NPsand crosslink with each other by oxidation to disulfide bonds increasing

the FesOs NPs stability (Fig. 8).3°
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b. Catechol

R

o 0
Fe¥*
Fig. 9 Catechol chelation to Fe3O4 NPs.

Enediol’s oxygens coordinate to the FesO4NPs’ surface Fe®* atoms though five
membered ring as shown in Fig. 9 which makes its binding stronger than carboxylate.3¢
The drawback of the catechol anchor is that it can reduce Fe3* which causes the etching
the FesO4 NPs. As shown in Scheme 2, one electron is transferred from the catechol to
Fe3* reducing it to Fe2*and oxidizing catechol to semiquinone. In acidic and aerobic
medium the Fe?* precipitates as rust and the semiquinone further oxidizes to quinone.
Semiquinones are toxic which makes Fe3O4 NPs coated with catechol not suitable for
biological application. This process is called redox etching and it can be stopped by
preventing electron transfer from the catechol to the Fe3*. Introduction of a nitro group
(which is electron withdrawing) to the catechol makes the aromatic ring less electron

rich increasing the oxidation potential of the diol which prevents the electron transfer to

the Fe3* atom.3”

\ \ \ o
OFO,QH\ OFp,o\ OFf,o"-. o Qo o ,00\\
e \ e \ 2 \ \
%.2 0 3.9 0\ a’:;:e .9 o Migration on O Fe 3 @I N \'0
° Zf O |panct © if o, rvansfer O Ze 0! o. particle surface ° < o 2nd LMCT 0 eio ~./ H’N
g - n ST S ,’F - MEd-OH
. Q,ge/ 10 gfo w2 & )O H)N> 2H0' o qog FelOH)y h OH | 6o
Feln / Fel . 3 Felqd Fe./
Ho Feo/ o o oft aerial L v
6% o/ e 0” of 5li0) o5y

Under-coordinated Dopamine bound at Fe(ll)-DA-semiquinone ¥ [e) ' Vacancy created by etching;
Fe(lll) surface site restructured Fe'oy-site on particle surface 2 Fe(O)OHy)  low affinity DA-quinone ligand

Scheme 2. Dopamine-induced etching of Fe3O4 nanoparticle surfaces and precipitation
of Fe(OH)2. Reprinted with permission from ref. [38]. Copyright 2007 American
Chemical Society.

11



Mimosine is a catechol like molecule with high affinity and strong binding to
the surface of FesO4NPs, however, those properties can cause the etching of Fe3Oa4
NPs’ surface. Therefore groups with intermediate affinity are needed to obtain a good
binding without causing the surface etching. An example of these groups is
nitrocatechol.?®

The FT-IR spectrum of FesO4 NPs coated with dopamine which is summarized
in Table 1 shows that the C-C (ring) and C-O vibrations shifted to lower wavenumbers
compared to the FT-IR of the free dopamine. On the other hand, the FT-IR spectrum of
the FesO4 NPs coated with nitrodopamine shows that the C-C (ring) vibrations didn’t
shift significantly but the C-O vibrations shifted to lower wavenumbers, the N-O
symmetric vibration shifted to higher wavenumbers, and the N-O asymmetric vibrations
shifted to lower wavenumbers. These shifts in the FT-IR bands indicate the chelation of
the catechol and nitrocatechol to the FesO4 NPs’ surface.?®

Table 1. FT-IR peaks’ wavenumbers of FesOs@dopamine and FesO4@nitrodopamine.?8

Wavenumber (cmt) | C-C | C-O | NO2 asymmetric | NO2 symmetric | OH
dopamine 1499 | 1287 1320
Fe3O4@dopamine 1484 | 1265
nitrodopamine 1493 | 1294 1541 1351 1340
FesOs@nitrodopamine | 1494 | 1280 1551 1319

. Phosphonate

"o
6/ P\O_

\]:e";'
Fig. 10 Phosphonate ligand chelation mode to FesOs NPs.
Phosphonate group complexes with Fe3*atoms of the FesOs NPs’ surface
forming a bond which is stable at high temperature (Fig. 10). It has higher affinity to

Fe3O4 than carboxylate which facilitates higher packing density. The Fe-O-P bond’s
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stability in DI and PBS buffer makes it a good anchor candidate for biological
applications. Moreover, it was found that phosphonate based ligands enhances the

magnetism of the FezO4 NPs increasing their Ms.3°

In the FT-IR spectrum of Fe2O3 NPs coated with hexadecylphosphonic acid
HDPA, the phosphonate bands appeared at 1088 and 1027 cmr! which were absent from
the FT-IR spectrum of the free HDPA. Onthe other hand, the free phosphonic acid

bands appeared at 1217, 1075, 997, and 950 cm! (Fig. 11).3°

1075 997
1217,&. /. 950

hls

b <«—2847 cm”' Sym CH»

v
' '
\ '
N ’
T

- - - -  STraam
3200 2800 2400 2000 1600 1200 800
Wavenumber (cm™)

Fig. 11 FT-IR spectra of free HDPA (a), and HDPA coated Fe20O3 NPs (b). Reprinted
with permission from ref. [39]. Copyright 2011 American Chemical Society.

2!116 cm” Asym CH.

In addition to IR, XPS was used to investigate the bonding between
phosphonate and Fe3O4 NPs. Fig. 12 shows the O1s XPS spectrum of free HDPA and
Fe2O3@HDPA. The O1s peak at 531.5 = 0.1 eV corresponds to P=0 and P-O-Fe bonds
while the peak at 533.1 £ 0.1 eV corresponds to the P-OH bond. The ratio of P=0 and
P-O-Feto P-OH for the Fe2O4@HDPA was 1:1 but for the free HDPA was 1:2 which

indicated that some of the P-OH converted to P-O-Fe bond.3°
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Fig. 12 XPS Olssignal of free HDPA (a) and Fe203@HDPA NPs (b). Reprinted with
permission from ref. [39]. Copyright 2011 American Chemical Society.

d. Hydroxamate

Hydroxamate complexes to the Fe3*atoms of the FesOs NPs’ surface by a
bidentate chelation as shown in Fig. 13. It has more stability than carboxylate because it
forms a five membered chelation ring like the catechols. The disappearance of C=0
stretching vibration at 1635 cmr! from the FT-IR spectrum of the hydroxamate based
NPs’ coating suggested that the chelation mode is as shown in Fig. 13 (b).4°

(a) (b)

R R
JoNH =N
d o 4 o
Feo Fes

Fig. 13 Hydroxamate chelation modes to FezOs NPs.40

All the anchors presented above bind to the surface of the FesO4 NPs through
chelation. The grafting pH is very crucial for successful anchoring. The pH should be
below the IEP of IONP and above the pKa of the anchor so that the surface of the FesO4
NPs will be positively charged and the anchor negatively charged. An example is the
grafting of the ligand 1 shown in Fig. 14. It was grafted at pH below the 1EP (5.4) of
iron oxide nanoparticles and above the pKa of the phosphonic acid (3.1). A more
complicated ligand is the dendron 2 shown in Fig. 14, which has a terminal carboxylate
group (pKa= 4). In this case the grafting was conducted at pH 3.5 to avoid competitive

grafting.4!
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Fig. 14 Phosphonate anchor dendron with no terminal (1) and carboxylate terminal (2).
Reprinted with permission from ref. [41]. Copyright 2012 Royal Society of Chemistry.

Covalent (siloxane)

Silane based ligands bond covalently to the surface of Fe3O4NPs by the hetero-
condensation with the surface hydroxyl groups Fe-OH. Trialkoxy silane based ligands
have the general formula RSi(OR’)3 where R’ group is alkane. First step of the
silanization is the hydrolysis of the alkoxy groups through acidic or basic catalysis. The
mechanism of alkoxy silane hydrolysis to alcohol group via acidic or basic catalysis is
shown in Scheme 3. Smaller alkoxy groups increase the hydrolysis and condensation
rates.*? After the hydrolysis of trialkoxy silane to triol silane, they form hydrogen bonds
with the hydroxyl groups on the surface of the metal oxide. Upon heat appliance or pH
adjustment the silanol groups hetero-condense with the surface hydroxyl groups and
homo-condense (crosslink) with each other forming siloxane shell (Scheme 4). The
hydrolysis and condensation rates of TEOS at different pH are shown in Fig. 15, which
reveals that the hydrolysis rate is minimal at pH 7 while the condensation rate is
minimal at pH 4. Hydrolysis and condensation pHs are dictated by the nature of the
ligand (R and R’ groups). The disadvantages of siloxane based anchors are the
formation of no core silica NPsand the crosslink aggregation which both yield from the

homo-condensation. Another drawback is that siloxanes hydrolyze in basic media.*3
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Scheme 3. Acidic and basic hydrolysis mechanism
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Scheme 4. Representation of silane condensation with the surface hydroxyl groups of

FesO4 NPs.
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Fig. 15 Rate of hydrolysis and condensation of alkoxy silane vs pH (TEOS).*°

The FT-IR spectrum of 11-(trimethoxysilyl)undecanenitrile CS coated Fe3Oa4

NPs shown in Fig. 16 reveals that the peak at 585 cnv! corresponding to Fe-O vibration

shifts and broadens because of the formation of Fe-O-Sibond and a new broad band

between 1000 and 1150 cm! appears which is characteristic to Si-O-Si vibrations.19
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Fig. 16 FT-IR spectra of the FesO4NPs oleic acid coated (a) and cyano-silane coated
(b). Reprinted with permission from ref. [19]. Copyright 2007 American Chemical
Society.

E. Characterization of Fe3O4 NPs

Fe3O4 NPs are characterized by their size, morphology and surface charge.
Dynamic light scattering DLS determines the hydrodynamic radius and distribution of
the NPs in their suspension. Scanning electron microscopy SEM gives information
about the size and the morphology of the NPs but it lacks accuracy in providing the size
distribution. The average size obtained by SEM is usually smaller than the size
characterized by DLS. Transmission electron microscopy TEM gives same data as SEM
but it can be also used to characterize the surface of the NPs (core-shell). The surface
charge characterization is very important because it dictates the colloidal stability of the
NPs. The zeta potential is an indirect measurement of the surface charge. Moreover zeta
potential can reveal information about the surface functionality. For the surface
functionality characterization FT-IR, XPS, EDX, and CP-MAS are usually used. XRD
is used to confirm the crystal structure and determine the crystallite size (Scherrer
equation). The surface coverage of the modified NPs can be characterized by the
thermogravimetric analysis TGA. TGA gives information about the quantity of organic
components of the FesO4 NPs. TGA is also used to study thermal stability of the coated
Fe3O4 NPs. In addition, atomic absorption AA is used to quantify the amount of the

inorganic components of the FesO4 NPs.
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CHAPTER i

RESULTS AND DISCUSSION

Synthesis of Fe3O4 NPs

The FesO4 NPswere prepared via two routes which are the co-precipitation
method and the thermal decomposition®17. Briefly, in the co-precipitation method Fe?*
and Fe®*salts in a ratio of 2:1 were dissolved in deionized water with continuous
mechanical stirring then ammonia was added (Eq. 4)16. The FezOs NPs 1 formed as a
black precipitate were collected by external magnetic field and washed. The
hydrodynamic diameter of the Fe3sO4 NPs synthesized by this method was 35 nm with
0.2 PDI and zeta potential of -16 mV + 1 at pH 7. The hydrophobic FesO4 @OA NPs 2
were prepared by the thermal decomposition method. Briefly, Fe(acac)s was dissolved
in diphenyl ether in the presence of 1, 2-dodecadiol, oleylamine, oleic acid then it was
refluxed (Scheme 5)'7. The prepared FezOs@OA NPs were precipitated by addition of
ethanol and collected by external magnetic field and washed. The hydrodynamic
diameter of FesO4@OA NPssuspended in hexane was 8 nm with 0.3 PDI. In the
thermal decomposition method, we got smaller MNPs compared to the co-precipitation

method.

2FeC13 + FeC12 + 8NH3 + 4H20 '»Fe304 + 8NH4C1 (4)

Fe(acac)s
1,2-Dodecanediol
Oleylamine Ph,0, reflux
Oleic acid

Scheme 5. Synthesis of FesO4@OA via thermal decomposition method.
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Fig. 17 FT-IR spectra of Fe3Oa4 (a) and FesO4@OA (b).

The FT-IR spectrum of the FesO4 NPs prepared by the co-precipitation method
shown in Fig. 17(a) shows two characteristic bands. The Fe-O stretching vibration
appeared at 584 cnr, and the surface O-H groups’ vibrations appeared at 1624 cnr!
(bending) and 3381 cn! (stretching). On the other hand, the FT-IR of Fes0s@OA NPs
synthesized by the thermal decomposition shown in Fig. 17(b) has main four
characteristic bands at 602, 1024, 1628, 2924 cm! which can be assigned to the Fe-O,
C-0, C=0, and C-H stretching vibrations respectively. The wavenumber of the Fe-O
stretching vibration shifted to higher value which could be due to the formation of Fe-

O-C bond bhetween the oleic acid and the FezO4 NPs.
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Fig. 18 TGA thermograms of Fe3O4 (a) and FesO4@OA (b). The analysis were carried
out under nitrogen flow at a heating rate of 10°C/min.

The TGA thermogram of FesO4 NPs synthesized by co-precipitation method
and Fe3O4@OA NPs synthesized by thermal decomposition are shown in Fig. 18. The
TGA thermogram of Fe3O4 NPs shows only 5% weight loss over a temperature range of
100-1000 °C. In contrast, the TGA thermogram of FesOs@OA NPs s divided into four
stages. In the first stage, there is a weight loss of 6 wt% in the range of 100-266 °C
(DTGmax =196 °C) which is attributed to the adsorbed water. In the second, third and
fourth stages there are weight losses of 7, 5, and 4 wt% in the ranges of 266-481 °C
(DTGmax = 353 °C), 481-692 °C (DTGmax = 645 °C), and 692-100 °C (DTGmax =
750 °C) respectively. These stages can be attributed to the decomposition of the oleic
acid.

The Fe304@SiO2 NPs 3 were prepared following Stober’s method.*® In brief,
the FesO4 NPs prepared by co-precipitation mtehod were suspended in
ethanol/water/ammonia solution, then TEOS was added dropwise. The FesO4@SiO>

NPs were collected by external magnetic field and washed.
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Fig. 19 XRD patterns of simulated Fe3O4(a), Fe3O4 (b), and FesO4@SiO2 (c).

Fig. 19 shows the XRD patterns for (a) simulated FesOa, (b) Fe3O4, and (c)
Fe304@SiO2. The X-ray diffractograms of Fe3O4 and Fe3O4@ SiO2 show diffractions
that can be indexed to (220), (311), (400), (422), (511), and (440) planes which agree
with the face-centered cubic structure of magnetite. The broad peak at low diffraction
angles 20° to 30° of the FesO4@SiO2 XRD pattern can be attributed to the amorphous
SiO2 shell surrounding the Fe3O4 NPs.

The hydrodynamic diameter of FesO4@SiO2 synthesized by Stober’s method
was 82 nm with 0.2 PDI and zeta potential of -7 mV at pH 7. The size of the
Fe304@SIO2 is bigger than the bare FesO4 NPs by 47 nm which indicates that most of

the Fes04@SiO2 NPs contain more than one core.
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Fig. 20 FT-IR spectra of Fe3Oa4 (a) and Fe3sO4@SiO2 (b).

The FT-IR spectrum of FesO4+@SiO2 NPs shown in Fig. 20(b) has two main
characteristic bands at 586, and 1072 cmr! which can be assigned to Fe-0O, Si-O
stretching vibrations respectively. Furthermore, the Si-O band at 1072 cn! confirms  the

formation of SiO2 shell.
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Fig. 21 TGA thermograms of Fe3O4 (a) and FesO4+@SiO2 (b). The analysis were carried
out under nitrogen flow at a heating rate of 10°C/min.
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The TGA thermograms of Fe3O4and FesO4@SiO2 are shown in Fig. 21 TGA
thermograms of Fe304 (a) and Fe304@SiO2 (b). The analysis were carried out under
nitrogen flow at a heating rate of 10°C/min.. The TGA thermogram of Fe3sO4 shows
only 5% weight loss over temperature range of 100-1000 °C. The TGA thermogram of
FesO4@SiO2 shows a weight loss of 6% in the range of 100-1000 °C which can be due
to the removal of the adsorbed water. As shown both Fe304@SiO2 NPsand FezOs NPs
have a similar weight loss profiles which confirms the complete condensation of the

TEOS’ ethoxy groups.

Fig. 22 SEM (a), STEM (b), and EDX (c) images of Fe304@SiOx.

The presence of SiO2 coating of the synthesized Fe3O4+@SiO2 NPswas
confirmed by the elemental analysis carried out using energy dispersive X-ray

spectroscopy (EDX). The EDX spectrum of FesO4@SiO2 shown in Fig. 22(c) reveals
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that the sample is composed of iron and silicon. The presence of Si element confirms
the presence of SiO2 shell.

The morphology of the FesO4@SiO2 NPswas characterized using scanning
electron microscopy (SEM) as shown in Fig. 22(a). It reveals that the FesOs@SiO2 NPs
have approximately the same size with an average diameter 42 nm with 0.3 PDI

(calculated using ImageJ). The STEM images Fe3O+@SiO2 is shown in Fig. 22(c).

A. Functionalization of Fe3O4 NPs through chelation bonding (catechol,

hydroxamate)

1. Preparation of FesOs@caffeic acid 4

The FesO4@CA NPswere prepared by anchoring the caffeic acid (CA) through
the chelation of its catechol unit with the FesO4 NPs’ surface iron atoms (Scheme 6).
Different amounts of CA were added to an ethanol Fe3Os NPs suspension. The
suspensions were sonicated then collected by external magnetic field and washed three
times with ethanol. The combined washes’ supernatants were analyzed by UV-Vis
spectrometry to quantify the unbounded CA. The amount of the bounded CA which was
deduced from the unbounded CA was used to calculate the grafting density using Eg. 3.
The maximum grafting density of CA on FesOs NPswas 3 CA/nn? at 0.03 CAFe304

weight ratio (Fig. 23).
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The hydrodynamic diameter of FesO4@CA NPswas 173 nm with 0.2 PDI and
zeta potential of -22mV at pH 7. The zeta potential of the FesO4@CA NPsis lower

than of the FesO4 NPswhich is due to the pendant carboxylic groups.
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Scheme 6. Preparation of FesO4@CA NPs through catechol-Fe chelation.
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Fig. 23 Grafting density of CA vs the amount of CA used.
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Fig. 24 FT-IR spectra of Fe3O4 (a), FesO4@CA (b), and CA (c).

The FT-IR spectrum of CA shown in Fig. 24(c) has four main characteristic
bands at 1279, 1450, 1645, 3234 and 3431 cm! which can be assigned to the C-O, C-H,
C=0, and O-H vibrations respectively. On the other hand, the FT-IR spectrum of the
Fes04@CA in Fig. 24(b) shows three characteristic bands at 584, 1278, and 1628 cn!
for the Fe-O, C-0O,and C=0 stretching vibrations respectively. The characteristic

functional groups that appeared in the FT-IR of the FesO4@CA confirm the presence of

the CA coating.
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Fig. 25 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of Caffeic acid. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Fig. 26 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of FesOs@CA. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Fig. 27 TGA thermograms of Fe3Oa4 (a), FesO4@CA (b), and CA (c). The analyses were
carried out under nitrogen flow at a heating rate of 10°C/min.

The TGA thermograms of the Fe3O4, FesO4@CA, and CA are shown in Fig.
27. The TGA thermogram of FesO4 shows only a 5 wt% weight loss over a temperature
range of 100-1000 °C. On the other hand, the TGA thermogram of Fe304+@CA shows
four weight loss’ steps (Fig. 26). The first weight loss is 2 wt% in the range of 100-210
°C (DTGmax = 155 °C) which is due to the removal of adsorbed water. The weight
losses in the second, third and fourth steps are 5, 2, and 7 wt% in the ranges of 210-378
°C (DTGmax =254 °C), 378-463 °C (DTGmax =414 °C), and 463-1100 °C (DTGmax
= 655 °C) respectively. These three stages can be attributed to the decomposition of
caffeic acid. In comparison, the TGA thermogram of the Caffeic acid has two main
decomposition stages (Fig. 25). In the first stage there is a 31 wt% weight loss in the
range of 158-229 °C (DTGmax = 210 °C) and in the second stage a 55 wt% weight loss
in the range of 229-1100 °C (DTGmax =292 °C). The decomposition temperature of
FesO4@CAis shifted to higher temperature compared to the CA which indicates that

the FesO4 NPsincreased the thermal stability of CA.
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2. Preparation of FesOs@adenine 8 through hydroxamate anchor

The FesOs@adenine NPs were prepared by the ligand exchange method. The
Fes04@OANPs’ surface oleic acid anchored through the carboxylate groups were
exchanged with the adenine hydroxamate 7. In brief, an aqueous solution of adenine
hydroxamic acid was added to a hexane suspension of FesO4s@OA NPs prepared by the
thermal decomposition method. The two phases were shaken vigorously to facilitate the
ligands exchange (Scheme 7). After 12 hours of shaking, the FesO4 NPsmoved to the
aqueous phase which indicates that the oleic acid was successfully replaced by the

adenine hydroxamate. The aqueous layer was separated and the adenine coated Fe3O4

NPs were collected by centrifugation and washed with hexane, ethanol, and acetone.
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Scheme 7. Synthesis route of FesOs@adnenine NPs through hydroxamate chelation by
the ligand exchange method.

The synthesis route of ligand 3-(6-amino-9H-purin-9-yl)-N-
hydroxypropanamide 7 is outlined in Scheme 8. The intermediate 6 was synthesized by
Michael addition reaction between adenine 5 and ethyl acrylate in ethanol using a

catalytic amount of sodium under reflux. Finally, the ester 6 was converted to
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hydroxamic acid 7 by treating it with hydroxylamine and potassium hydroxide in

methanol.
NHp o NH, NH,
Nl)ﬁ:N> \)J\OEL Na N)j:N\> HONH, HCI, KOH NI)EN\>
,
kN/ N EtOH, Reflux mN/ N MeOH, r.t. kN/ N
\}OEt \}N\OHH
5 6 7

Scheme 8. Synthesis of coumpound 7

The structure of the intermediate 6 was verified by 'H NMR, IR and MS. The
IH NMR spectrum of the intermediate 6 revealed four new signals which can be
assigned to 4.02 ppm for the O-CH2- asa quartet, 1.1 ppm for the -CHgs of the ethoxy
group as atriplet, 2.93 ppm for the -CHz- of the carbonyl group as a triplet, and 4.37
ppm for the -CH2- connected to the amine as a triplet. The FT-IR spectrum of the
intermediate 6 shows a strong absorption band at 1727 cm® for the carbonyl group of

the ester.

Table 2. 'H (500 MHz, DMSO-ds) NMR data for compound 6

Structure of compound 6

No | on (ppm)
4 8.13
14
5 | 9
| 14| 7.24
BRI 10 437
soe 16 | 4.02
13 1
e 11| 293
17 1.1
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The structure of compound 7 was verified by 'HNMR, 13C NMR, IR and MS.
The 'H NMR spectrum of the compound 7 revealed the disappearance of two signals at
4.37 and 1.1 ppm which is attributed to the loss of the ethoxy group. On the other hand,
two new signals appeared at 10.47, and 8.83 ppm which can be assigned to the -NH-
and -OH protons of the hydroxamic group. The -CH:- signal of the carbonyl group
shifted upfield from 2.93 to 2.57 ppm which confirms the conversion of the ester to
hydroxamic acid. The IR spectrum of the compound 7 showed strong absorption band
for the C=0 stretching vibration at 1657 cm™. The shift of the C=0 stretching vibration
band to lower wavenumber from 1727 cm! to 1657 cm? confirms the formation of

hydroxamic acid.

Table 3. 'H (500 MHz, DMSO-de) and *3C (126 MHz, DMSO-ds) NMR data for
compound 7

Structure of compound 7

No| 8 (ppm) | [ No | 8¢ (ppm)

s 16| 1047 | [12] 166.32
S 15| 883 6 | 15592
YR, 4| 814 4| 15237
S 9 | 7.99 2 | 1494
1o 14| 721 9 | 140.96
oo 10 4.35 7 118.72

B [ 287 10| 39.19

11] 3219
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Fig. 28 FT-IR spectra of Fe3O4 (a), FesOs@adenine (b), and adenine hydroxamic (c).

The FT-IR spectrum of adenine-hydroxamic shown in

Fig. 28(c) has two main characteristic bands at 1655, and 2939 cm! which are
attributed to C=0, C-H stretching vibrations respectively. On the other hand, the FT-IR
spectrum of FesO4@adenine shown in

Fig. 28(b) shows three characteristic bands at 594, 1655, and 2924 cnr! for the
Fe-O, C=0, and C-H stretching vibrations respectively. The wavenumber of the Fe-O
stretching vibration shifted to higher value from 548 to 594 cmrl, which can be due to

the formation of Fe-O-N bonds on the surface of the FezO4 NPs.
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Fig. 29 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of denine-hydroxamic.
The analysis was carried out under nitrogen flow at a heating rate of 120°C/min.

Table 4. Thermal decomposition stages of adenine-hydroxamic.

Stage 1 2
Temperature range (°C) | 100-259 | 259-1100

DTGmax (°C) 235 322

% Weight loss 21 68
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Fig. 30 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of FesOs@adenine. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Table 5. Thermal decomposition stages of FesOs@adenine.

Stage 1 2 3 4
Temperature range (°C) | 100-211 | 211-399 | 330-450 | 450-1000

DTGmax (°C) 202 232 401 512

% Weight loss 5 8 4 27

35



100 5% (a)

80

(o2}
o
T

44% (b)

Weight (%)

IN
o
T

20

100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

Fig. 31 TGA thermograms of bare Fe3O4 (a), FesO+@ adenine (b), and adenine-
hydroxamic (c). The analyses were carried out under nitrogen flow at a heating rate of
10°C/min.

The TGA thermogram of adenine-hydroxamic shown in Fig. 29 shows two
decomposition stages summarized in Table 4. The two stages are at DTGmax 235 and
322 °C. The gases evolved in these two stages as shown in Fig. 29 (b) are CO2, NHs,
and C=0 at stage one (100-259 °C) and mainly NHz at stage two (259-1100 °C). Onthe
other hand, the TGA thermogram of FesOs@adenine shown in Fig. 30(a) shows four
decomposition stages summarized in Table 5. The main two stages are at DTGmax 202
and 512 C°. The gases evolved in these two stages as shown in Fig. 30(b) are CO2, NHs,
and C=0 at stage one (100-211 °C), and CO2 and CO at stage three (399-1000 °C). We
can observe that the FesOs@adenine and the adenine-hydroxamic have close
decomposition profiles but with shifted DTGmax. Fig. 31 reveals that the
FesOs@adenine NPshave more weight loss than FesO4 NPswhich can be attributed to

the adenine layer.
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Fig. 32 SEM image of FesOs@adenine NPs.

In Fig. 32 the SEM image of the FesOs@adenine NPs is shown. The
hydrodynamic diameter of the FesOs@adenine NPs anchored by hydroxamate group

was 18 nm with 0.2 PDI and grafting density of 13 adenine/nm?.

B. Functionalization of Fe30O4 NPs through covalent bonding (siloxane)
1. Preparation of FesOs@nucleobase (Route 1)

a. Fes0s@Si-adenine 12

The Fe3O4NPs coated with adenine through siloxane anchor were prepared by
the condensation of triethoxy-silane group of (EtO)sSi-adenine 10 with the surface
hydroxyl groups of the FesO4 NPs. This siloxane covalent bonding makes the ligand
binding more resistant to the pH changes compared to the chelation. In brief, (EtO)3Si-

adenine was pre-hydrolyzed in basic medium to (HO)sSi-adenine. Then, dried Fe304
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NPs prepared by co-precipitation were added and the suspension was sonicated. After

that, the pH was adjusted (pH: 10) to trigger the condensation (Scheme 9).

N M O._~ __NaOH_ N7 '\ H \__OH
HN™ = H 95 \ HoN _J H 5

ZT

7N Q H 0
HZN'\I)Q(\N:N/\)LH/ \([DrN\/\/S%O:@
12

Scheme 9. Synthesis route of FesO4@Si-adenine NPs through siloxane bonding via
condensation of pre-synthesized ligand.

The synthesis route of ligand 2-(3-(6-amino-9H-purin-9-yl)propanoyl)-N-(3-
(triethoxysilyl)propyl)hydrazine-1-carboxamide 10 is outlined in Scheme 10. Briefly,
the intermediate ester 6 was synthesized by Michael addition reaction between adenine
5 and ethyl acrylate in ethanol using catalytic amount of sodium under reflux. Next, the
ester 6 was converted to hydrazide by treating it with hydrazine hydrate in ethanol under

reflux. Finally, the intermediate 9 was reacted with 3-(triethoxysilyl)propyl isocyanate

in dry DMSO under anhydrous condition to yield ligand 10.
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Scheme 10. Synthesis of compound 10

The structure of the intermediate 9 was verified by 'H NMR and MS. 1H NMR
spectrum of the intermediate 9 revealed the disappearance of two signals at4.37 and 1.1
ppm which is attributed to the loss of the ethoxy group. On the other hand, two new
signals appeared at 9.05 and 4.19 ppm which can be assigned to the -NH- and NH> of
the hydrazide group respectively. The -CH:- signal of the carbonyl group shifted upfield

from 2.93 ppm to 2.61 ppm which confirms the conversion of the ester to hydrazide.
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Table 6. 'H (500 MHz, DMSO-ds) NMR data for compound 9

Structure of compound 9

No | dn (ppm)
4" 15] 9.05
Sy 4] 813

[ 9

AL gy 9 799
I P 4] 719
o 10| 434
g v, [16] 419
° 11] 261

The structure of the compound 10 was verified by 'H NMR, 3C NMR, HSQC,
COSY, IR and MS. The *H NMR spectrum of the compound 10 shows that the -NH>
signal shifted downfield from 4.19 ppm to 7.68 ppm which indicates the formation of an
amide. The protons of the triethoxy groups were present: the O-CH.- signal appeared as
a quadruplet at 3.73 ppm and the -CHzs signal as a triplet at 1.14 ppm. Moreover, the
presence of upfield signal at 0.5 ppm which is attributed to the -CHa-Si confirms the
presence of the silane group. The 13C NMR spectrum displayed a peak at 57.74 ppm
corresponding to the O-CHz- carbon attached to the oxygen atom. The assignments of
the 1H and 13C spectra signals were further confirmed by the HSQC and COSY data
which are fully analyzed in the supplementary section. The IR spectrum of the
compound 10 shows a new characteristic band at 1075 cm which can be attributed to
Si-O-C bond. The band at 2975 cmr! can be assigned to the stretching vibration of -CH-
groups. The stretching vibration of C=0 which appeared at 1667 cm! with the bending
and stretching vibrations of N-Hwhich appeared at 1555 and 3283 cnm? respectively,
confirm the presence of amide group. Moreover, the characteristic band of -N=C=0 at

2270 cmr! disappeared indicating the success of the coupling.
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Table 7. 1H (500 MHz, DMSO-ds) and 3C (126 MHz, DMSO-ds) NMR data for

compound 10

Structure of compound 10

No | &n (ppm) No | dc (ppm)

15 9.56 12 169.63

4 8.14 17 157.99

9 8.04 6 155.97
a N, 16 7.68 4 1524
O 14 7.21 2 149.42
G 19 6.37 9 141.02
JEN 8 10 4.35 7 118.71

B 252831 | 3.73 252831 | 57.74

R 28 3.73 20 41.97

L3t o”\2Si3 28 5 26° 31 3.73 10 39.26

% 0 o2 20 2.95 11 33.19

55 11 2.71 21 23.45

21 141 26,2932 | 18.28

26,29,32 | 1.14 22 7.19
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The FT-IR of the (EtO)sSi-adenine shown in Fig. 33(c) has main three

Fig. 33 FT-IR spectra of Fe3O4 (a), FesO4+@Si-adenine (b), and (EtO)sSi-adenine (c).

characteristic bands at 1074, 1668, 2976 cm! for the Si-O, C=0, and C-H stretching

vibrations respectively. On the other hand, the FT-IR spectrum of the FesO4+@Si-

adenine NPsin Fig. 33(b) shows four characteristic bands at 588, 1034 and 1126, 1649
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cn! which can be assigned to the Fe-O, Si-O-Si. C=0, C-H stretching vibrations
respectively. These bands confirm the presence of adenine on the surface of the Fe3Oa4

NPs.
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Fig. 34 TGA thermogram of Fe3O4. The analysis was carried out under nitrogen flow at
a heating rate of 10°C/min.
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Fig. 35 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of (EtO)sSi-adenine. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.

Table 8. Thermal decomposition stages of (EtO)sSi-adenine.

Stage 1 2 3 4 5
Temperature range (°C) | 100-158 | 158-219 | 219-271 | 271-389 | 389-1100

DTGmax (°C) 143 193 252 303 467

% Weight loss 3 9 11 21 20
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Fig. 36 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of FesO4@Si-adenine.
The analysis was carried out under nitrogen flow at a heating rate of 20°C/min.

Table 9. Thermal decomposition stages of FesO4@ Si-adenine.

Stage 1 2 3 4 5 6 7
Temperature range (°C) | 100-183 | 183-256 | 156-344 | 344-511 | 511-719 | 719-777 | 777-1100
DTGmax (°C) 146 234 284 444 539 653 865
% Weight loss 2 7 12 14 7 7 5
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Fig. 37 TGA thermograms of bare Fe3O4 (a), FesO4@Si-adenine (b), and (EtO)sSi-
adenine (c). The analyses were carried out under nitrogen flow at a heating rate of
10°C/min.

The TGA thermogram of (EtO)sSi-adenine shown in Fig. 35(a) shows five
decomposition stages summarized in Table 8.The two main stages are at DTGmax 303,
and 467 °C. The gases evolved in these two stages as shown in Fig. 35(b) are CO2 and
NHz at stage four (271-389 °C) and CHas, NHj3 at stage five (389-1100 °C). On the other
hand, the TGA thermogram of the Fe3Os@Si-adenine NPs shown in Fig. 36(a) shows
seven decomposition stages summarized in Table 9. The two main stages are at
DTGmax 284, and 444 °C. The gases evolved in these two stages as shown in Fig. 36(b)
are COz and NHs at stage three (156-344 °C) and HCN, CH4, NHs at stage four (344-
511 °C). We can deduce that the FesO4@ Si-adenine and (EtO)sSi-adenine have close
decomposition profiles with shifted DTGmax. Moreover, the (EtO)sSi-adenine shows in
its first two stages of decomposition as shown in Fig. 35(b) the evolution of ethanol gas
which came from the ethoxy groups. In contrast, the evolution of ethanol was absent in
the decomposition profile of the FesO4@Si-adenine NPs, which confirms the complete

condensation. The thermograms shown in Fig. 37 reveals that the Fe3O4@ Si-adenine
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NPs has more weight loss than the FesO4 NPs. This difference can be attributed to the

adenine layer.
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Fig. 38 DSC thermograms of FesO4@Si-adenine (a), (EtO)sSi-adenine (b), and Fe3O4
(c). The analyses were carried out under nitrogen flow at a heating rate of 10°C/min.
The DSC thermograms of (a) FesOs@Si-adenine, (b) (EtO)sSi-adenine, and (c)
Fe3O4 are shown in Fig. 38. The DCS thermogram of the FesO4 NPs shown in Fig. 38(c)
shows broad exothermic peak between 150 and 400 °C. Meanwhile, the DSC of the
ligand (EtO)sSi-adenine shown in Fig. 38(b) shows three exothermic peaks at 179, 249,
and 320 °C which can be assigned as exothermic decompositions when complemented
with the TGA data. Onthe other hand, the DCS thermogram of Fe3O4@ Si-adenine
shown in Fig. 38(a) shows two exothermic peaks one broad 150-240 °C and the other at
311 °C which also can be assigned as decomposition when complemented with the
TGA data. The first two exothermic decompositions of (EtO)sSi-adenine are absent in

the DSC profile of FesO4@Si-adenine NPs which are attributed to the decomposition of

the ethoxy groups as ethanol vapor.
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Fig. 39 SEM image of FesOs@Si-adenine NPs.

In Fig. 39 the SEM image of the FesOs@adenine NPs is shown. The
hydrodynamic diameter of the Fe3O4@Si-adenine NPssynthesized by the ‘grafting to’

approach was 74 nm with 0.3 PDI and grafting density of 53 adenine/nm?.

b. FesO4@Si-uracil 15

The Fe3O4NPs coated with uracil through siloxane bonding was prepared by
the condensation of triethoxy-silane groups of the (EtO)sSi-uracil with the surface
hydroxyl groups of the bare FesO4 NPs. This solixane covalent bonding makes the
ligand binding more resistant to pH changes compared to the chelation. In brief,
(EtO)sSi-uracil was pre-hydrolyzed in basic media to (HO)sSi-uracil (silanol). Then
dried Fe3O4NPs prepared by co-precipitation was added and bath sonicated. After, the

pH was adjusted to trigger the condensation (Scheme 11).
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Scheme 11. Synthesis route of FesO4@Si-uracil NPs through silolfane bonding via the
condensation of pre-synthesized ligand.

The synthesis route of ligand 2-(3-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yl)propanoyl)-N-(3-(triethoxysilyl)propyl)hydrazine-1-carboxamide 16 is outlined in
Scheme 12.Briefly, the intermediate ester 14 was synthesized by Michael addition
reaction between uracil 13 and ethyl acrylate in ethanol using a catalytic amount of
sodium under reflux. After, the ester 14 was converted to hydrazide 15 by treating it
with hydrazine hydrate in ethanol under reflux. Finally, the intermediate 15 was reacted
with 3-(triethoxysilyl)propyl isocyanate in dry DMSO under anhydrous condition to

yield ligand 16.
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Scheme 12. Synthesis of compound 16

The structure of the intermediate 14 was verified by 1H, 13C, IR, and MS. The

IH NMR spectrum of the intermediate 14 revealed four new signals which can be

assigned to the O-CH:- asa quartet at 4.05 ppm, -CHs of the ethoxy group as triplet at

1.16 ppm, -CHz2- of the carbonyl group as triplet at2.93 ppm , and the -CH:- connected

to the amine as triplet at 4.37 ppm. The IR spectrum of intermediate 14 showed strong

absorption band at 1703 cm! for the carbonyl group of the ester.
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Table 10. 'H (500 MHz, DMSO-ds) and *3C (126 MHz, DMSO-ds) NMR data for
compound 14

Structure of compound 14

No | én (ppm) | | No | dc (ppm)
3| 11.27 9 | 170.83
6 7.62 4 | 163.88
5 5.53 2 | 150.94
14| 4.05 6 | 146.16
7 3.87 5 | 100.71
8 2.67 14| 60.3
15| 1.16 7 44.1

8 | 3277

15| 14.07

The structure of the intermediate 15 was verified by 'H, 13C, IR and MS. H
NMR spectrum of the intermediate 15 revealed the disappearance of two signals at 4.37,
and 1.1 ppm which attributes to the loss of the ethoxy group’s -CHz- and -CHz3
respectively. On the other hand, two new signals appeared at 9.05, and 4.19 ppm which
can be assigned to the -NH- and NH: of the hydrazide group respectively. The signal of
the -CHz- of the carbonyl group shifted upfield from 2.93 ppm to 2.61 ppm which
confirms the conversion of the ester to hydrazide. The FT-IR spectrum of the
intermediate 15 revealed that the strong absorption band assigned to C=0 stretching
vibration shifted to a lower frequency from 1703 to 1678 cnr! which confirms the

success of ester conversion to hydrazide.
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Table 11. *H (500 MHz, DMSO-ds) and *3C (126 MHz, DMSO-ds) NMR data for
compound 15

Structure of compound 15

o No | dH (ppm) No | dc (ppm)
Py 3| 10.75 9 | 168.96
- 13 9.09 4 163.91

o7 Sy 6 | 7.51 2 | 150.84

~, 5 5.5 6 | 146.24

e 14| 42 5 | 100.59

oo 7| 38 7 | 4473

8 2.39 8 | 3241

The structure of the compound 16 was verified by 'H NMR, 13C NMR,
HMBC, COSY and MS. The *H NMR spectrum of the compound 16 shows that the -
NH2 signal shifted downfield from 4.2 ppm to7.67 ppm which indicates the formation
of amide. The protons of the triethoxy groups were present. The O-CHo:- signal
appeared at 3.74 ppm as a quartet and the -CHgs signal at 1.15 ppm as a triplet.
Moreover, the presence of upfield signal at 0.5 ppm which attributes to the -CH2-Si
proton signal confirms the presence of the silane group. The 13C NMR spectrum
displayed a peak at 57.72 ppm corresponding to the O-CHz- carbon attached to the
oxygen atom. The assignments of the *H and 13C spectra signals were further confirmed
by the HMBC and COSY data which are fully analyzed in the supplementary section.
The HMBC spectrum revealed that the -NH- signal from the hydrazide part at 7.67 ppm
and the -CH.- signal from the 3-(triethoxysilyl)propyl isocyanate part at 2.95 ppm both
showed correlations to same carbon at 158 ppm (C=0) confirming the connectivity of
the two parts. The FT-IR spectrum of the compound 16 shows a new characteristic band
at 1104 cmr® which can be attributed to Si-O-C bond. The band at 2975 cm?® is assigned
to the stretching vibration of -CHz- groups. The strong C=0 absorption stretching band

at 1646 cnv! with the bending and stretching vibrations of N-H at 1583, 3280 cn'?
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respectively, confirms the presence of amide group. Additionally, the characteristic

band of -N=C=0 at 2270 cmv! disappeared indicating the success of the coupling.

Table 12. 'H (500 MHz, DMSO-ds) and 13C (126 MHz, DMSO-ds) NMR data for

compound 16

Structure of coumpound 16

No | &1 (ppm) No | dc (ppm)
3 11.27 9 169.74
13 9.56 4 163.84
. 14 7.67 15 158
Pl 6 7.56 2 150.9
o7 17 6.4 6 146.29
~, 5 55 5 100.6
A i 7 3.86 23,26,29| 57.72
) s /8| 23,2629 3.74 7 44.4
H1”4\h5/1“7“~1s”9\zo/?£ 18 2.95 18 41.95
° 26 %) 8 2.49 8 32.24
19 1.43 19 23.44
27,2430 1.15 242730 18.28
20 0.5 20 7.19
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Fig. 40 FT-IR spectra of Fe3O4 (a), FesOs@Si-uracil (b), and (EtO)sSi-uracil (c).

The FT-IR spectrum of the (EtO)sSi-uracil shown in Fig. 40(c) has four main

characteristic bands 1080 and 1105, 1649, 2974, 3279 and 3318 cm! which are
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attributed to Si-O, C=0, C-H, and N-H vibrations respectively. Onthe other hand, the
FT-IR spectrum of the FesO4+@Si-uracil NPs shown in Fig. 40(b) shows four
characteristic bands at 588, 1051 and 1012, 1670, 2926 cm'* for the Fe-O, Si-O-Si.
C=0, C-H stretching vibrations respectively. The Fe-O stretching vibration
wavenumber shifted to a higher value which can be due to the formation of Fe-O-Si

bonds on the surface of the FezO4 NPs.
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Fig. 41 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of (EtO)sSi-uracil. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Table 13. Thermal decomposition stages of (EtO)sSi-uracil.

Stage 1 2 3 4
Temperature range (°C) | 100-177 | 177-240 | 240-367 | 367-1100
DTGmax (°C) 133 212 272 462
% Weight loss 2 15 22 19
@
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DTG (%/°C)
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Fig. 42 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of FesOs@Si-uracil. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Table 14. Thermal decomposition stages of FesO4@ Si-uracil.

Stage 1 2 3
Temperature range (°C) | 100-431 | 431-518 | 518-1100

DTGmax (°C) 266 462 611

% Weight loss 8 1 3
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Fig. 43 TGA thermograms of Fe3O4 (a), FesO4@Si-uracil (b), and (EtO)sSi-uracil (c).
The analyses were carried out under nitrogen flow at a heating rate of 20°C/min.

The TGA thermogram of the (EtO)sSi-uracil shown in Fig. 41(a) shows four
decomposition stages summarized in Table 13. The main two stages are at DTGmax
272 and 462 °C. The gases evolved in these two stages as shown in Fig. 41(b) are CO>
and NHs at stage three (240-367 °C), and CH4, NH3, HCN at stage four (367-1100 °C).
On the other hand, the TGA thermogram of the FesO4@Si-uracil NPs shown in Fig.
42(a) shows three decomposition stages summarized in Table 14. The main two stages
are at DTGmax 266 and 611 °C. The gases evolved in these two stages as shown in Fig.
42(b) are CO2 and NHs at stage one (100-431 °C) and CO- at stage four (518-1100 °C).
Moreover, the TGA thermogram of the (EtO)sSi-uracil shows in its second stage as
shown in Fig. 41(b) the evolution of ethanol vapor which came from the ethoxy groups.

In contrast, the ethanol vapors were absent in the decomposition profile of FesO4@Si-
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uracil NPs. From Fig. 43 we can notice that FesO4@Si-uracil NPs has more weight loss

than Fe3O4 NPswhich can be attributed to the uracil layer.

Fig. 44 SEM image of FesO4@Si-uracil NPs

In Fig. 44 the SEM image of FesO4@Si-uracil is shown. The hydrodynamic
diameter of FesO4@Si-uracil NPs synthesized by the “grafting to” approach was 75 nm

with 0.3 PDI and grafting density of 5 (O) uracil/nm?

2. Preparation of FesOs@nucleobase (Route 2)

a. Fes04@Si-uracil NPs 20

The Fe3O4 NPs coated with uracil through siloxane bonding via “grafting
from” method was prepared by first functionalizing the FesO4 NPswith isocyanate
functionality and then reacting it with the uracil hydrazide. In brief, dried FesOs NPs
prepared by the co-precipitation method were suspended in dry toluene and (EtO)sSi-

NCO was added and refluxed. Then the isocyanate functionalized FesOs NPswere
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suspended in dry DMF. After, uracil hydrazide was added and refluxed under

continuous mechanical stirring (Scheme 13).
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Scheme 13. Synthesis route of FesOs@Si-uracil NPs through siloxane bonding via
"grafting from" method.

a)
)
-
0 © —
M o
™ ™ <
©
< 0
=
< b
g7 8 &
Y ol
< ™ N o<t §
8 o o
E I
- -
2 g b
< =1
=
c)
QM N &
gg o N
Bo
9]
1 1 1 1 ‘EI 1 1

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 45 FT-IR spectra of Fe3O4 (a), FesO4@Si-uracil (b), and uracil-hydrazide (c).
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The FT-IR spectrum of uracil-hydrazide shown in Fig. 45(c) has main three
characteristic bands at 1680, 3028, 3313 and 3356 cm! corresponding to the C=0, C-H,
and N-H stretching vibrations respectively. On the other hand, Fe3O4@Si-uracil in Fig.
45(b) shows four characteristic bands at 571, 1001, 1635, 2875 cm'! for the Fe-O, Si-O,
C=0, and C-H stretching vibrations respectively. The existence of these characteristic

bands confirms the presence of the uracil coating.
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Fig. 46 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of uracil-hydrazide. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.



Table 15. Thermal decomposition stages of uracil-hydrazide

Stage 1 2
Temperature range (°C) | 100-394 | 394-1000
DTGmax (°C) 297 427
% Weight loss 7 12
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Fig. 47 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of FesOs@Si-uracil. The
analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Table 16. Thermal decomposition stages of FesO4@ Si-uracil.

Stage 1 2 3 4
Temperature range (°C) | 100-383 | 383-557 | 557-707 | 707-1100

DTGmax (°C) 268 426 685 767

% Weight loss 12 4 4 7

100 5% (a)

27% (b)
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Fig. 48 TGA thermograms of Fe3Oa (a), FesOs+@Si-uracil (b), and (EtO)sSi-uracil (c).
The analyses were carried out under nitrogen flow at a heating rate of 10°C/min.

The TGA thermogram of uracil-hydrazide shown in Fig. 46(a) shows two main
decomposition stages summarized in Table 15 with DTGmax 297 and 427 °C. The
gases evolved in these two stages as shown in Fig. 46(b) are NH3, C=0 at stage one
(100-394 °C) and CO2, NHgs at stage two (394-1100 °C). On the other hand, the TGA
thermogram of FesO4@Si-uracil NPs shown in Fig. 47(a) shows four decomposition
stages summarized in Table 16. The two main stages are at DTGmax 268 and 767 °C.
The gases evolved in these two stages as shown in Fig. 47(b) are CO2, NHs, CHs at
stage one (100-383 °C) and CO2, CO at stage four (707-1100 °C). Moreover, the
absence of ethanol vapor in the EGA profile of FesOs+@Si-uracil NPs, indirectly proves

that the ethoxy groups of 3-(triethoxysilyl)propyl isocyanate are absent. The TGA
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profiles shown in Fig. 48 reveals that FesO4@Si-uracil NPs has more weight loss than

Fe3O4 NPswhich confirms the presence of uracil coating.

Fig. 49 SEM image of FesO4@Si-uracil NPs.

In Fig. 49 the SEM image of FesO4@Si-uracil NPsis shown. The
hydrodynamic diameter of FesO4@Si-uracil NPs synthesized by the “grafting from”
approach was 240 nm with 0.5 PDI and zeta potential of +0.1 mV +£0.2 at pH 7. The
change of the zeta potential of the magnetic nanoparticle from -16 mV for the bare
Fe3O4 NPsto +0.1 mV for the coated confirms the present of the uracil group. The

grafting density calculated from the TGA’s weight loss was 19 uracil/nm?

b. FesO4@Si-thymine NPs 25

The Fe3O4 NPscoated with thymine though siloxane bonding via “grafting
from” method was prepared by first functionalizing the FesO4 NPs with isocyanate
functionality then reacting it with the thymine hydrazide. In brief, dried FesOs NPs
prepared by the co-precipitation method were suspended in dry toluene. After, (EtO)sSi-
NCO was added and refluxed. The isocyanate functionalized FesOas NPswere
suspended in dry DMF. After, thymine hydrazide was added and refluxed under

continuous mechanical stirring (Scheme 14).
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Scheme 14. Synthesis route of FesO4@Si-thymine NPs through siloxane bonding via
"grafting from" method.

The synthesis route of ligand 3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-
1(2H)-yhpropanehydrazide 23 is outlined in Scheme 15. Briefly, the intermediate ester
22 was synthesized by Michael addition reaction between thymine 21 and ethyl acrylate
in ethanol using a catalytic amount of sodium under reflux. After, the ester 22 was

converted to hydrazide 23 by treating it with hydrazine hydrate in ethanol under refiux.

0 o 0 0
}E\ | \)J\OEt, Na _ j\ | NoHsH,0 j)j/
o ” EtOH, Reflux o N EtOH, Reflux 0 Nj\
O OEt 0] NHNH,
21 22 23

Scheme 15. Synthesis of compound 23
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The Structure of intermediate 22 was verified by 'H, 13C, IR and MS. The 1H
NMR spectrum of the intermediate 22 revealed four new signals which can be assigned
to the O-CH.- protons’ signal which appeared at 4.05 ppm as a quartet, and the -CHs at
1.15 ppm as a triplet which attribute to the ethoxy group. The other two signals
corresponded to the -CH:- of the carbonyl group which appeared at 2.66 ppm as a
triplet, and the -CHz- connected to the amine at 3.84 ppm as a triplet. The FT-IR
spectrum of intermediate 14 showed a strong absorption band at 1693 cm? for the

carbonyl group of the ester.

Table 17. *H (500 MHz, DMSO-ds) and *3C (126 MHz, DMSO-ds) NMR data for
compound 22

Structure of compound 22

No | dn (ppm) | | No | 8¢ (ppm)

3| 11.26 9 | 170.82

% 6 75 4 | 164.41
oy N 15| 405 2 | 15088
o o ® 7 3.84 6 | 141.89
" 9\8 8 2.66 5 | 108.25
L 13| 1.73 15| 60.28

&5 R 16| 1.15 7 | 4386
o 8 32.86

16 | 14.05

13| 12.02

The structure of the intermediate 23 was verified by 1H, 13C, IR and MS. The
IH NMR spectrum of the intermediate 23 revealed the disappearance of two signals at
4.05, and 1.15 ppm which attributes to the -CH2- and -CHjs protons of the ethoxy group
respectively. On the other hand, two new signals appeared at 11.23, and 4.21 ppm
which can be assigned to the -NH- and NH: of the hydrazide group respectively. The

signal of the -CH2- of the carbonyl group shifted upfield from 2.66 ppm to 2.38 ppm
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which confirms the conversion of the ester to hydrazide. The FT-IR spectrum of the
intermediate 22 revealed that the C=0 strong absorption band was shifted to a lower
frequency from 1693 to 1667 cmv! confirming the success of ester conversion to

hydrazide.

Table 18. 'H (500 MHz, DMSO-ds) and 13C (126 MHz, DMSO-ds) NMR data for

compound 23

Structure of compound 23

No | 6H (ppm) | | No | 8¢ (ppm)
2 14] 1123 9 | 169.03
Hléj/4\5/133 3 9.08 4 164.48
a 6| 74 2 | 150.82
"o 15] 421 6 | 14201
i 7| 381 5 | 108.15
g 8] 238 7 | 4454
3] 17 8 | 3252
13 12.07
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Fig. 50 FT-IR spectra of Fe3O4 (a), FesOs@Si-thymine (b), and thymine hydrazide (c).

The FT-IR of the thymine-hydrazide shown in Fig. 50(c) has main three

characteristic bands at 1670, 3022, 3348 cm! for the C=0, C-H, and N-H stretching
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vibrations respectively. On the other hand, the FT-IR spectrum of the FesOs@Si-
thymine NPs in Fig. 50(b) shows five characteristic bands at 582, 1012, 1635, 2926,
3346 cmr! which can be assigned to the Fe-O, Si-O, C=0, C-H, and N-H stretching
vibrations respectively. The appearance of these bands confirms the presence of
thymine coating.
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Fig. 51 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of thymine-hydrazide.
The analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Table 19 Thermal decomposition stages of thymine-hydrazide.

Stage 1 2
Temperature range (°C) | 100-369 | 369-1100
DTGmax (°C) 290 401
% Weight loss 91 6
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Fig. 52 Thermal gravimetric analysis (TGA) ((a) black solid line), and 1% derivative
DTG ((a) red solid line), with evolved gas analysis (EGA) (b) of FesO4@ Si-thymine.
The analysis was carried out under nitrogen flow at a heating rate of 10°C/min.
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Table 20. Thermal decomposition stages of FesO4@ Si-thymine.

Stage 1 2 3 4
Temperature range (°C) | 100-382 | 382-546 | 713-880 | 880-1100
DTGmax (°C) 269 420 682 753
% Weight loss 11 4 5 5

100 5% (a)

25% (b)

Weight (%)
3

IS
[S)
T

20

97% (c)

0
100 200 300 400 500 600 700 800 900 1000 1100

Temperature (°C)

Fig. 53 TGA thermograms of Fe3Oa (a), FesO+@Si-thymine (b), and thymine hydrazide
(c). The analyses were carried out under nitrogen flow at a heating rate of 10°C/min.
The TGA thermogram of thymine-hydrazide shown in Fig. 51(a) shows two
decomposition stages summarized in Table 19 which are at DTGmax 290 and 401 °C.
In these two stages the decomposition started with the evolution of NHs, C=0 gases
shown in Fig. 51(b) which can be attributed to the hydrazide part then the sublimation
of thymine. Onthe other hand, the TGA thermogram of Fe3O4@Si-thymine shown in
Fig. 52(a) shows four decomposition stages summarized in Table 20. The gases evolved
in stage one (100-382 °C) as shown in Fig. 52 are CO2, NHz and in stages two, three
(382-880 °C) are HCN, CHg and for the last stage (880-110 °C) is C=0. The absence of
ethanol vapor from the evolved gases of the FesO4@Si-thymine decomposition profile

confirm the absent of ethoxy groups of 3-(triethoxysilyl)propyl isocyanate. As shown
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in Fig. 53 the TGA profiles in Fig. 53, FesO4@Si-thymine NPs has more weight loss

than Fe3O4 which can be due to the thymine coating.

500

Fig. 54 SEM image of FesO4@Si-thymine NPs

In Fig. 54 the SEM image of FesO4@Si-thymine NPsis shown. The
hydrodynamic diameter of FesO4@Si-thymine produced by the “grafting from”
approach was 48 nm with 0.2 PDI and zeta potential of +16 mV +2 at pH 7. The
change of the surface charge of the FesO4 NPsfrom -16 for bare Fe3O4to +16 for

coated Fe3O4 confirms the present of the thymine group. The grafting density of

thymine coated FesO4 NPs by grafting from was 16 thymine/nm?.
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Conclusion

Iron oxide nanoparticles were functionalized by nucleobases through two
covalent routes. The coatings were characterized by FT-IR spectroscopy and TGA. The
grafting densities were calculated for each route from the TGA weight loss, and was
found that it increased from 7 thymine/nm? for the “grafting to” method to 18
thymine/nm? for “grafting from. Other chelation based functionalization was also
mvestigated using “ligand exchange” method, where the carboxylate groups were
successfully exchange by the hydroxamate groups on the surface of the FesOas NPs.
Moreover the structures of the ligands used for the coating were confirmed by 'H NMR,

BCNMR, and MS.
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CHAPTER 1l

EXPERIMENTALS

Iron(Il) chloride tetrahydrate (99%), Iron(l1l) chloride hexahydrate
(98%),Iron(111) acetylacetonate (97%), Ammonium hydroxide solution 25% in H20,
Tetraethyl orthosilicate (99%), Sodium hydroxide, Hydrochloric acid (37%), Caffeic
acid (97%), Adenine (99%), Uracil (99%), Thymine (99%), Ethyl acrylate (99%),
Sodium, Hydrazine hydrate (60%), Hydroxylamine hydrochloride (96%), Potassium
hydroxide, 3-(Triethoxysilyl)propyl isocyanate (95), Toluene, Dimethylformamide,

Methanol, Ethanol, Acetonewere purchased from Sigma-Aldrich.

Absorption spectra were recorded using a SCOV-570 UV-Vis
Spectrophotometer. The hydrodynamic diameter of the particles were characterized
using Brookhaven 90 Plus Nanoparticle Size Analyzer and zeta potential using Malvern
Zetasizer Nano ZS. The morphology of the NPs were investigated using scanning
electron microscope (SEM), Tescan, Vega 3 LMU with Oxford EDX detector. SEM
samples were prepared by mounting a drop of our suspension on carbon tape and let it
dry. STEM samples were also performed on Tescan Vega 3 LMU but using TE detector
at 30 keV. STEM samples were prepared by adding a drop our sample on a cupper mesh
previously coated by carbon layer. XRD diffractions were collected using a Bruker D8
advance X-ray diffractometer at 40 kV, 40 mA using Cu anode. The X-ray diffractions
were carried out from 20 and 70 26 (degree). FT-IR spectra were collected using
Thermo Scientific Nicolet iS5 FT-IR Spectrophotometer. The samples for FT-IR were

prepared as KBr pellets. Thermogravimetric analysis was done on NETZSCH libra and
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was coupled to Thermo Scientific Nicolas FT-IR for evolved gases analysis. Melting
points were measured on a DigiMelt apparatus. NMR spectra were obtained on a Bruker
Avance |11 HD 500 NMR spectrometer. LCMS instrument (AGILENT 1100 series with

a quaternary pump HPLC and Agilent LC/MSD Trap XCP mass spectrometry detector).

Fe304 NPs 1: The hydrophilic FesO4 NPswere synthesized via the co-
precipitation route following modified reported procedure.1® A solution of (5.00 g, 18.5
mmol) FeCk.6H20 and (1.84 g, 9.25 mmol) of FeCh.4H.O molar ratio (Fe3*:Fe2* 2:1)
were prepared in DI water (200 mL) with nitrogen purging. While vigorously stirring 15
mL of 25% ammonia was injected. A black precipitated was formed instantly. After 1
hour, the FesO4 NPswere collected by an external magnet and were washed three times
with deionized water. The FesOs NPswere dried under reduced pressure at 60 °C to
remove residual solvent and stored in a nitrogen atmosphere to eliminate oxidation of

Fes04to Fe20s.

Fes04@OA NPs 2: The hydrophobic FesOs NPswere synthesized via the
thermal decomposition route following modified reported procedure.!” A solution
containing (1.4 g, 4 mmol) Fe(acac)s, (4.5 g, 20 mmol) 1,2-Dodecanediol, (4.6 g, 12
mmol) Oleylamine, (3.4 g, 12 mmol) Oleic acid was prepared in phenyl ether (40 mL).
The solution was purged with nitrogen for 10min than refluxed for two hours under
nitrogen atmosphere!’. After, the solution was left to cool to room temperature. The
FesOs@OA NPs formed were precipitated by adding ethanol and collected by external
magnetic field. The FesO4@OA NPswere washed with ethanol three times and then
dried under reduced pressure at 60 °C to remove any residual solvents. The synthesized

Fe304@OA NPs were stored under nitrogen.
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Synthesis of Fe304@SiO2 3: The synthesis of FesO+@SiO2 NPswas done by
following Stober’s method.*® 100 mg of previously synthesized dried FesOs NPs
prepared by co-precipitation method was dispersed in a mixture of ethanol (80 mL) and
deionized water (20 mL) using probe sonicator. After sonicating for 10 min, 2.5 mL of
25% ammonia was added. TEOS (2 mL, 13 mmol) was added dropwise using syringe
pump (1 mL/h) and then was left under mechanical stirring for 4 h. FesO4@SiO2 NPs
were collected by external magnetic field and were washed with deionized water, and

ethanol then dried under reduced pressure at 60 °C.

FesOs@Caffeic acid 4: FesOs@CA was prepared by the chelation of caffeic
acid’s catechol group with the surface of the Fe3O4 NPs. Dry FesO4 NPs prepared by co-
precipitation method (80 mg) was suspended in ethanol (10 mL) and sonicated for 15
min. Different amounts of caffeic acid (1, 2, 3, 4 mg) was added to the suspension
before and probe sonicated for 1 min. FesO4@CA NPswere collected by external
magnet and washed three times with ethanol. The supernatant was pipetted out to
indirectly quantify the amount of coating. UV-Vis analysis was utilized to indirectly
determine the bound molecules by measuring the free molecules in solution. The
Fe3O4@CA NPswere magnetically collected and the supernatant transferred to a clean
flask. The FesO4@CA NPswere washed three times each time by 20 mL ethanol, and
the wash solutions were combined with the supernatant. The amount of free caffeic acid
in the combined solution was estimated from the calibration curve. Calibration was
performed before the quantification of the unbounded CA in the supernatant at

absorbance 396 nm. The R2 of the calibrations were between 99.63-99.95.

Ethyl 3-(6-amino-9H-purin-9-yl)propanoate 647 In a 500 mL round bottom

flask adenine 5 (10 g, 74 mmol) was dissolved in ethanol (200 mL), and sodium (170
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mg, 7.4 mmol) was added. After the complete disappearance of the sodium ethyl
acrylate (24 mL, 220 mmol) was added. The reaction was refluxed overnight. After, the
reaction was let to cool down and was concentrated under reduced pressure. The
precipitate was filtered and washed twice by ethanol by slurring-filtration cycles. The
washed precipitate was filtered and dried to yield pure ester (13 g, 75%).'H NMR (500
MHz, DMSO-ds) & 8.13 (s, 1H), 8.10 (s, 1H), 7.24 (s, 2H), 4.37 (t, J = 6.8 Hz, 2H), 4.02
(@,J = 7.1 Hz, 2H), 2.93 (t, J = 6.8 Hz, 2H), 1.10 (t, J = 7.1 Hz, 3H); FTIR-KBr (cmrl):

3299, 3139, 1726, 1717, 1678, 1609, 1419, 1328, 1305, 1197, 1015, 794, 642

3-(6-amino-9H-purin-9-yl)-N-hydroxypropanamide 7:*¢ In a 250 mL round
bottom flask, compound 6 (2 g, 8.5 mmol) was dissolved in MeOH (17 mL).
HONH2.HCI (4.3 g, 61.3 mmol) was dissolved in MeOH (40 mL). KOH (5.4 g, 97.0
mmol) was dissolved in MeOH (30 mL). The KOH solution was poured into the
HONH:.HCI solution and the resulting mixture was cooled to 0 °C for 1 h. the
KOH/HONH2.HCI solution was then filtered into the compound solution, and the
reaction mixture was stirred at room temperature overnight. The product was collected
by suction filtration and was washed with cold methanol (0.5 g, 90%). 1H NMR (500
MHz, DMSO-ds) & 10.47 (s, 1H), 8.83 (s, 1H), 8.14 (s, 1H), 7.99 (s, 1H), 7.21 (s, 2H),
4.35 (t, J = 6.6 Hz, 2H), 2.57 (t, J = 6.7 Hz, 2H). 3C NMR (126 MHz, DMSO) &
166.32, 155.92, 152.37, 149.40, 140.96, 118.72, 39.19, 32.19; FTIR-KBr (cmrt): 3383,
3195, 2790, 1654, 1610, 1487, 1417, 1306, 1080, 593. MS(ESI) calcd for CgH10NeO2

222.09; Found 220.7 (M-H), 245.1 (M+Na)*, 223.2 (M+H)*

FesOs@adenine 8: Adenine coated FesOs4 NPsvia hydroxamate chelation was
done by exchanging FesOs@OA NPs’ 2 surface oleic acid by adnenine-hydroxamic acid

7. Adenine-hydroxamic 7 (0.02 g, 0.09 mmol) was dissolved in DI water (4 mL) then
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was added to 4 mL of hexane Fe3O4 NPssuspension and sonicated for 30 min by bath
sonicator then it was shaken for 24 hrs. The FesO4@OA NPswere ligand exchanged
and transferred to the aqueous layer. The aqueous phase which contains the
FesOs@adenine NPswere separated by the separatory funnel and then was collected by
centrifugation 4000 rpm for 30 min. The Fe3O4@AD were washed three times with
hexane, ethanol, and acetone and dried under reduced pressure at 60 °C to remove

residual solvents.

3-(6-amino-9H-purin-9-ylpropanehydrazide 9:4° In a 100 mL round bottom
flask compound 6 (5 g, 21.3 mmol) was dissolve in EtOH (40 mL), and hydrazine
hydrate (4.8 mL, 63.8 mmol) was added. The reaction was left under reflux overnight.
After, the reaction was left to cool to room temperature. The precipitate formed was
filtered and washed with ethanol to afford pure hydrazide (3.5 g, 75%).'H NMR (500
MHz, DMSO-ds) 8 9.05 (s, 1H), 8.13 (s, 1H), 7.99 (s, 1H), 7.19 (s, 2H), 4.34 (t, J = 6.8

Hz, 2H), 4.19 (s, 2H), 2.61 (t, J = 6.8 Hz, 2H).

2-(3-(6-amino-9H-purin-9-ylpropanoyl)-N-(3-
(triethoxysilyl)propyl) hydrazine-1-carboxamide 10:3° In a flame dried 50 mL round
bottom flask compound 9 (1 g, 4.5 mmol) was dissolved in anhydrous DMSO (23 mL)
with heating. Then 3-(triethoxysilyl)propyl isocyanate (1.2 mL, 5 mmol) was dissolved
in anhydrous DMSO (5 mL) and added dropwise to the compound solution at room
temperature under nitrogen with continuous stirring. The reaction was left at room
temperature for 2 days. After removal of DMSO under reduced pressure, the white
residue was washed with methanol, filtered then dried under reduced pressure.
Compound was obtained in (1.3 g, 61%). 'H NMR (500 MHz, DMSO-ds) 8 9.56 (s,

1H), 8.14 (s, 1H), 8.04 (s, 1H), 7.68 (s, 1H), 7.21 (s, 2H), 6.37 (s, 1H), 4.35 (t, J = 6.8
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Hz, 2H), 3.73 (q, J = 7.0 Hz, 6H), 2.95 (g, J = 6.7 Hz, 2H), 2.71 (t, J = 6.8 Hz, 2H), 1.40
(p, J =8.1 Hz, 2H), 1.14 (t, J = 7.0 Hz, 9H), 0.50 (t, 2H); 13C NMR (126 MHz, DMSO-
de) 8 169.63 , 157.99 , 155.97 , 152.40 , 149.42 , 141.02 , 118.71, 57.74 , 41.97 , 39.26,
33.19, 23.45 ,18..28, 7.19; FTIR-KBr (cnrl): 3283, 3189, 2975, 2928, 2890, 1667,
1555, 1417, 1260, 1075, 639. MS(ESI) calcd for C1sHs2NsOsSi468.23; Found 467.0

(M-H)-, 491.3 (M+Na)*, 469.3 (M+H)*

FesO4@Si-adenine 12: The preparation of adenine coated FezO4 NPswas done
through siloxane covalent bonding. Briefly (EtO)sSi-adenine (0.40 g, 0.89 mmol) was
dissolved in DI water (20 mL). The pH of the solution was increased by adding 1 M
NaOH solution while stirring until it reached pH 11. At pH 11 the (EtO)3Si- was pre-
hydrolyzed to (HO)3Si- 11 for later condensation. To the solution above FezO4 NPs (40
mg) were added and suspended by 10 min sonication. While stirring the pH of the
solution was decreased while stirring by adding 1 M HCI until it reached pH 10 to
facilitate the condensation. The solution was stirred for 12 hours. The adenine
functionalized Fe3O4NPswere collected by external magnetic field and were washed by

methanol, ethanol, and acetone then dried under reduced pressure at 60 °C.

Ethyl 3-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-ylpropanoate 147 In a 500
mL round bottom flask uracil 13 (10 g, 89 mmol) was dissolved in ethanol (270 mL)
and sodium (205 mg, 8.9 mmol) was added. After the complete disappearance of the
sodium ethyl acrylate (30 mL, 280 mmol) was added. The reaction was refluxed
overnight. After the reaction was let to cool down and concentrated under reduced
pressure. The precipitate was filtered and washed twice with ethanol by slurring-
filtration cycles. The washed precipitate was filtered and dried to yield pure ester (12.5

g, 67%), mp 99.8-102°.'H NMR (500 MHz, DMSO-ds) & 11.27 (s, 1H), 7.62 (d, = 7.9
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Hz, 1H), 5.53 (d, J = 7.9 Hz, 1H), 4.05 (g, J = 7.1 Hz, 2H), 3.87 (t, J = 6.7 Hz, 2H), 2.67
(t, J=6.7 Hz, 2H), 1.16 (t, J = 7.1 Hz, 3H). 13C NMR (126 MHz, DMSO) § 170.83,
163.88, 150.94, 146.16, 100.71, 60.30, 44.10, 32.77, 14.07; FTIR-KBr (cmt): 3182,
3053, 3000, 2963, 2935, 2909, 1703, 1453, 1414, 1356, 1326, 1211, 1183, 1017, 864,

813, 793, 513

3-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanehydrazide 15:*° In a 100
mL round bottom flask compound 14 (5 g, 18.9 mmol) was dissolve in ethanol (40 mL)
and hydrazine hydrate (4.3 mL, 56.6 mmol) was added. The reaction was left under
reflux overnight. After the reaction was left to cool to room temperature. The precipitate
formed was filtered and washed with ethanol to afford pure hydrazide (2.6 g, 69%), mp
184-186.2°.1H NMR (500 MHz, DMSO-dg) 5 10.75 (s, 1H), 9.09 (s, 1H), 7.51 (d, J =
7.9 Hz, 1H), 5.49 (d, J = 7.8 Hz, 1H), 4.19 (s, 2H), 3.85 (t, J = 6.7 Hz, 2H), 2.39 (t, J =
6.7 Hz, 2H). 13C NMR (126 MHz, DMSO) 5 168.96, 163.91, 150.84, 146.24, 100.59,
44.73, 32.41; FTIR-KBr (cnmrt): 3355, 3312, 3289, 3161, 3027, 2800, 1678, 1616, 1527,

1463, 1392, 1358, 1253, 1227, 821, 767, 549, 478

2-(3-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-ylpropanoyl)-N-(3-
(triethoxysilyl)propyl) hydrazine-1-carboxamide 16:° In a flame dried 50 mL round
bottom flask Compound 15 (1 g, 5.0 mmol) was dissolved in anhydrous DMSO (25
mL). Then 3-(triethoxysilyl)propyl isocyanate (1.4 mL, 2.5 mmol) was dissolved in
anhydrous DMSO (5 mL) and added dropwise to the compound solution at room
temperature under nitrogen with continuous stirring. The reaction was left at room
temperature for 2 days. After removal of DMSO under reduced pressure, the white
residue was washed with methanol, filtered then dried under reduced pressure.

Compound was obtained in (1.5 g, 67%). *H NMR (500 MHz, DMSO-ds) 6 11.26 (s,
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1H), 9.55 (5, 1H), 7.66 (s, 1H), 7.55 (dd, J = 7.8, 2.8 Hz, 1H), 6.39 (s, 1H), 5.63 — 5.42
(s, 1H), 3.86 (t, J = 6.6 Hz, 2H), 3.73 (q, J = 7.0 Hz, 2H), 3.06 — 2.88 (m, 2H), 1.42 (dt,
J=15.6, 7.5 Hz, 2H), 1.14 (t, J= 7.0 Hz, 3H), 0.53 — 0.46 (m, 2H). 13C NMR (126
MHz, DMSO) § 169.74, 163.84, 158.00, 150.90, 146.29, 100.60, 57.72, 57.23, 44.40,
41.95,32.24, 23.44, 18.61, 18.36, 18.28, 7.19; FTIR-KBr (cnrl): 3280, 3040, 2975,
2933, 2886, 1646, 1583, 1419, 1261, 1199, 1104, 765. MS(ESI) calcd for C17H31N507Si

445.20; Found 444.1 (M-H)", 468.2 (M+Na)*

FesOs@Si-uracil 18: The preparation of uracil coated FesO4 NPs was done
through siloxane covalent bonding. Briefly (EtO)sSi-uracil (0.20 g, 0.42 mmol) was
dissolved in DI water (20 mL). The pH of the solution was increased by adding 1 M
NaOH solution while stirring until it reached pH 11. At pH 11 the (EtO)sSi- was pre-
hydrolyzed to (HO)3Si- 17 for later condensation. To the solution above Fe3O4 NPs (40
mg) were added and suspended by 10 min sonication. While stirring the pH of the
solution was decreased while stirring by adding 1 M HCI until it reached pH 10 to
facilitate the condensation. The solution was stirred for 12 hours. The uracil
functionalized Fe3Os NPswere collected by external magnetic field and were washed by

methanol, ethanol, and acetone then dried under reduced pressure at 60 °C.

Fez04@Si-uracil NPs 20:°1 The synthesis of uracil coated FesOs NPswas via
“grafting from” method. First, the FesO4 NPs, were functionalized with isocyanate, then
it was further reacted with uracil hydrazide. Dry Fe3O4 NPs prepared by co-precipitation
method (0.1 g) were suspended in dry toluene (5 mL) by 10 min sonication. 200 gl of 3-
(triethoxysilyl)propyl isocyanate (200 W, 0.8 pmol) were added to the suspended before
and sonicated for 10 min. The solution was refluxed for 12 hours under mechanical

stirring for total condensation. The isocyanate functionalized Fe3O4 NPs 19 were
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collected by external magnetic field and were washed 3 times with dry toluene. After
washing further with dry DMF the FesO4@NCO NPs were suspended in dry DMF and
were sonicated for 10 min. Uracil-hydrazide (0.2 g, 1 mmol) was added to the
suspended MNPs and were sonicated for 10 min and later shaken for 24 hours. The
uracil functionalized MNPs were collected by external magnetic field and were washed
three times with DMF then methanol, and acetone. The washed FezO4@Si-uracil were

dried under reduced pressure for later characterization.

Ethyl 3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanoate 22:47
In a 500 mL round bottom flask thymine 21 (10 g, 79.4 mmol) was dissolved in ethanol
(240 mL) and sodium (182 mg, 7.9 mmol) was added. After the complete disappearance
of the sodium ethyl acrylate (26 mL, 238.1 mmol) was added. The reaction was refluxed
overnight. After, the reaction was let to cool down and was concentrated under reduced
pressure. The precipitate was fittered and washed twice by ethanol by slurring-filtration
cycles. The washed precipitate was filttered and dried to yield pure ester (12.5 g, 70%),
153-155°.2H NMR (500 MHz, DMSO-ds) & 11.26 (s, 1H), 7.50 (s, 1H), 4.05 (q, J = 7.1
Hz, 2H), 3.84 (t, J = 6.8 Hz, 2H), 2.66 (t, J = 6.8 Hz, 2H), 1.73 (s, 3H), 1.15 (, J= 7.1
Hz, 3H).13C NMR (126 MHz, DMSO) 5 170.82, 164.41, 150.88, 141.89, 108.25, 60.28,
43.86, 32.86, 14.05, 12.02; FTIR-KBr (cnmt): 3168, 3039, 2835, 1693, 1464, 1350,

1323, 1201, 1013, 878, 797, 759, 431

3-(5-methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)propanehydrazide
(23)*° In a 100 mL round bottom flask compound 23 (6 g, 26.6 mmol) was dissolve in
ethanol (50 mL), and hydrazine hydrate (6 mL, 79.6 mmol) was added. The reaction
was left under reflux overnight. After, the reaction was left to cool to room temperature.

The precipitate formed was filtered and washed with ethanol to afford pure hydrazide

78



(2.4 g, 60%), mp 194.8-196."H NMR (500 MHz, DMSO-de) § 11.23 (s, 1H), 9.08 (s,
1H), 7.40 (s, 1H), 4.21 (s, 2H), 3.81 (t, J = 6.8 Hz, 2H), 2.38 (t, J = 6.7 Hz, 2H), 1.71 (s,
3H). 13C NMR (126 MHz, DMSO) 8 169.03, 164.48, 150.82, 142.01, 108.15, 44.54,
32.52, 12.07; FTIR-KBr (cnrt): 3348, 3156, 3103, 3021, 2825, 1704, 1674, 1667, 1643,

1486, 1425, 1347, 1225, 452

Fes04@Si-thymine NPs (25):°1 The synthesis of thymine coated Fe3Os NPs
was via “grafting from” method. Fist the FesO4 NPswere functionalized with
isocyanate, then it was further reacted with thymine hydrazide. Dry FezO4 NPs prepared
by co-precipitation method (0.1 g) were suspended in dry toluene (5 mL) by 10 min
sonication. 3-(triethoxysilyl)propyl isocyanate (200 pl, 0.8 pmol) were added to the
suspended before and sonicated for 10 min. The solution was refluxed for 12 hours
under mechanical stirring for total condensation. The isocyanate functionalized Fe3Oas
NPs 19 were collected by external magnetic field and were washed 3 times with dry
toluene. After washing further with dry DMF, the FesOs@NCO NPs were suspended in
dry DMF and were sonicated for 10 min. thymine-hydrazide (0.2 g, 0.9 mmol) was
added to the suspended MNPs and were sonicated for 10 min and later shaken for 24
hours. The thymine functionalized MNPs were collected by external magnetic field and
were washed three times with DMF then methanol, and acetone. The washed

Fe3O4+@Si-thymine were dried under reduced pressure for later characterization.
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PART i

FORMULATION OF RHODAMINE B LOADED PLGA
NANOPARTICLES

CHAPTER IV
INTRODUCTION

Polymer-based NPs have been recently the drug delivery field’s research
interest. They have been good candidates for drug delivery because of their
biocompatibility. Moreover, their surface can be functionalized easily to target specific
cells.52 Different surface charges can be accomplished to target specific cellular paths.
Their formulation parameters can be adjusted to control the drug release profile. All of
these properties are attracting more research to be conducted in this field. They have
been investigated in drug, RNA, and DNA delivery.>® Polymeric nanoparticles can be
formulated from the dispersion of their preformed polymer or the polymerization of
their monomers.54:55

The methods used in the dispersion of preformed polymer NPs’ formulation are
solvent evaporation®*, nanoprecipitation®é, emulsion/solvent diffusion®’, salting out>®,
dialysis®®, and solvent displacement®®. The method that we will elaborate on is the
solvent evaporation method. In brief, the polymer is dissolved in an organic solvent that
is immiscible with water then added dropwise to the aqueous phase which usually
contains a surfactant to form an emulsion.>* The drug can be dissolved in the aqueous or
organic layer depending on its relative solubility. The emulsion is formed by exerting

shear power which source can be homogenization, mechanical stirring, or sonication.
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Smaller and more uniform suspension droplets yield smaller and more monodispersed
NPs. After the formation of the emulsion, the organic solvent is evaporated by stirring
over a period of time or by rotary evaporation®?. The rate of evaporation plays a major
role in dictating the properties of the final NPs formed.%? The synthesized polymeric
NPs are collected by centrifugation, washed, and lyophilized. The amount of the drug
encapsulated can be determined by two methods: the first (destructive) method is by
dissolving the PLGA NPs in an appropriate solvent like DMSO and quantifying the
amount of drug by spectrometry®® . The second method is by collecting the supernatant
and calculating the amount of encapsulated drug.54

Poly(lactic-co-glycolic acid) PLGA is a synthetic polyester which is a
copolymer of lactic and glycolic acid (Fig. 55).PLGA is a good candidate for the
nanoscale delivery system because it is biodegradable. Moreover, PLGA is approved for
drug delivery use in humans by U.S. Food and Drug Administration (FDA) and
European Medicine Agency (EMA).%° The advantages of PLGA NPsover other drug
carriers are: they can encapsulate hydrophobic as well as hydrophilic drugs; their drug
release rate can be modified easily; their interior cargo volume is large; and their surface
can be modified easily to target specific cells. PLGA degrades into the biocompatible
products lactic and glycolic acid in aqueous media as shown in Fig. 55. They can be
processed by the body through the Krebs cycle and be eliminated as carbon dioxide and
water. The degradation of PLGA is through the hydrolysis of the ester bonds. In
aqueous media, it starts with the hydration of the pores and then autocatalytic de-
esterification.®6 PLGA with higher amount on lactic acid increases the encapsulation
efficiency of hydrophobic drugs because the methyl group of the lactic acid increases

the hydrophobicity of the formulated NPs. This increase in hydrophobicity also makes
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high lactic acid content PLGA NPs interact less with water, therefore, delaying their
hydrolysis and slowing the drug release profile.6” The other property of PLGA that
plays a role in its degradation is the molecular weight. It was shown that as the
molecular weight increased the degradation rates decreased slowing down the drug
release.®® The surface zeta potential of PLGA NPs is negative due to the carboxylic end
groups. This charge can be changed to positive by introducing new functional groups or
adding other polymers like chitosan.6® PLGA NPs with different surface charges have

different advantages in cell targeting.

HOPH/ HT(\O’]/ HydronS|s HO\H‘\OH + HO\)J\OH + Acidic oligomers + H+

PLGA: Poly(D,L- Iactlc -co-glycolic acid) Lactic acid glycolic acid
Fig. 55 PLGA structure and its de-esterification products in water.

Single emulsion evaporation method

The single emulsion evaporation method is one of the most used methods for
the formulation of PLGA NPs. The PLGA polymer is dissolved in an organic solvent
(e.g. DCM) which is immiscible with water. The organic phase containing PLGA is
then added dropwise to an aqueous solution containing a surfactant (e.g. PVA). The
mixture is emulsified using a homogenizer or a sonicator then the organic solvent is
evaporated by stirring for a period of time or by rotary evaporator under reduced
pressure.>* The different parameters that dictate the final properties of the PLGA NPs
are: organic:aqueous volume ratio, surfactant concentration, PLGA concertation, and

sonication time.
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A. Effect of organic:aqueous volume ratio

The organicaqueous volume ratio affects the final size of the PLGA NPs. As
the organiciaqueous volume ratio increases the size of the nanoparticles increases
because the emulsion viscosity increases which resists the emulsification process by the
sonicator.’® Higher organic volume leads to slower solvent evaporation which lets some
of the drug diffuse to the surface. The drugs close to the surface cause a burst in the
release profile. On the other hand as the organic:aqueous volume ratio decreases the
nanoparticles size decreases, but when the amount of aqueous volume increases to a
certain extent, the size of the nanoparticles starts to increase because of the high volume
which disturbs the even distribution of the ultra-sonication power. In contrast to the high
organic:aqueous volume ratio, the increase of the aqueous volume leads to increase the
rate of the organic layer evaporation. This causes the surface of the nanoparticles to be
less porous.”! Less porosity makes the drug release profile slower. Furthermore high
aqueous volume dissolves more of the drug which makes the encapsulation efficiency

lower compared with the high O:A volume ratio.”?

B. Effect of the surfactant concentration
The surfactant plays a major role in the process of emulsion formation. It
reduces the interfacial tension between the organic and the aqueous phase which helps
to form a stable emulsion with small suspended organic droplets. Therefore, at low
concentrations of surfactant, the organic and the aqueous phase tend to separate as two
layers. As the concentration of the surfactant increases better emulsion is formed but
when the concentration exceeds a certain amount the NPs’ size increases again because

of the missile or gel formed by the surfactant.”® In addition, the increase of the
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surfactant concentration makes the encapsulation efficiency decreases especially in case
of the hydrophobic drugs because the surfactant increases their solubilization in the
aqueous phase.
C. Effect of the PLGA concentration

The concentration of the PLGA changes the viscosity of the organic phase. As
the concentration of the PLGA increases, the viscosity of the organic phase increases.
The increase of the viscosity resists the formation of emulsion droplets and also the
diffusion of the drug that leads to bigger nanoparticles with higher encapsulation
efficiency.’* It was found that the encapsulation efficiency was greater at higher PLGA
concentrations because the particles did not exceed their encapsulation saturation.”®
Moreover, the increase of PLGA NPs’ size was accompanied by slower release profile

due to the diffusion of the drug from the core to the surface of the nanoparticles.”®

D. Effect of the sonication time
The longer the emulsion is subjected to sonication, it forms smaller and more
uniform organic suspended droplets.”” The release profile is dictated by the size of the

particles as it becomes slower with bigger particles.
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CHAPTER V

RESULTS AND DISCUSSION

RhB encapsulated PLGA NPs formulation

The PLGA NPswere synthesized using the single emulsion evaporation
method. In brief, PLGA and rhodamine B were dissolved in DCM then were added
dropwise to a PVA solution under continuous sonication. The emulsion was left under
sonication for about 10 minutes and then DCM was evaporated by rotary evaporator
under reduced pressure.®* The effect of PVA concentration, organic to aqueous volume
ratio, and sonication time on the size and encapsulation efficiency of PLGA NPs were

investigated.

A. Effect of PVA concentration

The effect of PVA concentration on PLGA NPs’ size and encapsulation
efficiency is shown in Fig. 56. As the PVA concentration increased from 0.5% to 2.5%
the size of the PLGA NPs decreased from 229 to 184 nm accompanied by a decline in
the PDI, but the encapsulation efficiency decreased from 72% to 40%. Size and PDI
decrease can be attributed to the increase of the emulsion stability as the surfactant
molecules lower the interfacial tension between the two phases. Onthe other hand, the
decrease of encapsulation efficiency can be due to the solubilization of RhB molecules

by the surfactant molecules.
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Fig. 56 Effect of PVA concentration on PLGA NPs’ Z-average diameter and PDI (a)
and encapsulation efficiency (b) (n =23).

B. Effect of sonication time

The effect of sonication time on PLGA NPs’ size and encapsulation efficiency
is shown in Fig. 57. As the sonication time increased, the formed PLGA NPs were
smaller, and their encapsulation efficiency was higher. The longer the emulsion is left

under sonication smaller and more uniform droplets suspension are formed thus

formulating a smaller PLGA NPs.
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Fig. 57 Effect of sonication time on PLGA NPs’ Z-average diameter and PDI (a) and
encapsulation efficiency (b) (n = 3).

C. Effect of organic:agueous volume ratio
The effect of organic:aqueous volume ratio on PLGA NPs’ size and
encapsulation efficiency is shown in Fig. 58. As the O:A volume ratio decreased the

size of the PLGA NPs increased which could be due to the non-uniform distribution of
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shear stress of the sonicator. Onthe other hand as the O:A volume ratio increased the
size of the PLGA NPs increased because of the higher emulsion viscosity which is
harder to break by shear stress to smaller droplets. In conclusion, the primal parameters
that we found were 2.5% PVA, 10 min sonication, and 1:10 O:A volume ratio. The zeta
potential of the synthesized PLGA NPswas -21+ 5 mV due to the surface carboxylate
groups. The SEM image of the optimized PLGA NPs shown in Fig. 59 shows that they
have spherical morphology with close diameters 72 + 10 nm. The bulk diameter is

smaller than the hydrodynamic diameter due to the double layer.
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Fig. 58 Effect of O:A volume ratio on PLGA NPs’ Z-average diameter and PDI (a) and
encapsulation efficiency (b) (n = 3).

Fig. 59 SEM micrograph of RhB-loaded PLGA NPs prepared by the optimized single
emulsion method.
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In vitro release
A. Dialysis diffusion method

RhB release profile of the optimized PLGA NPs was studied using dialysis
diffusion method. The release was done using 1000 Da dialysis bag using PBS buffer at
biological pH 7.2 under continuous stirring and constant temperature 37 °C. The release
profile of RhB from PLGA NPs is shown in Fig. 60. It shows two stages, initial burst
within the first 8 hours then slow release. This burst could be due to adsorbed or close to
surface encapsulated RhB molecules. The release profile data was fitted into release
kinetic models zero order, first order, Higuchi, Hixson Crowell and Korsemeyer Peppas.
The values of the fittings are shown in Table 21. The release profile had highest R?

value for the Higuchi model which means that the release is diffusion controlled.

ol

Cumulative RhB release %

Time (day)
Fig. 60 Release profile of RhB loaded PLGA NPs using dialysis diffusion method (n =
3).

Table 21. In vitro release kinetics assessment: correlation coefficients of the kinetics
models.

Model k | R2 | n
Zero order 45 (096 | -
First order 0.021097| -

Higuchi 2281098 -

Hixson-Crowell | 0.08 [ 0.97 | -
Korsmeyer's - 1096 1.3
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B. Flowcytometry method

RhB release profile of the optimized PLGA NPs was also studied using a new

trial method by flowcytometry that needs further validation. The release profile of RhB

from PLGA NPs using flowcytometry is shown in Fig. 61. It showed two stages very

similar to the dialysis diffusion method with an initial burst followed by a slow release.

The release profile data were fitted into release kinetic models like zero order, first

order, Higuchi, Hixson Crowell and Korsemeyer Peppas. The values of the fitting are

shown in Table 22. The release profile had highest R2 value for the Higuchi model

which means that the release is diffusion controlled.

BOONON W W
o o @ o Ga o
T T T T

Cumulative RhB release %
s
T

h o
T T

. . . . . .
5 10 15 20 25 30
Time (hrs)

Fig. 61 Release profile of RhB loaded PLGA NPs using flowcytometry method (n = 3).

Table 22. In vitro release kinetics assessment: correlation coefficients of the Kinetics

models.
Model k | R? n
Zero order 1.1 {094 -
First order 0.01 | 0.95 -
Higuchi 7.831098 | -
Hixson-Crowell | 0.02 | 0.95| -
Korsmeyer's - 10961 0.68
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Conclusion

RhB loaded PLGA NPs with 184 nm diameter and 0.2 polydispersity were
obtained after optimizations. The effect of the PVA concentration, sonication time, and
organic to aqueous volume ratio on the size and encapsulation efficiency was
investigated. The sizes of the NPs were characterized by DLS and their encapsulation
efficiency by fluorescence microscopy. The in vitro RhB release followed the Higuchi’s
model with Fickian diffusion mechanism and initial burst release. A new method for

studying the release profile using flowcytometry was explored.
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CHAPTER VI

EXPERIMENTALS

Poly(D,L-lactide-co-glycolide) lactide:glycolide (50:50), mol wt 30,000-60,000,
poly(vinyl alcohol) Mw 13,000-23,000, 87-89% hydrolyzed, rhodamine B >95%
(HPLC), dichloromethane and acetonitrile HPLC grade. Fluorescence spectra were
recorded using Jobin-Yvon-Horiba Fluorolog 111 fluorometer. The source of excitation
was a 100 W Xenon lamp, and the detector used was R-928 operating at 950 V. LC-
FLD instrument (AGILENT 1100 series with a quaternary pump HPLC and FLD
detector).

Formulation of RhB encapsulated PLGA NPs

The PLGA NPswere formulated using solvent evaporation single emulsion
method.>* PLGA (50 mg) was dissolved in DCM (1 mL) then added to 10 ml of 2.5%
PVA solution dropwise while sonicating using probe sonicator (50 W). The emulsion
was left under sonication for 10 min and then the DCM was evaporated using rotary
evaporator for 30 min. The formulated PLGA NPs were collected by centrifugation at
20 000 rpm and were washed three times by DI water then lyophilized. The
supernatants were collected and free rhodamine was measured by fluorescence
spectrometry (Aex =553 nm, Aem = 574 nm). Encapsulation efficiency was calculated

using the equation below.

Weight of feeding RhB — Weight of unencapsulated RhB o

EE(%) =
(%) Weight of feeding RhB

100
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The effect of each parameter on the PLGA NPs’ formulation was investigated by
varying it and leaving the other parameters constant. The optimal parameter from each

parameter optimization was used for the following experiment.

In vitro release profile
Dialysis diffusion method

The RhB release profile was investigated using dialysis diffusion method.
PLGA NPs (5 mg) were suspended in (0.5 uL) PBS buffer and transferred to a dialysis
bag (cut-off 1000 Da). This bag was soaked in a beaker contains PBS buffer (35 mL, pH
7.2). At different time intervals under continuous stirring and constant temperature 37
°C, 0.5 mL of the outer phase was pipetted and were replaced by the same amount of
PBS buffer. The amount of RhB released at each time point was measured by HPLC-

FLD (Aex =539 nm, Aem = 573 nm).

Flowcytometry method

The lyophilized PLGA NPs (0.5 mg) were suspended in 3.5 ml. Blank PLGA
NPs (without rhodamine B) were also prepared as reference. The samples were
analyzed by flow cytometry taking 10,000 events/sample. The PE fluorochrome settings
were used (excitation blue laser 488 nm and emission 578 nm). The samples were
analyzed at different time intervals and were compared to their zero time emission. The
fluorescence intensity collected by the flowcyto metry measures the amount of
rhodamine B inside the PLGA NPs. Therefore, the decrease in intensity with time

reflects the amount of rhodamine B that has been released.
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CHAPTER VII

SUPPORTING DATA

o
(%2}
5
o
m O ANV TN nmao o N O O
== mmMmSoga aao 0 =S
© © TTET T T T m NNAN N -
N Ne—— ~— ~—
NH,
14°
S | ;9
AN PN
o
10~ 44
\
N2
o 15
13
16~ oy
17
17
4
9
|
0 16 11
| I I
14 U \_JU
lk i
e A X e @
oo ~ S o ] S
o - — o~ o~ o~ ~™
.

»

.
8.5
1 opmy

1H (500 MHz, DMSO-ds) NMR spectrum of compound 6

T T T T T T \ T T T T T T T
0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

MM’I‘MWMM N "| \[ “\ |
A // ““““\f .H | Mﬂi ti| ym ”]WW w
L e
H 3{‘ R “
o §7 o
g "8 °
B J |
.
4000 35‘00 30‘(}0 25I00 20I00 1 5‘00 1 0‘00

Wavenumber cm-1

FT-IR (KBr) spectrum of compound 6

94



o
(%)
=
~ [}
< [w) T O nmMm N 0o
S @ = m 00 o0 0
— @ @ ™~ T < < NN NN
| | N ~ e
NH,
14°
5 | ;0
A 22
¢
10~ 14
\
//12\ NH
s 15
13 OH
16
4
9
10
14 1
15
16
i
i
Y Y S 3 8 o
o o oo o o o
- = ) ~ N N
, ! ! ! ! : ! ! ! ! ! ! ! ! ! ! ! ! ! !
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)
1
H (500 MHz, DMSO-ds) NMR spectrum of compound 7
2o
5
o NN O o o a
o™ o m < a ~N | a
© n g o 0 vl =
O nn < < — O fio> o
— o - - [l 2k ™
| B | | |
NH,
1472
5 | ;0
A 22
-
10~ 14
\
//12\ NH
g 15
13 OH
16
9
4 11
12 6
2 7
: ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
70 160 150 140 130 120 110 100 9 70 60 50 40 30

0 80
1 (ppm)

13C (126 MHz, DMSO-ds) NMR spectrum

of compound 7

95



593

2790
1306
1080

3383

3195
a 1610

1417

1654

3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

FT-IR (KBr) spectrum of compound 7

Intens {

x105

2 4 ] -] 10 12 14 16 18 Time [min]

x105 NH, -MS, 3.0min #120)

* NS -
25 L)N;E]} 2207 [M-H]

2.01

1.5 4649
WH

1.0 })H
0.5 486.8
v 1338 pw: 22209 2427
00 | _ 1, 2828 427.8 4498
100 150 200 250 300 350 400 450 miz

HPLC/ESI-MS(-) of compound 7 [methanol/water (50:50)]

96




Intens.
x1

Ay AN WA
W

LA
b TR T W

10

16

18 Time [min)

2 4
NE;
N N\
pe

WH
\
OH

2451 [M+Na]*

0.50 2232

o

0259 2671 3012

A J L

Ww: 222,09
1952

0.00

489
4671 {‘
4133 L L
azs2
L 30‘9_330?;1 A " Ll

+MS, 3. 4min #1349

A

100 150 200 250 300

350 400

HPLC/ESI-MS(+) of compound 7 [methanol/water (50:50)]

450

Intens. |

1.15

1.10

1.05

095

A A

|

0.90 LMinJ b
L)

J

0.85

F\
“II lII f |l
2 p_}J'.JI F ¥
J | | |

M
\ [ f'll, 'I,
.-'m\I "

VY

(|

N L

i 1

N '] "
YA
¥ ' J r{|

0

10

18 Time [min]

Intens._
x104

465.1

{2211 [M-H]

L]

24312793 3409

ad

. 222,09
664.9 7091 7662

-MS, 2. 5min #1023

0t

200 300
HPLC/ESI-MS(-) of

400 500 600

700
compound 7 [acetonitrile/water (5

97

050)].

iz



Inleno%
* 8 i
N
I\
74 ||
' \
¢ f
¢ I
\
N "
4 )
L
M e N VSN
v""v-s/“’r o \H‘V\r”\“"w“’\;\/“”\,/\@/“ M AP N g il
0 2 4 [ 8 10 12 14 16 18 Time [min]
Intens +MS, 2.6min #108|
x10% N,
N
o] 2202 [MAH]* BL)\\;E N\>
3 e
4891
2451 NH
2942 5112
1 467.1 7053 bet
) l 3302 4134 L 5812 M. 22209
0 - -
200 300 400 500 600 700 800 900 miz
HPLC/ESI-MS(+) of compound 7 [acetonitrile/water (50:50)].
o
(%}
q =
1 =)
8 23 2 858 3881 8
o o N N < N <
| [ | ~ ~ |
NH,
14
NN
S | 9
A 22/
.
10~ 44
\
//12\ NH
o 15
13 NH,
16
49
[l
10 ¢
Il
14 ‘
| 16
I
15 J\ ‘
i
Jt LJ L . h
& g4 & g4 o
[ [SKS] o (L) N
o — ~ N o~
9‘5 9‘.0 8‘5 8‘.0 7‘.5 7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5 3‘.0 2‘.5 2‘.0 1‘.5 1‘0 0‘.5 0‘0
1 (ppm)

'H (500 MHz, DMSO-ds) NMR spectrum of compound 9

98



o
(%]
=
o
<+ © ~ NWBYT LT N NWULTTANN—OD OMANOONWMITANNO®
- O o (e} MM NNNDN OO ONNO NEEETTTmMmMe== 100
AN < FEFMmEmrANNfNNNNA N A dd Ao oS
¥4 | T [ Ty Ty
H,N
N )
& Ny
oL
A 2—nN
7N
3 10— 11
12— NH o}
s° 15 18
[} NH- 17
13 16\
NH- 20
9
2+ 22
L31 5242526 26,29,32
C o)
32 30 0-28
27 X\
CH;
29°
9
4
[
14 10
16
15 1o ‘ 22
| ) | m
g ) B b A 3 A d A
o @B 9 o @ @ S = NN —
o o o o — o — o N - o~ (=] o~
! ! ! | ! ! ! ! ! ! ! ! ! ! ! ! ! :
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
1 (ppm)
1
H (500 MHz, DMSO-ds) NMR spectrum of compound 10
=
™ AN O o — (s}
o [N o ~N <+ ~ [SURY-e} n ©
a NBNg o @ N aufnas w8 o
O nwnuwns < — ~N — [ o M ™ 0 -
— o — - n <« Sl el o~ — ~
| N | | Ny~ [ |
H,N
E
! N
NG 778y
\
) PR
b N
7N
3 10-17 25,28,31
12— NH o
715 18
o NH-17
13 16\
NH- 20
19 26,29,32
2t-22
- N - H3
31 s 242526
H,C o 2
32 30 0-28
27 N\
CH,
29
17 4 9 21 22
6 2 7 20 11
12 |
i i
. [
WN‘W‘ Y Ao LU y
! ! ! ! ! ! ! ! ! ! ! ! ! ' ! ! !
170 160 150 140 130 120 110 100 90 70 60 50 40 30 20 10
1 (ppm)

13C (126 MHz, DMSO-ds) NMR spectrum of compound 10

99



14
p N,
ST
\
2—nN
4\/ N
3 10— 11
12— NH o
v 15,18
o NH- 17
13 16
NH- 20
1 \
2122
_31 _si 242526
H,C o
32 30 9728
VR
CHy
29 50 10  25,28,31 20 11 21 22
T 26,29,32 22 f10
&
2126,29,32 26,29,32 r2e
21
30
-4 11 n
10 it ¥ F40
= 10
20 20
50
25,28,31 55 2831 Leo
70
80
90
100
110
— 120
130
s 140
9%
T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5
2 (ppm)
HyN
N .
N/F§ Ny
\
B} 2
v N
4\N/ by
3 10— 11
12— NH o
s 15,18
o NH-17
13 16\
NH- 20
\
2122
24 25 26
PRI 25 [T
32 30 o2 16 15 19 10 25 20 2126 22
2%'3 11 ro
|
22 ' ©1,20 #
e .
26
25,26
% 00,21 ¢ B2, 21
F2
11 ¢ »‘
- 10, 11 ! N
2 ’19, 20 e %1, 20 rs
25 é 626, 25 Lg
< 10 % )
| 11, 10 |
4
5
!
i
| ke
T 1
19 4 a %20, 19
@ | ’
- 15 [
_] es " ! Ls
[}
!
[} ' Lo
4 16 !
—————————————————————————————
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 0.0 -0.5

HMBC (DMSO-ds) NMR of compound 10

100

1 (ppm)

1 (ppm)



I v ‘.‘I"
r \ i f
Pl \ bl N
f \ o AL
.‘I,f I‘I ) i\i | ) 4.
f ‘ Lol | I iy
[ | |‘“ i 'I "(‘ (LN
i : ! L!Hn'!-m I I‘l"s “
\ PN T (Y Il
\ UL I
\ / L HI ~ I‘l 1A |
:' NI 2
“\ / L s Vo ¢
" | L E |
. / | s )
\ o | \l "| 8
V) ||
| 8 ‘l.‘ ' I
o [=+] | wn
. | B
\
P~
8
1 I I I 1 I I
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
FTIR (KBr) spectrum of compound 10
Intens.
xl
|
i
5 I\
\\
J |
[ ]
4 i \
J \
1
1.
[\
3 | n
J I-I\
2 L A o jl L‘Vwmw
h,.\,.,..‘a_{,\‘.' VW e, A /I N Y ‘1"N.-M\,..v«fw\,ha\f
o 2 4 6 8 10 12 14 18 18 Time [min]
x106 M5, 11.7min #568|
30
25 4 as7.0[M-H]
Si(0BY,
20 \}g{_ﬁf
15 ®
Mw: 48823
10
530.0
08 wao\
0.0 A
100 200 300 400 500 600 700 800 900 miz

HPLC/ESI-MS(-) of compound 10 [methanol/water (50:50)]

101



Intens.
x107

0 2 4 6 8 10 12 14 16 18 Time [min]
;m: +MS, 12 Omin #583)

NH;
.\“:I:} 4913 [M+Na]*
\}Tﬁ?{f‘/‘jl[ﬂmg

Mwi- 43323

) L

“100 200 300 400 500 600 700 800 800 miz

HPLC/ESI-MS(+) of compound 10 [methanol/water (50:50)]

Intens.
x1

12

1.04

0.8

2 4 6 8 10 12 14 16 18 Time [min]

Imenss -MS, 3.1min #133
x10
1.54

NE;
o
o BX

\}M_, g SKOEH),
e~ 530.0

0.51 o 503.1

Mwi- 43323 l
0.0 ‘

200 300 400 500 600 700 800 900 iz

HPLC/ESI-MS(-) of compound 10 [acetonitrile/water (50:50)].

4671 [M-H]

102



Intens.
x107
4
3
2
1
0 2 6 8 10 12 14 16 18 Time [min]
Intens. +MS, 3.2min #1368
xl
3 4693 +H]*
o p [M+H]
oL
4 \}W SKOBY; 4913
m.{_.(‘f-’
21 Mwe: 48823
ol 281 2041 1Ly
200 300 400 500 600 700 800 900 miz
HPLC/ESI-MS(+) of compound 10 [acetonitrile/water (50:50)].
d 2
d =
I [a)
33 50 58338584 3L8R CEL: 3
NN [T FEL LA AN NN AN - <
2 <~ N ~ ~ |
o
12
Hi 4\5
3
0%2\N/6
11 1
7\8
|
29
10 13
1
5
15
7
14 8
6 5 [ !
[l [l
4 4 2 74 g 3
@ = S N = o =
o — — NN o~ (2]

T T T T
11.5 11.0 10.5 10.0

9.5

9.0

8.5

8.0 7.5 7.0 6.5

6.0 5.5
1 (ppm)

1H (500 MHz, DMSO-ds) NMR spectrum

5.0 4.5 4.

0

3.5 3.0 2.5 2.0 15 1.0 0.5 0.0

of compound 14

103



g
4
3 2 3 9 R o 1 = ~
<] ™ o © o M Y ~N QS
S g ¥ S g g4 d s
| | [ |
o
12
4\5
3 Il
O%Z\N/e
11 1
7\8
|
2N
o o
10 13
14,
CHj
15 15
14
5
7 8
6
9
4 2
|
10 160 150 140 1% 120 110 100 né? )s‘o 70 e s 40 30 20 10 0
ppm
13C (126 MHz, DMSO-ds) NMR spectrum of compound 14
S I , il
X - RN afY | |
m A ‘
5 { '\
' o |
& | |
o & [ | |
L & 0 | 1 ™
2) § § | ,"3 %‘5 b
o
8 | - ey
= ‘ =
[
[
|
(2]
e
| 1 I | |
3500 3000 2500 2000 1500 1000 500

Wavenumber cm-1

FTIR (KBr) spectrum of compound 14

104




2.50 DMSO

[=1 o o m ocan S
wn wn n < 0 0 T MM
NN B ® oM em NN <
~ ~ — —5—
(e}
12
HN/4\5
3 I
6
oF
11 1
7
P
O¢9\NH
10 13
NH,
14° 7 8
5
6
“
13 14
3 JL LAJ )
, ) i
—
I o & b 2 g 3
e e e e S 9 I
g 3 g S 2 32 2
11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.C
f1 (ppm)
1
H (500 MHz, DMSO-ds) NMR spectrum of compound 15
¢
U
3
o o T < o a
a ()] @0 N wn m Is -
® ™ o © o N Y N
O o n < o < q o
- - - - < o ™
[ [ | | |
o
1“2
HN/4\5
3 H6
O%KN/
1" ‘1
7
o
O%Q\NH
10 1‘3
1N4Hz 5 8
7
9 4
2
. 1.
170 160 150 140 130 120 110 100 70 60 50 40 30 20 10

90 80
f1 (ppm)

13C (126 MHz, DMSO-ds) NMR spectrum

of compound 15

105



20
I
~
o
-

— — v =
—_— —6¥G s o
lM.”l.r m, BT'E
5 o)}
——_— — i - - 2 == kot
-
— g
— = =]
.f|.|-..| —
——
I.“_I..|H
—— ||ﬂ._.uN_.|hNN—
.IJ||.h.ﬂ
— T e — ] b4
= = " g
—— — 9t = N
I ——E .- | W <
T e — g4}
- = am
.._.\L.\I\lll. . -
= - 8 &
838
5
ffv: E O
s 8
=
= Wn_ Q .
L0y o o
= = : 53 .
] : N 5 J ol
. ] - B 0
o N o
T — O Y= 9L o® &%
— o \— o
e o BN-OQ
|.|.|I...-|.|v =] m ™ OT/O
— 206 =] a—O0n &
e o > . / L
- C&A/»._ m
— lalE k) £ ‘o
— e ‘6 — .1 B _ . L
——— — Gaze $ §5°6 WW Two
|.|.|.||.||..|l.|w._mm o ©
~~ L—08
g8 = o ¢
I~ o (a0} N.!wm
EH
K w_© w_do
- N—r
m o .,.\ /N1 7\ //om
o 9T TI— \o o o 2 00T
1 I
W - Yoz
LL

T
0.0

T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

.
6.0
1 (ppm)

1H (500 MHz, DMSO-ds) NMR spectrum of compound 16

T
8.5

9.0

T T T T T
120 115 11.0 105 10.0 9.5



T T O o o o
N o o N o N ™M o wn < T = O ®
M 0 S 9 o N N N Y oMo o
O O N n < o NN < — o M 0 W 0 -
o - — n n < < (2} N o= o ~
<N [ | ~/ N | N |
o
12
HN/4\5
3 I
6
D%Z\N/
Tl 1
7.
N
H,C
2N 24 23
o) NH |
R 52 57 28 o9 30°
HN NH 19, Si 29 24,27,30
LY A 23,26,29
| o
o 25 26
16 [
CH,
27°
s 19 20
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
1 (ppm)
13
C (126 MHz, DMSO-ds) NMR spectrum of compound 16
o
12
HN/4\5
3 Il
6
=
Tl 1
7.
g
| H. C\
_a 98 o3 M J
o NH |
10 13 o _Oo. _cH )
HN NH 19 22 si” 28 29730 | Y | 1 "
14795717 18" 20" 21
II o
% 2‘6 6 5 23,2629 7 8 19 20
CH, 18 24,27,30
27° 8
I
|
20 20
24,27 b
W2 ,30 24,27,30
19
1
8 f g
1
18 s
x ]
723126,29 23,26,29‘7
5 |
5
6 4
6
150 140 130 120 110 100 90 60 50 40 30 20 10

80 70
2 (ppm)

HCCOSW (DMSO-ds) NMR of compound 16

107

f1 (ppm)



o
2
i N s
3 Il
N/G
Y
7

o
1
N
H.C
o8
23
04 NH |
10 13 0\ - o\ - CH3
HN NH 19 220 si” 28 29 30
14795717 1g" “20 21
Il o
o 25" 9¢
16 [
CH,
27° —

T A B

HMBC (DMSO-ds) NMR of compound 16

o
12
HN/4\
3 H
2\N/
% 1
7.
g
| HC\
a 28 o3
o” NH \
10 13
NH 1 22 s 55 29 50"
RIS 1571774 ag 21
Il
o 2526
16 [
CH.
27°

COSY (DMSO-ds) NMR of compound 16

108

1924 L1o
. s s, %0 19, 20
4 24 %3 24 0 ® I
18, 19 ® "
8 r7l 8 e
L 40
18 e, 8.0
7 03 . 19, 18
6,7 8,7 50
23 T %4, 23 6o
70
80
90
: § L 100
5155 e 5 - "
110
120
130
140
6 o 9, £
2 W 5,6 o/ 6 F150
is 14,15 6,2
4 i IS 18, 15 160
9 6,4 5.4 b ) 170
13,9, 7,9 8,9
-_————————— ——————— ——
11,5 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05
2 (ppm)
_ L A L PP | JJM
2016-42-10.13.1.2rr 13 17 5 7 18 8 20
COSYGPSW DMSO {C:\Bruker\TopSpin3.2} Bouhadir 1 Lo
6 23 2 e
20 19, 20
24 o r-] rt
23,24
1 18, 19 b D0, 19
-2
i AT
17,18 19, 18 r
& B
e
723 & *5 7 24,23 L4
° .
-5
535 “6, 5 <
6
5
7 18,17
Ed -7
136 0,
14,13 B & 56 Lg
e -9
4 « 13, 14
10
11
3 @ 53
. . . . . . . . . . . .
11 10 9 8 6 5 4 3 2 1 0
2 (ppm)

f1 (ppm)

f1 (ppm)



AN 4 \ i WVl [T
\ ,,"ﬁ \ [ :‘
\ i I;l I !
\ 1 (v wn
T SR | |8
o i \‘_
§ g |
R 2
' g
I
|
|
|J
\
w0
3
T T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
FT-IR (KBr) spectrum of compound 16
Intens.
x106
45 ’
I
40 / |
[ 1\
35 \
||
30 [\
| |
25 ( |
| 1}
20 :‘. I'.‘ (I\'\’, \r "I-'_,\_A_" )
o '/‘“:‘. " ‘.\.I ”f_\.t hy \_'.--',\_‘V.-»‘_‘u.\‘,‘ﬁ_.~ s A A 4-"'.1_/"‘*'.\“-»'\",'\ M PN A Y
0 2 4 6 8 10 12 14 16 18Time [min]
x108 o “MS, 10.2min #495
1.25 HY
0}‘_\1 ] 4441 [M_H]-
1.00 :
0.75 Hﬁtﬂws.m:},
0.50 d 507.0
My 445.20
025 480.0
000 | ﬁ | 5659 671.9
100 200 300 400 500 600 700 800 900 miz

HPLC/ESI-MS(-) of compound 16 [methanol/water (50:50)].

109



Intens.

x107
4
3
2
0 2 4 6 8 10 12 12 16 18 Time [min]
x107 +MS, 10.2min #4596
1.0 o
HNJ]
0.8 \ 4682 [M+Na]*
08 aj‘NH
mt.ﬂwsarom},
0.4 &
My 445.20
02
4002
00 |I n 610.2 Bﬁ&.a 7353 7960 8558 9150
“100 200 300 400 500 600 700 800 900 iz

HPLC/ESI-MS(+) of compound 16 [methanol/water (50:50)].

Intens.

1.8

1.61

1.44

1.2

1.0

0.81

06

14 18 Time [min]

Intens.
x105
15

HY

%

]
Muv: 445.20

H 3i(0Et)y
05 R 1

0.0

4443 [M-H]

507.0
480.2

L

-MS, 2.9min #120]

200 300

HPLC/ESI-MS(-) of

400 500 600
compound 16 [acetonitrile

110

700 800

Iwater (50:50)].

900



Intens.

x107
12
1.0
08
06
04
o 2 4 & 8 10 12  1a 7 18 18 Time[min
Intens. +MS, 3.1min #131
x106 9
H.\Ikll
15 oAy 4682 [M+Na]*
NH
1.0
HN _ﬂ Si(OEt)y
-g N *400.3
05 Myi; 44520
2843 526.2
0.0k224! | | TET
200 300 400 500 600 700 800 900 miz

HPLC/ESI-MS(+) of compound 16 [acetonitrile/water (50:50)].

2
Q s
I a
o N YT NOT MmO N WY Wo m N b=
n CQQ R EMm ©© QY N A
N FEFTO @M NN - <
| e TNV e |~
o
12
CH,
HN/4\5/13
3 Il
= 6
O/Z\N/
" 1
I
e
| 13
49\0
10 14
is 16
CH,
16
157 8
6 [t !
!
i \N_J
N
J ¥ I Y 4 4
=Y o S o & 3} 5]
IS} - N oA - o~ o
T T T T T T T T T T T T T T T T T T T T T T T T
115 11.0 105 100 95 90 85 80 75 7.0 65 50 45 40 35 30 25 20 15 10 05 00

60 55
f1 (ppm)

1H (500 MHz, DMSO-ds) NMR spectrum of compound 22

111




9.52 DMSO

o — © [} n
0 < © © (oY 0 =} o n o
I<BY o — @ I @ @ oo
~ ©O n < o o [} o T N
- — — — — o <+ ™ —
| | | | | | s
o
12
CHy
HN/4\5/13
3 Il
%Z\N/G
11 1
7
g
|
=
o7 To
10 14
15,
cH,
1
6 13
16
15
6 8
9 7
5
4 2
T T T T T T T T T T T T T T T T
170 160 150 140 130 120 110 100 %0 80 70 60 50 40 30 20 10

f1 (ppm)

13C (126 MHz, DMSO-ds) NMR spectrum of compound 22

T [N i) AT
\ | | f 1 |

2835

ales — <

3089 — =

1201 — ——

1693

T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

FT-IR (KBr) spectrum of compound 22

112



s 2.50 DMSO

o — N = O o @ N —
N N © © o Tom N
~ TMmHmm N NN —
| |~ —~~— |
o
12
CH.
H%A/4\5/133
Il
O%Z\N/G
11 1
7
s
‘g\ 13
O¢ NH
10 14
18°
7 8
6
‘
15
i
14 3
A .
Y 'y s SO & &
o (<)) o a — o —
- S - -~ IN ™
11.0 105 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
1
H (500 MHz, DMSO-ds) NMR spectrum of compound 23
q
U
3
Mm © o - wn q
o < © o - < Iy o ~
o =} o ] oy 0 <
O O wn <+ o < q o o~
- — — — <+ o ™ -
[ | | | |
o
12
CH,
H%n/4\5/133
Il
D%Q\N/G
11 1
7
g
|
O¢ NH
10 ‘]4
5% 13
9 8
6
2 7
4 5
i
) . )
170 160 150 140 130 120 110 100 70 60 50 40 30 20 10

90 8
f1 (ppm)

13C (126 MHz, DMSO-ds) NMR spectrum of compound 23

113



3156 — <
2825

3103
3021

3348 — —

704

1667 — 16743

T T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

FTIR (KBr) spectrum of compound 23

114



REFERENCES

(1) Jun, Y. W.; Choi, J. S.; Cheon, J. Angew. Chem., Int. Ed. Engl. 2006, 45,
3414,

2 Ito, A.; Shinkai, M.; Honda, H.; Kobayashi, T. J. Biosci. Bioeng. 2005,
100, 1.

(3) Mahmoudi, M.; Hosseinkhani, H.; Hosseinkhani, M.; Boutry, S.; Simchi,
A.; Journeay, W. S.; Subramani, K.; Laurent, S. Chem. Rev. (Washington, DC, U.S.)
2011, 111, 253.

4) Jordan, A.; Wust, P.; Fahlin, H.; John, W.; Hinz, A.; Felix, R. Int. J.
Hyperthermia 1993, 9, 51.

(5) Rosensweig, R. E. J. Magn. Magn. Mater. 2002, 252, 370.

(6) Kalita, H.; Rajput, S.; Kumar, B. N. P.; Mandal, M.; Pathak, A. RSC
Advances 2016, 6, 21285.

(7 Wang, D.; Astruc, D. Chem. Rev. (Washington, DC, U.S.) 2014, 114,
6949.

(8) Baig, R. B. N.; Varma, R. S. Chem. Commun. (Cambridge, U. K.) 2013,
49, 752.

9) Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Vander Elst, L.;
Muller, R. N. Chem. Rev. (Washington, DC, U. S.) 2008, 108, 2064.

(10)  Mikhaylova, M.; Kim, D. K.; Bobrysheva, N.; Osmolowsky, M.;
Semenov, V.; Tsakalakos, T.; Muhammed, M. Langmuir 2004, 20, 2472.

(11) Tong, S.; Hou, S.; Zheng, Z.; Zhou, J.; Bao, G. Nano Lett. 2010, 10,
4607.

(12) Garofalo, A.; Parat, A.; Bordeianu, C.; Ghobril, C.; Kueny-Stotz, M.;
Walter, A.; Jouhannaud, J.; Begin-Colin, S.; Felder-Flesch, D. New J. Chem. 2014, 38,
5226.

(13) Ata, M. S;; Liu, Y.; Zhitomirsky, 1. RSC Advances 2014, 4, 22716.

(14) Amstad, E.; Textor, M.; Reimhult, E. Nanoscale 2011, 3, 28109.

(15) Sandiford, L.; Phinikaridou, A.; Protti, A.; Meszaros, L. K.; Cui, X;
Yan, Y.; Frodsham, G.; Williamson, P. A.; Gaddum, N.; Botnar, R. M.; Blower, P.J.;
Green, M. A.; de Rosales, R. T. M. ACS Nano 2013, 7, 500.

(16) Massart, R. IEEE Trans. Magn. 1981, 17, 1247.

(17) Sun, S.; Zeng, H. J. Am. Chem. Soc. 2002, 124, 8204.

(18) Yan, K.; Li, P.; Zhu, H.; Zhou, Y.; Ding, J.; Shen, J.; Li, Z.; Xu, Z.; Chu,
P. K.RSC Advances 2013, 3, 10598.

(19) De Palma, R.; Peeters, S.; Van Bael, M. J.; Van den Rul, H.; Bonroy, K.;
Laureyn, W.; Mullens, J.; Borghs, G.; Maes, G. Chem. Mater. 2007, 19, 1821.

(20)  Zhou, L.; Yuan, J.; Wei, Y. J. Mater. Chem. 2011, 21, 2823.

(21) Vadivel, M.; Babu, R. R.; Arivanandhan, M.; Ramamurthi, K.;
Hayakawa, Y. RSC Advances 2015, 5, 27060.

(22) Hofmann, A.; Thierbach, S.; Semisch, A.; Hartwig, A.; Taupitz, M.;
Ruhl, E.; Graf, C. J. Mater. Chem. 2010, 20, 7842.

(23) Na, H. B.; Palui, G.; Rosenberg, J. T.; Ji, X.; Grant, S. C.; Mattoussi, H.
ACS Nano 2012, 6, 389.

115



(24) Daou, T.J.; Begin-Colin, S.; Grenéche, J. M.; Thomas, F.; Derory, A.;
Bernhardt, P.; Legaré, P.; Pourroy, G. Chem. Mater. 2007, 19, 4494,

(25)  Tucker-Schwartz, A. K.; Garrell, R. L. Chem. - Eur. J. 2010, 16, 12718.

(26)  Prucker, O.; Rihe, J. Macromolecules 1998, 31, 602.

(27)  Prucker, O.; Rihe, J. Macromolecules 1998, 31, 592.

(28) Amstad, E.; Gehring, A. U.; Fischer, H.; Nagaiyanallur, V. V.; Hahner,
G.; Textor, M.; Reimhult, E. J. Phys. Chem. C 2011, 115, 683.

(29) Ling, H.; Aurélien, P.; Denis, C.; Claire-Hélene, B. Microwave synthesis
of core-shell structured biocompatible magnetic nanohybrids in agueous medium, 2011.

(30) Jadhav, N. V.; Prasad, A. I.; Kumar, A.; Mishra, R.; Dhara, S.; Babu, K.
R.; Prajapat, C. L.; Misra, N.L.; Ningthoujam, R. S.; Pandey, B. N.; Vatsa, R. K.
Colloids Surf., B 2013, 108, 158.

(31) Basti, H.; Ben Tahar, L.; Smiri, L. S.; Herbst, F.; Vaulay, M. J.; Chau, F.;
Ammar, S.; Benderbous, S. J. Colloid Interface Sci. 2010, 341, 248.

(32) Sardarian, A. R.; Zangiabadi, M.; Inaloo, I. D. RSC Advances 2016, 6,
92057.

(33) Rebuttini, V. 2014. Functional iron oxide-based hybrid nanostructures
(doctoral dissertation). der Humboldt-Universitat zu Berlin.

(34) Polito, L.; Colombo, M.; Monti, D.; Melato, S.; Caneva, E.; Prosperi, D.
J. Am. Chem. Soc. 2008, 130, 12712.

(35) Huang, G.; Zhang, C.; Li, S.; Khemtong, C.; Yang, S. G.; Tian, R;
Minna, J. D.; Brown, K. C.; Gao, J. J. Mater. Chem. 2009, 19, 6367.

(36) Ye, Q.; Zhou, F.; Liu, W. Chem. Soc. Rev. 2011, 40, 4244.

(37)  Yuen, A. K. L.; Hutton, G. A.; Masters, A. F.; Maschmeyer, T. Dalton
Trans. 2012, 41, 2545.

(38)  Shultz, M. D.; Rewveles, J. U.; Khanna, S. N.; Carpenter, E. E. J. Am.
Chem. Soc. 2007, 129, 2482.

(39) Benbenishty-Shamir, H.; Gilert, R.; Gotman, I.; Gutmanas, E. Y.;
Sukenik, C. N. Langmuir 2011, 27, 12082.

(40)  Zhang, L.; Cole, J. M. ACS Appl. Mater. Interfaces 2015, 7, 3427.

(41) Basly, B.; Popa, G.; Fleutot, S.;Pichon, B. P.; Garofalo, A.; Ghobril, C.;
Billotey, C.; Berniard, A.; Bonazza, P.; Martinez, H.; Felder-Flesch, D.; Begin-Colin, S.
Dalton Trans. 2013, 42, 2146.

(42) Brochier Salon, M.-C.; Belgacem, M. N. Colloids Surf., A 2010, 366,
147.

(43) Peng, E.; Wang, F.; Xue, J. M. J. Mater. Chem. B 2015, 3, 2241.

(44) Alothman, A. Z. Materials 2012, 5.

(45) De, M. 2014. Catalyst Science and Technology (course). National
Programme on Technology Enhanced Learning.

(46)  Stober, W.; Fink, A.; Bohn, E. J. Colloid Interface Sci. 1968, 26, 62.

(47) Lira, E. P.; Huffman, C.W. J. Org. Chem. 1966, 31, 2188.

(48) Lewy, D.E.; Lapierre, F.; Liang, W.; Ye, W.; Lange, C. W.; Li, X.;
Grobelny, D.; Casabonne, M.; Tyrrell, D.; Holme, K.; Nadzan, A.; Galardy, R. E. J.
Med. Chem. 1998, 41, 199.

(49) Ali, O. M.; Amer, H. H.; Abdel-Rahman, A. A. H. Synthesis 2007, 2007,
2823.

(50) Wang, F.; Pauletti, G. M.; Wang, J.; Zhang, J.; Ewing, R. C.; Wang, Y.;
Shi, D. Adv. Mater. (Weinheim, Ger.) 2013, 25, 3485.

116



(51) Chen, S.; Zhang, S.;Jin, T.; Zhao, G. Chem. Eng. J. (Lausanne) 2016,
286, 249.

(52) Crucho, C. 1. C.; Barros, M. T. Polymer 2015, 68, 41.

(53) Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Chem. Rev.
(Washington, DC, U. S.) 2016, 116, 2602.

(54) Cheng, Y.-H.; lllum, L.; Davis, S.S. J. Controlled Release 1998, 55,
203.

(55) Fontana, G.; Pitarresi, G.; Tomarchio, V.; Carlisi, B.; San Biagio, P. L.
Biomaterials 1998, 19, 10009.

(56) Govender, T.; Stolnik, S.; Garnett, M. C.; lllum, L.; Davis, S.S.J.
Controlled Release 1999, 57, 171.

(57) Niwa, T.; Takeuchi, H.; Hino, T.; Kunou, N.; Kawashima, Y. J.
Controlled Release 1993, 25, 89.

(58)  Leroux, J.-C.; Allemann, E.; De Jaeghere, F.; Doelker, E.; Gurny, R. J.
Controlled Release 1996, 39, 339.

(59) Jeong, Y.-1.; Cho, C.-S.; Kim, S.-H.; Ko, K.-S.; Kim, S.-I.; Shim, Y.-H.;
Nah, J.-W. J. Appl. Polym. Sci. 2001, 80, 2228.

(60)  Fishbein, I.; Chorny, M.; Rabinovich, L.; Banai, S.; Gati, I.; Golomb, G.
J. Controlled Release 2000, 65, 221.

(61) Kim, T.-H.; Jeong, Y.-1.; Jin, S.-G.; Pei, J.; Jung, T.-Y.; Moon, K.-S.;
Kim, .-Y.; Kang, S.-S.;Jung, S. Int.J. Nanomed. 2011, 6, 2621.

(62) Chung, T.-W.; Huang, Y.-Y.; Liu, Y.-Z. Int. J. Pharm. 2001, 212, 161.

(63) Park, J.; Fong, P. M.; Lu, J.; Russell, K.S.;Booth, C. J.; Saltzman, W.
M.; Fahmy, T. M. Nanomedicine : nanotechnology, biology, and medicine 2009, 5, 410.

(64) Halayqa, M.; Domanska, U. Int. J. Mol. Sci. 2014, 15, 239009.

(65) Kitchell, J. P.; Wise, D. L. In Methods Enzymol.; Academic Press: 1985;
Vol. Volume 112, p 436.

(66) Blasi, P.; D'Souza, S.S.;Selmin, F.; DeLuca, P. P. J. Controlled Release
2005, 108, 1.

(67) Amann, L. C.; Gandal, M. J.; Lin, R.; Liang, Y.; Siegel, S.J. Pharm.
Res. 2010, 27, 1730.

(68) Park, T. G. Biomaterials 1995, 16, 1123.

(69) Manca, M.-L.; Mourtas, S.; Dracopoulos, V.; Fadda, A. M.; Antimisiaris,
S. G. Colloids Surf., B 2008, 62, 220.

(70)  Quintanar-Guerrero, D.; Fessi, H.; Allkmann, E.; Doelker, E. Int. J.
Pharm. 1996, 143, 133.

(71)  Yang, Q.; Owusu-Ababio, G. Drug Dev. Ind. Pharm. 2000, 26, 61.

(72)  Budhian, A.; Siegel, S.J.; Winey, K. 1. Int. J. Pharm. 2007, 336, 367.

(73)  Murakami, H.; Kawashima, Y.; Niwa, T.; Hino, T.; Takeuchi, H.;
Kobayashi, M. Int.J. Pharm. 1997, 149, 43.

(74)  Gorrer, T.; Gref, R.; Michenot, D.; Sommer, F.; Tran, M. N.;
Dellacherie, E. J. Controlled Release 1999, 57, 259.

(75)  Krishnamachari, Y.; Madan, P.; Lin, S. Int. J. Pharm. 2007, 338, 238.

(76)  Mukherjee, B.; Santra, K.; Pattnaik, G.; Ghosh, S. Int.J. Nanomed. 2008,
3, 487.

(77)  Gryparis, E. C.; Mattheolabakis, G.; Bikiaris, D.; Avgoustakis, K. Drug
Delivery 2007, 14, 371.

117



