R 0k B i | FREFTRFFT MY T
B LH~

Institute of Biomedical Engineering

College of Engineering and College of Medicine
National Taiwan University

Doctoral Dissertation

}%ﬁ/\?}%‘-—\p/ frm7Ij"5b‘l“}'}.—.

Multifunctional Nanoparticles for Cancer Theranostics

2 g
Po-Chin Liang

s el B
Advisor: Win-Li Lin, Ph.D.

PER K 108 & 77
July 2019

doi:10.6342/NTU201902917



B2 K2 (FR) B2

DRREBGTHFELE
WX P AR B A NRE SRS E 6 S SRR KT

¥ X3t A B : Multifunctional Nanoparticles for Cancer
Theranostics

WXL RH4E (235 D00583003) AR LB AL T LR

=5
gﬁwm@lﬁmﬂm %m&z%&ﬁm X HEBE 108 57 A
23 BATIHARLBEETRBR IRARA » 4533

DHE A 4
| (523 ) T
- ://{ ';
T (ﬂ%ﬁ
/"‘5 &
-6 8, /ﬂ»é\
4 M A
4E4E FRE ﬁ(ﬁ Y /(7% (% 4)

doi:10.6342/NTU201902917



&

B A S Y Lhr Flo R S B FEL AT F PR 2017 &R B
44 8037 M4 o R AL ATH o MBI 36 &L A 2 FLF o CE AR TSR
B hi B2 - > Ra BRSO FER AN AETEAG TP EER
B etk mie > ERBEAPM D@ T {eD|E BB DR ER T L FHN 2
oA A e fodp g e R e o R AR A R B e LR
%,lﬁ;g By 20 R ,r,]% 35 o

APy - BT Y 0 ANPEE T F B E K3k SPIO-PEG-D > v
d AR 4 (SPIO) Bk Pie foi kR e e - @ (PEG) e o 2
ts £ 4& % Doxorubicin (Dox) # 35 = SPIO-PEG-D > ¥ I FF & 3 *imedr = f(MRI)

fordig v B 5% e * o SPIO 2 Kk F enx o[ < 4 10nm> v o d 7T S B
GEZemnd | SGES A A BF Y R ¥ g R SPIO-PEG-D 7 & § 428
Bt A2 SPIO-PEG i F B¥F £ % > &7 7 € %] 5 4&¢ Doxorubicin 7 58

H g o SPIO-PEG-D shiw &5 B (12) P A% * 4im B3 & (1) (21 =9) > ¥
LA T 0 d gir T2 S BB ok BL% SPIO-PEG-D w4 & » d #- Doxorubicin
% & & SPIO-PEG 14 & » F] 5 PEG s g »cfl » ¥ 4% > Doxorubicin %% f2 >
Flpt 2t £ 7 Doxorubicin fex % TR Y X 8o w B R % ¢ g > SPIO-PEG-D
TR HT-29 iy mre DNA R B Bcd > @ 2 DNA 2" M > mwe k= 2 % o &
FRILERIFL Y FR, e gd? % SPIO-PEG-D o iy - H "G 48
T RBERH PR SPIO-PEG-D jnf e o ) MRIFZZ ¢ # IR 5
tegi 3% SPIO-PEG-D ipf ey » B T2 4eff i 5Ly LG e 3 H jhig *
SPIO-PEG-D ¢ cr%i s { 5 > Bfom *H 4o 37 e 3l { 5 SPIO-PEG-D % #f &d
F s o B SPIO-PEG-D thiugp»a 53 #7 3 ¥ Biom » J e @drie vt Ly @
e HRE T Rl o BN R %Y BE R SPIO-PEG-D e A F i ik kS s &
RS BT RS F B AeFL B (T o Ay - AT SR AP
P RS K 3Tk SPIO-PEG-D > & MRI £ Bl 2 #F o353 5 "0 11
kRGP * A e
AP E BT Y > AP EE T P M BN KRR IMNP-D > ¥

Ad IRGD 458 & IpH BT ratt 2 of 5B 3E 2 (MNP-D) » @ 2t U0 3 v

doi:10.6342/NTU201902917



FADERNE (48 3 A HE A fo Doxorubicine i B /pH BEETE RE (O pe-+ R
= fR)S [ AR5 RC-N-2 5% AR (Poly(AA-CO-PEGDA-CO-NIPAM)) % 3t 4
Mo B d AR L@ X o § fenDoxorubicin ot pH7.4 Ik T > o #
RAPI T 5 @5 f R ArenA K% ¢ o SPION f- Doxorubicin 353 5 % %
AR o s S RIH AR A A AT (MNP-D) v X5 % IRGD
& & MNP-D # & 2= iMNP-D-iMNP-D F]1% &2 iRGD % & > Flm % B H "G ie
wfrd %rck o F1L IRGD ¥ r/ g H% e intergrin ¥ neuropilin-1 s 485 & >
RN LR A TR B e o F ¢k d 22 IMNP-D £ F iR B IpH AR £ 21 v )
BRI E RPH B > kR E A P ek E R A B E .
Doxorubicin fefift 2 & B kBT F 5 € IMNP-D @ #3291 % o @ *h8 chpk 1Tk
B 1 %7 1> Doxorubicin chff % o ¥ ¢h o A ) Bk I0E R 0 Kk
= Doxorubicin f£_ iIMNP-D ¢ #cd) % o 24 i 4t IMNP-D &7 7 3 3 HT-29 %%
B 1 ffe MR & =i o 4 ¢ ot p #7 § 3P IRGD 07 4% % 7 Doxorubicin
R e v (5 e e & oS ¥ BE 7 IMNP-D 7 2 & P 4% Doxorubicin ﬂi%]z

TR o gt ok o d d B B INE ok &#%ge{r‘]m R8s Ry 3T
BMIBESHET > SRR EBT BN 3 Bl e HIMNP-D % Kog
O s DS G s A Ly A E ,‘/ﬂ’?ﬁi\%@"

G Bk TR PRRE 0 N TORPRE- DRI PR, BN R AR
BRSO BRBBER > 2 AR R e 2B LFEET V8 BR/
2 LR N

doi:10.6342/NTU201902917



Abstract

Cancer is the most common cause of death in Taiwan, with 48,037 people killed in
2017, a record high and the top 10 causes of death in 36 years, according to data
released by Taiwan's Ministry of Health and Welfare. Chemotherapy is one of the main
ways to treat cancer, while conventional cancer chemotherapeutic drugs are distributed
nonspecifically in the body and hence they affect both cancerous and healthy cells,
resulting in dose-related side effects and inadequate drug concentrations reaching the
tumor. Multifunctional nanoparticles can target and control releasing chemotherapy
agent to tumor cells, thus it can reduce drug induced systemic side effects and improve
local tumor treatment results.

In the first study, we developed multifunctional magnetic nanoparticle
superparamagnetic iron oxide — polyethylene glycol- Doxorubicin (SPIO-PEG-D),
consisting of a superparamagnetic iron oxide (SPIO) magnetic core and a shell of
aqueous stable polyethylene glycol (PEG) conjugated with doxorubicin (Dox), for tumor
magnetic resonance imaging (MRI) and chemotherapy. The size of SPIO nanoparticles
was ~10 nm, which was visualized by transmission electron microscope (TEM). The
hysteresis curve, generated with vibrating-sample magnetometer, showed that
SPIO-PEG-D was superparamagnetic with an insignificant difference as compared to
superparamagnetic iron oxide — polyethylene glycol (SPIO-PEG). The transverse
relaxivity (r2) for SPIO-PEG-D was significantly higher than the longitudinal relaxivity
(r1) (ro/r1 = 9), so we can observe the distribution of SPIO-PEG-D by MRI T2WI. The
half-life of Dox in blood circulation was prolonged by conjugating Dox on the surface
of SP10 with PEG to reduce its degradation, by stealth shielding effect of PEG. The in
vitro experiment showed that SPIO-PEG-D could cause DNA crosslink more serious,
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resulting in a lower DNA expression and a higher cell apoptosis for HT-29 cancer cells.
The Prussian blue staining study showed that the tumors treated with SPIO-PEG-D
under a magnetic field had a much higher intratumoral iron density than the tumors
treated with SPIO-PEG-D alone. The in vivo MRI study showed that the T.-weighted
signal was stronger for the group under a magnetic field, indicating that it had a better
accumulation of SPIO-PEG-D in tumor tissues. In the anticancer efficiency study for
SPIO-PEG-D, the results showed that there was a significantly smaller tumor size for
the group with a magnetic field than the group without. The in vivo experiments also
showed that this drug delivery system SPIO-PEG-D combined with a local magnetic
field could reduce the side effects of cardiotoxicity and hepatotoxicity. The results
showed that our developed multifunctional magnetic nanoparticle SPIO-PEG-D owns a
great potential for MRI-monitoring and magnet-enhancing tumor chemotherapy.

In the second study, we developed multifunctional magnetic nanogel particle
IMNP-D (iRGD-conjugated magnetic nanogel particles — Doxorubicin) , which was
made of IRGD (internalized Arginine—glycine—aspartic acid) conjugated temperature/pH
dually sensitive magnetic nanogel particles (MNP-D), which was loaded with
superparamagnetic iron oxide nanoparticles and doxorubicin. Temperature/pH dually
sensitive poly(acrylic aicd-co-poly (ethylene glycol)
di-acrylamide-co-N-isopropylacrylamide (poly(AA-co-PEGDA-co-NIPAM)) nanogels
were synthesized by free radical polymerization. Positively charged Dox was introduced
into the negatively charged nanogels by electrostatic interaction at pH 7.4. Both

Superparamagnetic iron oxide nanoparticles (SPIONs) and Dox were encapsulated in

nanogels to develop temperature/pH dually sensitive magnetic nanogel particles
(MNP-D), followed by conjugating the peptide iRGD on the MNP-D surface to form
IMNP-D, and iMNP-D could enhance its tumor targeting and penetrating efficiency by
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the conjugation of iIRGD. Because iRGD could be internalized into tumor cells by
intergrin and neuropilin-1 receptor. Besides, the iIMNP-D maintains temperature/pH
dually sensitive properties and it can change its size and hydrophilic/hydrophobic
properties by changing environment temperature/pH, thus achieving controlled drug
release. Dox could be released from iMNP-D at a low pH and/or a high temperature.
And the acid environment of tumor could trigger the release of Dox from iMNP-D. In
addition, we can apply short-time local hyperthermia to trigger Dox releasing from
IMNP-D. We evaluated iMNP-D for both enhancing HT-29 colon cancer chemotherapy
and MR imaging. In-vitro and in-vivo studies proved that the presence of IRGD
enhanced the cytotoxic efficiency of Dox to colon cancer cells/tumors and indicated that
IMNP-D can deliver Dox specifically to colon cancer and can control drug release with
a short-time local hyperthermia to promote anti-tumor efficacy.

The overall experimental results indicate that this high tumor-penetrating, high
cancer cell-targeting iMNP-D is a highly potential theranostic multifunctional magnetic

nanogel carrier for the monitoring and treatment of colon cancer.

Keywords: cancer, chemotherapy, Doxorubicin(Dox), iRGD, magnet enhancing,
MR imaging, MRI monitoring, nanogel, polyethylene glycol, superparamagnetic

iron oxide, temperature/pH sensitive, tumor
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Abbreviation and Acronyms

Abbreviation Full Form

Al Acrylic acid

Dh hvdrodwnamic diameter

DL Dvnamic light scattering

Dox Doxorubicin

EE encapsulation effidencies

EPR enhanced permeability and retention

FD Free Doxorubidn

FIIC Fluorescein isothiocvanate

FT-IR Fourier-transfonm infrared spectroscopv
HPLC high parformance liquid chromatography

IC50 half maximal inhibitory concentration
ICP-MS Inducti velv coupled plasma mass spectrometer
iMINP 1RGD magneti c nanogel particles

iIMNP-D 1RGD magnet c nanogel particles Doxombicn
10 Tron oxide

1RGD internalized Armnine—glvcine—aspartic acid
LCST lower critical solution temperature

MF Maometic field

MNP magnetic nanogel particles

MNP-D magnetic nanogel particles-Doxorubicin

MRI Magnetic resonance imagng

MRS Magnetic resonance spectrography

MTT assay (3-(4,5-Dimethvithiazol-2 -1})-2 3-diphenvitetrazolium bromide) assav
NIPAM M-Isopropvl acriamide

WIE. Near Infrared

HNMER Muclear Magnefic Resonance

MPs Manoparticles

DA Oleic acd

PBES Phosphate-buffered saline

PEG Polvethvlene glycol

PEGDA Polyethylene glycol Di-Acramide

RES refi culoendothelial syvstem

RFA Radiofrequency ablation

RGD Arginine—glvoine—aspartic acid

FEME receptor-mediated endocvioss

SPID Superparamagnefic iron oxide

SPIO WPs Superparamagnetic iron oxide nanoparticles
SPION= Superparamagnetic iron nanoparti cles
SPIO-PEG Superparamagnefic iron oxide-Polvethviens glveol
SPIO-PEG-D Superparamagnefic iron oxide-Polyvethviene glveol-Doxombicn
TEM Transmission electron microscope

TGA thermogravimetric analysis

TUNEL aszay Terminal deoxsnucleotidvl transferase transferase dUTP nick end labeling assay
VEM vibrating sample mametomster

XED Mray diffraction

Vi

doi:10.6342/NTU201902917



Contents

PR g B e vii
AADSTIACT. ... vii
Abbreviation and ACIONYIMS ... ...ttt e, Vi
(010101 (=101 TSSOSO T ST TSP PSR PRTTO viii
IS 0 T 0TSSR viii
LESE OF TADIES ... Xviii
Chapter 1. Background & ODJECHIVES.........cceiieiieeiiece e 1
1.1. Unmet need of cancer chemotherapy..........ccccceeveveiieiieci e 1

1.2. Cancer NANOMEMICINE .......coiuiiieiriiiieieies et 1

1.3. Targeting drug delivery systems of nanomedicing ...........cccccceeveeveeieieeveenee, 1
1.3.1. Passive targeting drug delivery System.........ccccocveveiievievc e, 2

1.3.2. Active targeting drug delivery SYSteM ..........ccceevverieiievieeie e 2

1.4. Magnetic-targeted NanOPartiCleS..........cccovvevviieieere e 3
1.5. Control releasing (pH/temperature dually responsive Systems) ..........c.cccecve.ne. 4

1.6. Multifunctional nanoparticles for targeted imaging and therapy.........c...c......... 5
1.7, ODJECHIVES ...ttt e et e e e e saa e e reearne s 5

Chapter 2. (My study Part 1) Doxorubicin-eluting magnetic nanoparticles as a drug

delivery  system  for  magnetic  resonance  imaging-monitoring

magnet-enhancing tumor chemotherapy .......cccccvvvveiie s 9
2.0, INEFOAUCTION ..t re e sae e beearne s 9
2.2. Methods and MaterialsS..........ccooveeiieiii i 12
2.2. 1. MALEIIAIS ......oovieiie e 12

vii

doi:10.6342/NTU201902917



2.2.2. Synthesis of HOOC-PEG-triethoxysilane (HOOC-PEG silane)........... 12

2.2.3. Synthesis of magnetite nanoparticles With 10 ...........cc.ccc it iieenen, 13
2.2.4. SYnthesis 0f SPIO-PEG...........cccccoeiiieieiie st 13
2.2.5. Synthesis 0f SPIO-PEG-D...........ccccooveiiiieiieie e 14
2.2.6. Analysis of particle Properties........cccocviveviereciieseere e 14
2.2.7. MRI analysis of nanoparticles in cancer cells ...........cccccoevvvevvciiinennnn, 15
2.2.8. Qualitative and quantitative studies of cellular uptake.......................... 16
2.2.9. Degradation test for free Dox and SPIO-PEG-D...........ccccccceveveieenen, 17
2.2.10. DNA interstrand CroSSlnK..........cccoeieiiiiineiiniciseseseeseseeenes 17
2.2.11. Cell MTT CYLOLOXICITY ..ocvveveeie et 17
2.2.12. In vivo MR image and detection of iron...........c.ccccceeviveiicii e, 18
2.2.13. In VIVO antitumor aCtiVILy ..........cccovveiiiiie e 19
2.2.14. Apoptosis detection for tumor cellS..........cccooveieiieiiiiciicc e, 20
. ReSUltS and diSCUSSION .......c..ciiiiiiieisieieeee s 20

2.3.1. Synthesis of HOOC-PEG-triethoxysilane (HOOC-PEG silane) and

thermal properties of nanoparticles ...........c.cccevevvievicic e, 20
2.3.2. Characterization of nanoparticles............cccooevvviveieeie i, 20
2.3.3. Qualification and quantification of SPIO-PEG-D............ccccceovevveennne, 21

2.3.4. Structural analysis and magnetic properties of SPIO-PEG and

SPIO-PEG-D ..t 22

2.3.5. REIAXIVILY ...eeciiiiie ettt 22

2.3.6. In vitro qualitative and quantitative studies of cellular uptake.............. 23

2.3.7. In vitro degradation and anticancer cell efficiency test............cccccc....... 24

2.3.8. In vivo MR imaging and detection of iron ...........cccceecvvveiieninieiennnnen, 25

2.3.9. In VIVO antitumOor STUAY.........ccoeriiiiiieieie e 26
viii

doi:10.6342/NTU201902917



2.4.

(010] o161 LT ES] (0] 0 FAVRUTRUUR U TR oo UURRRR 28

Chapter 3. (My study Part Il) Temperature/pH sensitive magnetic nanogel particles

3.1.

3.2.

3.3.

loaded with doxorubicin and conjugated with iIRGD for enhancing colon

cancer tumor chemotherapy and MR iMaging ........cccccovevvvieevvere e 43
INEFOTUCTION ... 43
Methods and MALErTalS. ........cceoviiiiiiiiee e 45
3.2, 1 IMALETTAIS ...t 45
3.2.2. Preparation of poly (ethylene glycol) di-acrylamide (PEGDA) ............ 46
3.2.3. Synthesis of magnetite nanoparticles with oleic acid (I0-OA)............. 46
3.2.4. Synthesis of magnetite nanoparticles with citric acid (I0-CA)............. 47

3.2.5. Synthesis of magnetic nanogel particles (MNP) and iRGD-conjugated
MNP (iMNP), and loaded with doxorubicin (MNP-D or iMNP-D) ...47

3.2.6. Characterizations of MNP-D and iMNP-D ...........cccccoviiiiiiiicicnn 48

3.2.7. IN VItro drug rel ase..........ccvevueeiueiieiiesie e 49

3.2.8. MRI analysis of cellular internalization of MNP-D, iMNP-D, and

FHIMINP-D s 49
3.2.9. Qualitative and quantitative studies of cellular uptake...........c.............. 50
3.2.10. Cell MTT CYLOLOXICITY ..oevveieveeiiie it 51
3.2.11. In vivo MR image and detection of iron............cccceeveeviiiic e, 51
3.2.12. In Vivo antitumor aCtiVILY .......ccoeevieiii i 52
3.2.13. In vivo DOX aCCumMUIBLION ......coeviiiiiiiicieceecce e 53
3.2.14. Apoptosis detection for tumor cells..........cocoovveiiiiiiii 54
ReSUlts and dISCUSSION ...........ciiiiieieieiei e 54

3.3.1. Characterization of poly(ethylene glycol) di-acrylamide and conjugation

FALIO OF TRGID ...ttt 54

doi:10.6342/NTU201902917



3.3.2. Characterization of MNP-D and iMNP-D...........cc.cccoiviviiiiiain e 54
3.3.3. IN VItro DOX FEIEASE ......vevveceieieeie et anra it 56
3.3.4. In vitro qualitative and quantitative studies of cellular uptake.............. 57

3.3.5. In vitro cytotoxicity of MNP-D and iMNP-D against HT-29 cancer cells

............................................................................................................. 58

3.3.6. In vivo MR imaging and detection of iron ...........cccccceeveveieieecncienn, 59

3.3.7. In Vivo antitumor aCtIVILY .........cccecveiieiicc e 60

3.3.8. Dox accumulation analysis for tUmors...........ccccoeveveeiv s 61

3.3.9. Apoptosis detection for tumor Cells..........ccovvevieiiiiiiicie e, 62

3.4, CONCIUSION ...ttt 62
Chapter 4. Summary and fUtUre WOIK.........ccccoeiiiiiic e 78
ACKNOWIEAGEMENT ...ttt sre e sreenre e 82
RETEIEINCES ...t 83

doi:10.6342/NTU201902917



List of Figures

Figure 1-1. Passive targeting drug delivery system was achieved by tumor vascular
endothelial gap and impaired lymphatic drainage of tumor tissue, thus
enhanced permeability of nanoparticle from endothelial gap into tumor tissue,
and enhanced retention in tumor tissue, so called enhanced permeability and
retention (EPR) effect. Active targeting drug delivery system with targeting
ligand on the nanoparticle surface, to bind a tumor-associated receptor and
facilitate the delivery of nanoparticles to the intracellular site by
receptor-mediated endocytosis (RME), enabling a greater antitumor
BT ICaACY ... 6

Figure 1-2. Magnetic-Targeted drug delivery systems are magnetic nanoparticles that
carry anticancer drug to the target tumor tissue by using an external magnet,
which can keep larger amount of anticancer drug at tumor site for longer time,
and prevent normal tissue from side effects of chemotherapy............ ....... 7

Figure 1-3. Multifunctional nanoparticles surface modifications with tumor-associated
targeting ligand may increases the binding affinity toward tumor cells by
receptor-mediated  endocytosis.  Multifunctional  nanoparticles  with
pH/thermosensitive moieties, can control releasing anticancer drug in tumor
cells, thus improving local tumor treatment effect and reducing drug induced
systemic side effects. Multifunctional nanoparticles with SPIO as imaging
probe, may use MRI as a diagnostic tool, and make theranostics
POSSIDIE. ... 8

Figure 2-1. SPIO nanoparticles conjugated with PEG and then doxorubicin under a
magnetic  field during tumor treatment.  Abbreviation:  SPIO,

X doi:10.6342/NTU201902917



superparamagnetic iron oxide; PEG, polyethylene glycol; SPI0-PEG-D, SPIO
with PEG conjugated with dOXOrubiCin. .........cccccevviviiieie i cnea 30
Figure 2-2. Synthetic route for HOOC-PEG silane. Abbreviation: PEG, polyethylene
GIYCOL. e s 31
Figure 2-3. Synthetic route for SPIO-PEG-D. Abbreviation: PEG, polyethylene glycol;
IO, oleic acid; PEG-SPION, PEG containing superparamagnetic iron oxide
nanoparticle; SPIO-PEG-D, SPIO with PEG conjugated with doxorubicin;
NHS, N-hydroxysulfosuccinimide; EDC,
1-ethyl-3-(3-(dimethylamino)-propyl) carbodiimide; Dox, doxorubicin......32
Figure 2-4. (A) 1H NMR spectra for HOOC-PEG silane. (B) TGA curves of the
SPIO-PEG were tested twice. Abbreviation: PEG, polyethylene glycol; TGA,
thermogravimetric analysis; SPIO-PEG, superparamagnetic iron oxide with
PE G, e 33
Figure 2-5. Particle size distribution and TEM images for (A and C) SPIO-PEG and (B
and D) SPIO-PEG-D. (E) Stability curves of SPIO-PEG-D over 12 months
(mean £ SD) (n=3). Abbreviation: TEM, transmission electron microscope;
SPIO-PEG, superparamagnetic iron oxide with polyethylene glycol;
SPIO-PEG-D, SPIO with PEG conjugated with doxorubicin; SD, standard
AEVIALION. ... 34
Figure 2-6. (A) FT-IR spectra for SPIO-PEG-D, Dox, and SPIO-PEG. (B) Quantity of
Dox conjugate with SPIO-PEG. Abbreviation: FT-IR, Fourier transform
infrared; SPIO-PEG-D, superparamagnetic iron oxide with polyethylene
glycol conjugated with doxorubicin; Dox, doxorubicin; SPIO-PEG, SPIO
with PEG; FD, free doXOrubiCin. .........cccoeiiiiiiiiiiiieiesec e 35
Figure 2-7. (A) X-ray powder diffraction pattern for SPIO-PEG-D, (B) variation of

X1 doi:10.6342/NTU201902917
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Chapter 1. Background & Objectives

1.1. Unmet need of cancer chemotherapy

Cancer is the most common cause of death in Taiwan, with 48,037 people killed in
2017, a record high and the top 10 causes of death in 36 years, according to data
released by Taiwan's Ministry of Health and Welfare. Therefore cancer therapy is
currently a major focus of study. However, conventional chemotherapeutic drugs are
distributed nonspecifically in the body where they affect both cancerous and healthy
cells, resulting in dose-related side effects and inadequate drug concentrations reaching
the tumor. In addition, the occurrence of resistance phenomena reduces the efficacy of

cancer treatment.

1.2. Cancer nanomedicine

Recent progress in cancer nanomedicine raises exciting opportunities for specific
drug delivery to overcome the lack of specificity of conventional chemotherapeutic
drugs [1,2,3,4]. Nanoparticles can increase the intracellular concentration of drugs in
cancer cells while minimizing toxicity in normal cells; thereby enhancing anticancer
effects and reducing systemic toxicity simultaneously. Furthermore, nanoparticles offer
the potential to overcome drug resistance by passing the P-glycoprotein efflux pump,
one of the main drug resistance mechanisms, leading to greater intracellular drug

accumulation.

1.3. Targeting drug delivery systems of nanomedicine

There are two types of targeting drug delivery systems as shown in figure 1-1,
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including passive targeting drug delivery system and active targeting drug delivery

system.

1.3.1. Passive targeting drug delivery system

In passive targeting drug delivery system, nanomedicine accumulates preferentially
in the neoplastic tissues as a result of the enhanced permeability and retention (EPR)
effect [3,5,6,7]. The EPR effect is based on the nanometer size range of nanomedicines
and two fundamental characteristics of neoplastic tissues such as the leaky vasculature
and impaired lymphatic drainage. Normal tissue vasculatures are lined by tight
endothelial cells, thereby preventing nanomedicines from escaping, however limitations
of passive-targeting drug delivery system still remain.

The EPR effect helps the extravasated nanodrugs accumulated in the tumor
interstitium, but it also induces the drug outflow from the cells as a result of a higher
osmotic pressure in the interstitium, which eventually leads to nanodrug redistribution
in some portions of the cancer tissue [8]. In addition, accumulation of the nanodrugs in
the tumor microenvironment may not always correlate with therapeutic efficacy since
internalization into the tumor cells is required for most anticancer drugs to exert their

biological functions.

1.3.2. Active targeting drug delivery system

Active targeting drug delivery systems usually incorporate a targeting moiety on
the nanoparticle surface to overcome the limitations of passive targeting drug delivery
systems. The targeting moiety is expected to bind a tumor-associated antibody or
receptor and facilitate the delivery of nanoparticles to the intracellular site of drug action,
enabling a greater therapeutic effect. Active targeting nanoparticles show greater

2
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intracellular drug delivery to cancer cells than passive targeting nanoparticles, resulting
in dramatically increased antitumor efficacy [9,10,11]. These findings suggest that the
primary role of the targeting moiety is to enhance cellular uptake into cancer cells and to

minimize cellular uptake for normal cells.

1.4. Magnetic nanoparticles

Magnetic nanoparticles are actively being developed due to their unique properties
responsive to magnetic fields, including magnetic hyperthermia and MRI contrast agents
[12,13,14,15]. The use of magnetic nanoparticles combined with therapeutic agents has
increased exponentially over the past decade [16,17]. Their intrinsic magnetic properties
enable these particles to be used in numerous medical applications, such as:

(1) Hyperthermia agents, where the magnetic particles are heated selectively by
application of a high frequency external magnetic field [18,19];

(2) Magnetic carriers that can be directed by a magnetic field gradient towards a
certain location [20,21];

(3) Tissue engineering [22,23,24];

(4) Magnetic contrast agents in magnetic resonance imaging (MRI) [25].

Magnetic-targeted drug delivery systems are magnetic nanoparticles that carry an
anticancer drug to the target site by using an external magnetic field or internal magnetic
field gradient.

A magnet applied from outside the body can direct the magnetic nanodrug to the
target site as shown in Figure 1-2. This can keep a larger amount of the anticancer drug
at the tumor site for a longer period of time and prevent normal tissues from the side
effects of chemotherapy [16].

The main requirements which the magnetic-targeted carrier should possess are the

3
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following:

(1) Biocompatibility to prevent toxicity, enhance cell survival and reduce inflammatory
responses;

(2) Biodegradability to improve clearance from the body;

(3) Capability to act as a drug carrier and exhibit controlled drug release;

(4) Structural stability to allow delivery of anticancer drugs after reaching target site;

(5) Stealth surface characteristics to prolong the circulation time, improve colloidal
stability, prevent agglomerations and reduce toxicity; and

(6) Reproducible sizes and shapes for clinical applications.

1.5. Control releasing (pH/temperature dually responsive systems)

The switching of release kinetics in nanocarriers of anticancer drugs, from a slow
rate during circulation to a fast rate at tumor sites, has been hypothesized to benefit
cancer chemotherapy [26]. It is believed that a slow release prior to the reaching of the
target tumor site reduces drug induced side effects, while a fast release in the tumor site
tends to improve tumor treatment [27,28,29]. Control releasing drug delivery systems
are responsive to a specific tumor signal, which is commonly a temperature- or
pH-sensitive release due to a higher temperature and/or a lower pH observed in cancer
tumor microenvironments.

A variety of approaches have been attempted, including the construction of
thermos-responsive polymeric micelle systems that respond to hyperthermic conditions
(42 °C) [30], and pH-sensitive systems that respond to endosomal pH via the cleavage
of pH labile chemical bonds [31]. Dually responsive systems are promising for

multifunctional systems. Particularly in therapeutic applications, they can act as drug
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carriers for intracellular delivery [32].

1.6. Multifunctional nanoparticles for targeted imaging and therapy

Multifunctional nanoparticles convey unique advantages for cancer-specific
targeted delivery of imaging and therapeutic agents [25]. Multifunctional nanoparticles
for combining SPIONSs and anticancer drug can make cancer theranostics possible using
MRI as a diagnostic tool and directing the magnetic carrier to a tumor by magnetic
gradient or external applied magnet with treating the tumor by magnetic hyperthermia
[33,34,35,36,37].

Figure 1-3 shows Surface modifications for multifunctional nanoparticles with
tumor-associated antibody or receptor may increase the binding affinity of particles
toward target cells by receptor-mediated endocytosis [38]. Multifunctional nanoparticles
with pH/temperature sensitive moiety can reduce drug induced systemic side effects and
improve local tumor treatment effect [27,28,29]. Surface modifications for
multifunctional nanoparticles may be easily introduced through conjugation with
targeting moieties such as antibodies, peptides, small molecules, or aptamers,

fluorescence dyes, genes, or drugs to provide multimodal functionalities [39,40,41].

1.7. Objectives

The aim of the first part is to develop a magnetic-targeted drug delivery system for
MRI diagnosis and for targeting and treating the tumor with a chemotherapy agent by
externally applied magnet.

The aim of the second part is to develop receptor-mediated active targeting drug

delivery system, with pH/temperature sensitive moieties, to target and control releasing
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a chemotherapy agent to the tumor. While, the chemotherapy agent was encapsulated in

nanogel particles to decrease the systemic side effect.

Passive and active targeting drug delivery system

Passive targeting drug delivery Active targeting drug delivery

#

@ Tumor tissue
Tumor tissue

Normal tissue Normal tissue

® Drug @ Nanoparticle K Targeting ligand L‘J Receptor

Figure 1-1. Passive targeting drug delivery system was achieved by tumor vascular
endothelial gap and impaired lymphatic drainage of tumor tissue, thus enhanced
permeability of nanoparticle from endothelial gap into tumor tissue, and enhanced
retention in tumor tissue, so called enhanced permeability and retention (EPR) effect.
Active targeting drug delivery system with targeting ligand on the nanoparticle surface,
to bind a tumor-associated receptor and facilitate the delivery of nanoparticles to the
intracellular site by receptor-mediated endocytosis (RME), enabling a greater antitumor

efficacy.
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Magnetic-targeted Drug carriers

Normal tissue

e Drug A Magnetic nanoparticle @ Magnetic-targeted Drug carriers

Figure 1-2. Magnetic-Targeted drug delivery systems are magnetic nanoparticles that
carry anticancer drug to the target tumor tissue by using an external magnet, which can
keep larger amount of anticancer drug at tumor site for longer time, and prevent normal

tissue from side effects of chemotherapy.
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Multifunctional nanoparticles for targeted imaging and therapy

|

N
// l \

® Drug @ Nanoparticle N Targeting ligand \ Imaging probe Stimulus-sensitive element

Figure 1-3. Multifunctional nanoparticles surface modifications with tumor-associated
targeting ligand may increases the binding affinity toward tumor cells by
receptor-mediated endocytosis. Multifunctional nanoparticles with pH/thermosensitive
moieties, can control releasing anticancer drug in tumor cells, thus improving local
tumor treatment effect and reducing drug induced systemic side effects. Multifunctional
nanoparticles with SPIO as imaging probe, may use MRI as a diagnostic tool, and make

theranostics possible.
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Chapter 2. (My study Part I)
Doxorubicin-eluting magnetic nanoparticles as a drug
delivery system for magnetic resonance imaging-monitoring

magnet-enhancing tumor chemotherapy

2.1. Introduction

Nanoparticles have been developed for their great potential application in drug
delivery systems and tumor diagnosis [42,43,44,45,46]. The development of
multifunctional nanoparticles for the delivery of both therapeutic and contrast agents to
cancer tumors would be possible for tumor theranostics [33,35,36]. In addition,
nanoparticles offer many functions, such as combining magnetic resonance imaging
(MRI) contrast agent, chemotherapeutics, and active targeting, in one nano-carrier,
representing a novel strategy in nanomedicine [47,48,49,50].

Doxorubicin (Dox) is one of the most effective anticancer drugs against many types
of cancer tumors. However, its clinical application is limited by its side effects and drug
resistance. Consequently, many new nanocarriers, such as polymeric nanoparticles
[51,52], are widely used to reduce the side effects of anticancer drugs and improve their
half-life in blood circulation. However, these systems cannot be controlled to release
drugs accurately. Therefore, it is important to combine the nano-carrier with a targeting
method to reduce the side effects of the anticancer drugs on healthy organs.

Superparamagnetic iron oxide (SPIO) nanoparticles possess specific magnetic
properties as being an effective contrast agent for MRI to increase the detection and

characterization of tumor lesions within the body. The magnetic property of
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Superparamagnetic iron oxide nanoparticles (SPIONs) can also be used as a
magnetically guided drug delivery method for a lesion-targeting system. Magnetic
nanoparticles are actively being developed based on their unique properties responsive
to magnetic fields, including magnetic hyperthermia and MRI contrast agent
[12,13,14,15]. Active targeting for superficial tumors can also be performed using
magnetic fields [53,54,55,56].

This strategy has been tested in patients with advanced stages of cancer [57,58].
Many targeting studies [59,60,61,62] were focused on the magnetic particles as drug
carriers, but the half-life of these particles is very short, restricting their use through the
systemic route. Magnetic vehicles are attractive for the targeting delivery of therapeutic
agents to specific locations in the body through the application of a magnetic field. The
magnetic localization of therapeutic agents results in a higher concentration of the
therapeutics at the target site and consequently reduces the side effects of systemic drug
administration. The first clinical cancer therapy trials in humans using magnetic
particles were reported and involved treatment of advanced solid liver cancer in 14
patients [62]. The results showed that the magnetic particles accumulated in the
magnetic target area and were nontoxic [62]. The targeting using magnetic drug
nanocarriers could provide a higher drug accumulation at tumor sites for cancer therapy
with a lower therapeutic dose [61,62].

Although SPIO is a well-known drug carrier, it has many disadvantages, such as
low water solubility and a lack of targeting ability. Therefore, it is important to combine
the nanocarrier with a targeting modality to reduce the side effects of chemotherapeutic
agents on normal organs. The biocompatibility of polymers, such as polyethylene glycol
(PEG), has been demonstrated both in vivo and in vitro, and such compounds have been
applied to tissue engineering. Imparting a stealth shielding on the surface of

10
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nanoparticles can prevent opsonization by the reticuloendothelial system (RES) cells
and then increase the circulation time from minutes to hours or days [63]. PEG
modification has emerged as a customary method to ensure stealth shielding and to
improve the circulation time of therapeutic agents or delivery devices. The hydrophilic
PEG can improve the biocompatibility of the delivery system because most of the
biological environment is hydrophilic, and biocompatibility appears to be correlated
with the degree of hydrophilicity exhibiting on the surface.

We developed multifunctional SPIONs consisting of a magnetic FesO4 core and a
shell of agueous stable PEG conjugated with Dox (SPIO-PEG-D) for tumor
MRI-monitoring chemotherapy. One of the major advantages for SPIO with PEG
(SPIO-PEG) as a drug carrier is that the degradation of Dox could be effectively reduced
by conjugating Dox on the surface of SPIO-PEG. The degree of freedom of Dox on
SPIO-PEG was limited to prevent its molecular distortion and hence increase its
half-life. In addition, SPIO-PEG-D could cause DNA crosslink more serious, resulting
in a lower DNA expression and a higher cancer cell apoptosis. Finally, the accumulation
of SPIO-PEG-D in cancer tumors could be enhanced by applying a magnetic field in the
tumor to increase the degree of DNA crosslink and to reduce the damage of normal
organs. This functionalized nanoparticle with high payload of Dox, high
superparamagnetic property, and high MRI relaxivity could not only be an effective
magnetic targeting carrier for anticancer drug but also be a great MRI contrast agent.
Figure 2-1 shows how the developed functionalized, magnetic nanoparticles can achieve
the objective of improving the drug transport to tumors.

Doxorubicin hydrochloride (Dox HCI) was obtained from Seedchem (Melbourne,
Australia). Succinic anhydride, 4-dimethylamino-pyridine, sodium hydroxide, PEG
(MW = 2,000 Da), 2-(N-morpholino) ethanesulfonic (MES) acid hydrate, thionyl

11
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chloride, triethylamine, 3-aminopropyl triethoxysilane,
1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide, and N-hydroxysulfosuccinimide
were purchased from Sigma-Aldrich (St Louis, MO, USA) and used as received. Iron(I11)

chloride (FeCls) 99% pure granulated and iron(ll) chloride tetrahydrate (FeCl>- 4H20)

were purchased from Merck (Whitehouse Station, NJ, USA). Oleic acid (lO),
dichloromethane, isopropyl ether, and toluene were purchased from Thermo Fisher

Scientific (Waltham, MA, USA).

2.2. Materials and Methods

2.2.1. Materials

Dox HCI was obtained from Seedchem (Melbourne, Australia). Succinic anhydride,
4-dimethylamino-pyridine,  sodium hydroxide, PEG (MW = 2,000 Da),
2-(N-morpholino)ethanesulfonic acid hydrate (MES), thionyl chloride, triethylamine,
3-aminopropyl triethoxysilane, 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide, and
N-hydroxysulfosuccinimide were purchased from Sigma-Aldrich (St Louis, MO, USA)
and used as received. Iron(lll) chloride (FeCls) 99% pure granulated and iron(ll)

chloride tetrahydrate (FeCl,- 4H.0O) were purchased from Merck (Whitehouse Station,

NJ, USA). Oleic acid (I0), dichloromethane, isopropyl ether, and toluene were

purchased from Thermo Fisher Scientific (Waltham, MA, USA).

2.2.2. Synthesis of HOOC-PEG-triethoxysilane (HOOC-PEG silane)
Fifty grams of PEG, 26 g of succinic anhydride, and 0.6 g of
4-dimethylamino-pyridine were dissolved in 150 mL of dichloromethane at 30°C and

stirred for 24 hours to form PEG-carboxylate. A 0.45 mL of thionyl chloride was added

12
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to the PEG-carboxylate solution at 30°C. Then, triethylamine was added to adjust the
solution pH to be ~5. A total of 1.5 mL of 3-aminopropyl triethoxysilane was added to
the solution mixture at 30°C, and the mixture was stirred for 10 hours. The
HOOC-PEG-triethoxysilane was crystallized with isopropyl ether and dried under

vacuum. The synthetic scheme of the HOOC-PEG silane is shown in Figure 2-2.

2.2.3. Synthesis of magnetite nanoparticles with 10

Ferric chloride (30 mmol) and ferrous chloride tetrahydrate (15 mmol) were
dissolved in 50 mL of water. One-normal sodium hydroxide solution was added to the
mixture solution until pH reached 12. Five milliliters of 10 were added to the dark
solution and formed a black precipitate. The precipitate was centrifuged at 6,000 rpm
for 10 minutes, washed with water, and isolated as black pellet. The pellet was
redispersed in water, and the pH of solution was adjusted to 4 using 6 N HCI. The
resulting mixture was centrifuged at 9,000 rpm for 30 minutes to collect dark precipitate
and dried under vacuum for 2 days. The dark solid was redispersed in toluene and
centrifuged at 9,000 rpm for 30 minutes to collect the supernatant. The supernatant was
filtered through 0.45 pm polytetrafluoroethylene filter and collected as an 10

nanoparticle suspension solution.

2.2.4. Synthesis of SPIO-PEG

Six grams of HOOC-PEG-triethoxysilane was added to the IO nanoparticle
solution and vigorously stirred for 1 day. The resultant HOOC-PEG-immobilized 10
nanoparticles were extracted with 2,000 mL of water, and the aqueous layers were
collected. The SPIO-PEG nanoparticles in aqueous solution were washed, purified, and

concentrated with ultrafiltration. The Fe concentration of the purified SPIO-PEG
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solution was determined by inductively coupled plasma spectroscopy. The SPIO-PEG
powder was obtained by lyophilization and was analyzed with thermogravimetric
analyzer (PerkinElmer Pyris 1; PerkinElmer, Waltham, MA, USA). The
thermogravimetric analyses were carried out with 5 mg of SPIO-PEG powder, and the

SPIO-PEG powder was heated from 25°C to 850°C at a heating rate of 10°C/min.

2.2.5. Synthesis of SPIO-PEG-D

Twenty-five milligrams of 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide and
28 mg of N-hydroxysulfosuccinimide were dissolved in 1.5 mL of 0.5 M MES, and then
0.2 mL of the solution was mixed with 0.2 mL of SPIO-PEG solution at 4°C and
sonicated for 30 minutes. After that, the aqueous solution was washed with 1 mL of 0.1
M MES buffer and then resuspended in 0.3 mL of MES. The resulting mixture was
mixed with 0.1 mL of Dox by vortexing for 6 hours at 4°C. The amino groups of Dox
reacted with active ester and resulted in covalent conjugation of Dox on the SPIO-PEG
surface. Finally, the solution was washed with water to remove unbound Dox and
dispersed in 0.3 mL of water. The binding capacity of Dox was analyzed using
high-performance liquid chromatography (HPLC), and the mobile phase was a 50/15/35
(v/viv) mixture of water, acetonitrile, and methanol with a flow rate of 1.5 mL/min. The

synthetic route for SPIO-PEG-D is shown in Figure 2-3.

2.2.6. Analysis of particle properties

The core particle size of SPIO-PEG and SP1O-PEG-D nanoparticles was analyzed
by a transmission electron microscope (TEM) (JEM-2010HR; JEOL, Tokyo, Japan).
The mean hydrodynamic diameter of SPIO-PEG and SPIO-PEG-D nanoparticles was
analyzed by dynamic laser light scattering (Malvern Zetasizer 3000HSA; Malvern
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Instruments, Malvern, UK) at a fixed angle of 90° and a temperature of 25°C. The zeta
potential of SPIO-PEG and SPIO-PEG-D nanoparticles was measured. using Zetasizer
Nano ZS (Malvern Instruments). The crystal lattice properties of nanoparticles were
detected by X-ray powder diffraction (Siemens D5000) with the monochromatized Cu K
radiation. The magnetic properties were measured with vibrating-sample magnetometer
(model 7300; Lakeshore, Westerville, OH, USA). The longitudinal (rl) and transverse
relaxivities (r2) of nanoparticles and the magnetic relaxation time (T1, T2) of particle
solutions were measured out on a 0.47 T 20 MHz Bruker Minispec (Bruker Medical
GmbH, Ettlingen, Germany). The nanoparticles were prepared by dilution to final Fe
concentrations ranging from 0.1 to 0.5 mM in water. The rl and r, relaxivities were
calculated from the slope of 1/T1 and 1/T> plotted against the Fe concentration. A liquid
sample of stock solution was used for the Fourier transform infrared spectroscopy

analysis (TENSOR Model 27; Bruker Medical GmbH).

2.2.7. MRI analysis of nanoparticles in cancer cells

HT-29 human colon carcinoma cells (Bioresource Collection and Research Center,
Taiwan) were grown in astrocyte medium. The human colon cancer cell HT-29 is an
established cell line and contained no identity of the patient. Our study was not
considered human subject research and did not require ethical approval from the
Institutional Research Board. The cells were cultured in standard conditions (at 37°C
with 5% CO- in a humidified incubator) and subcultured after reaching 80% confluence.
HT-29 cancer cells were grown in 175 cm? culture flasks at a density of 1x10° cells per
mL, and the cell internalization of nanoparticles was measured with MRI. The
experiments consisted of two groups: one treated with SPIO-PEG-D alone and the other
treated with SPIO-PEG-D with a 0.4 T magnet attached to the plate bottom. The
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SPIO-PEG-D solution was added to each well at a concentration of 50 pug Fe/mL. After
incubation for 3, 6, or 24 hours, the medium was removed, and the plates were washed
four times with phosphate-buffered saline (PBS) buffer and then suspended in 300 pL of
0.5% agarose gel. Finally, the samples were transferred to a 96-well plate, and MRI was
performed on a 3.0 T MRI scanner (MAGNETOM Trio, A Tim System 3T; Siemens,

Munich, Germany).

2.2.8. Qualitative and quantitative studies of cellular uptake

Prussian blue iron staining was used to visualize the cellular uptake of
SPIO-PEG-D. The experiment consisted of two groups: one treated with SPIO-PEG-D
alone and the other treated with SPIO-PEG-D with a 0.4 T magnet attached to the plate
bottom. HT-29 cancer cells were seeded in a six-well chamber slide (1x10° per well)
and incubated with Dulbecco’s Modified Eagle’s Medium and 5% fetal calf serum
containing SPIO-PEG-D at a concentration of 40 ug Fe/mL for 24 hours. Then, the cells
were washed with PBS buffer solution and fixed with 3% paraformaldehyde for 20
minutes. To analyze Prussian blue staining, cells were washed with PBS and incubated
with 2% potassium ferrocyanide in 6% HCI. After that, the cells were washed with PBS
buffer and then observed under an inverted microscope. To quantitatively determine the
cellular uptake, HT-29 cancer cells were seeded in 24-well plates (1x10° per well) for
24 hours. The SPIO-PEG-D solution was added separately to each well at a
concentration of 100 ug Fe/mL. After incubation for 0.5, 1, 3, 5, or 24 hours, the
medium was removed, and the plates were washed with PBS buffer solution. Then, the
cells were trypsinized and counted using a hemocytometer. The cell suspension was
centrifuged at 2,000 rpm for 5 minutes to form cell pellets, and then 2 mL of
hydrochloric acid was added to each pellet. After that, the mixture solution was heated
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to 80°C for 5 minutes and diluted with water. Finally, all samples were analyzed using

inductively coupled plasma mass spectrometer (Agilent ICP-MS 7500).

2.2.9. Degradation test for free Dox and SPIO-PEG-D

The mobile phase was a 50/50 (v/v) mixture of acetonitrile and mixture solution
containing sodium lauryl sulfate (10 g), 80% phosphoric acid (2.5 mL), and water
(1,000 mL) with a flow rate of 1.0 mL/min. The ultraviolet (UV) detection was
performed at 298 nm, and the internal standard was a 50 mg/mL of papaverini
hydrochloridum solution. The degradation of free Dox (FD) and SPIO-PEG-D was

analyzed for a period of 114 hours at 37°C.

2.2.10. DNA interstrand crosslink

The ethidium bromide fluorescence assay was used to analyze the degree of DNA
interstrand crosslink for HT-29 cells to assess the cytotoxic effects of Dox. The cells
were exposed to 1-7 uM of FD or SPIO-PEG-D and incubated for 24 hours. Then,
1x10° cells were collected by centrifugation at 5,000 rpm for 10 minutes at 5°C. Forty
milliliters of the cell suspension was incubated for 20 minutes at 4°C with 200 mL of
lysis buffer. Then, the cell pellets were separated by centrifugation at 5,000 rpm for 10
minutes and incubated with 30 mL of heparin for 30 minutes at 37°C. After that, 1 mL
of ethidium bromide solution was added in the mixture, and the mixture was heated for
10 minutes at 100°C. Finally, the mixture was cooled in an ice bath for 10 minutes, and
fluorescence of all samples was measured with excitation and emission wavelengths of

525 and 580 nm, respectively.

2.2.11. Cell MTT cytotoxicity
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MTT cytotoxicity test was used to analyze the cytotoxic effect of SPIO-PEG-D
nanoparticles on cancer cells. HT-29 cells were seeded on a 96-well plate at a density of
1x10° cells/well in 100 pL of Dulbecco’s Modified Eagle’s Medium containing 5%
fetal calf serum for 24 hours. The concentration range of Dox was from 1 to 10 uM.
Cells incubated without any drug were used as the blank control group. The experiments
consisted of three groups: FD, SPIO-PEG-D alone, and SPIO-PEG-D with a 0.4 T
magnetic field. After treatment, the cells were incubated for 5 hours, and 5 mg/mL of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide was added (20 pL/well)
and incubated for 5 hours. The HT-29 cancer cells were then lysed with
dimethylsulfoxide (100 pL) and placed in the incubator at 37°C overnight. The
absorbance values of lysed cells were detected by a microplate reader (model 680;

Bio-Rad Laboratories Inc., Hercules, CA, USA) at a wavelength of 490 nm.

2.2.12. In vivo MR image and detection of iron

Male Sprague Dawley rats (180-190 g) were obtained from the National
Laboratory Animal Center (Taiwan). All experimental protocols were approved by the
Institutional Animal Care and Use Committee of the College of Medicine, National
Taiwan University. The rats were housed with a 12-hour light/dark cycle and allowed
free access to water and standard diet. CT-26 cancer cells were transplanted
subcutaneously into the right and left thigh of the rats (6x106 cells/0.1 mL). Sixteen
tumor-bearing rats were randomly divided into two groups (12 and 24 hours) for the in
vivo MR image experiment. Seven days later, sixteen rats were intravenously injected
with SPIO-PEG-D nanoparticles (18 mg Fe/kg) and then with a 0.4 T magnet secured to
the left thigh for 12 or 24 hours. The rats were assessed longitudinally by MR image
after treatment to determine the tumor size. The MR images were acquired on a 3 T
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scanner (Trio with Tim; Siemens) and quantified using T»-weighted images with the
following parameters: repetition time =4,230 ms, echo time =96 ms, slice thickness =1
mm, field of view 48x75 mm, bandwidth 260 Hz/px, resolution =164x256, averages =2,
and total scan time =1 minute 37 seconds. After that, male rats bearing tumor were
treated with SPIO-PEG-D or SPIO-PEG-D wunder a 0.4 T magnetic field
(SPIO-PEG-D/MF) at a dose of 18 mg/kg Dox. The animals were perfused with saline
and 4% paraformaldehyde at 24 hours after the SPIO-PEG-D administration. Tumors
were extracted and immersed in the same fixative solution for 4 hours. Before analysis,
the tumor tissue was embedded in Tissue-Tek optimum cutting temperature compound
(Thermo Fischer Scientific, Waltham, MA, USA) on a specimen disk and cryo-frozen
immediately in liquid nitrogen. Subsequently, the tumor tissue was sectioned into 20 um
thick slices with microtome (Cryostat, Leica CM3050s; Leica Biosystems, Wetzlar,
Germany). The tumor tissue slices were dried on the gelatin-coated microscopic slides.
The slides were rinsed three times and mounted using the Dako Fluorescence Mounting
Medium (Dako, Glostrup, Denmark). The tumor tissue sections were imaged under
Olympus FV1000 confocal microscope (Olympus, Tokyo, Japan). After that, the tumor
tissues were fixed in 10% neutral buffered formalin, processed, and embedded with
paraffin for detection of iron expression by Prussian blue staining. The tumor tissues
were fixed in phosphate buffer containing 25 mg/mL glutaraldehyde, postfixed in 10
mg/mL osmium tetroxide, dehydrated in alcohol, and embedded for cellular uptake
analysis. Finally, the sections were stained with uranyl acetate and lead citrate and then

examined using a TEM.

2.2.13. In vivo antitumor activity

Female BALB/c nude mice (30+2 g) were obtained from the National Laboratory
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Animal Center (Taiwan). HT-29 cancer cells were transplanted subcutaneously into the
abdomen of mice (1x10° cells/0.1 mL). Seven days later (size of tumor: ~60 mm?®), the
experiments were executed for three groups (n=4 for each group):. one group
intravenously injected with FD (2.5 mg Dox/kg), another group injected with
SPIO-PEG-D nanoparticles (2.5 mg Dox/kg) alone, and the other group injected at the
same dose of SPIO-PEG-D and a 0.4 T magnet secured to the hypodermic tumor for 24
hours. The administration was carried out seven times with a 3-day interval for each
mouse. The tumor size was calculated by the formula axb?/2, with a and b being the

longest and shortest diameter, respectively.

2.2.14. Apoptosis detection for tumor cells

The treated mice were sacrificed for apoptosis detection on day 40 after tumor
implantation. After sacrifice, the mice were perfused using transcardiac method with
10% neutral buffered formalin. Tumor, heart, kidney, and liver tissues were collected
and fixed with 10% neutral buffered formalin for at least 48 hours. The apoptotic cells
in tissues were detected with terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assays using an in situ cell death detection kit and observed using

Olympus FV1000 confocal microscope (Olympus).

2.3. Results and discussion
2.3.1. Synthesis of HOOC-PEG-triethoxysilane (HOOC-PEG silane) and thermal
properties of nanoparticles

HOOC-PEG silane was analyzed by 1H NMR spectroscopy using a 400 MHz

Bruker spectrometer (AVANCE model; Bruker) at 25°C, and the result is shown in
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Figure 2-4A. 1H NMR (CDCls, & in ppm): 4.05 (brm, CH,CH,OCO-), 3.77
(quart, —SIOCH2CH3s-), 3.46 (brm, —-CH>CH>0-), 3.24 (brm, -NHCH2CH>CH.Si-),
180 (brm, —NHCH:CH:CH:Si-), 115  (trip, = —-SiOCH.CHs3-),  0.55
(brm, -NHCH>CH2CH.Si-). Figure 2-4B shows the dynamic thermogravimetric curves
of SPIO-PEG nanoparticles. The initial 5% of total weight loss was due to the residual
water. The 75% of total weight loss between 250°C and 450°C was attributed to the
thermal degradation of PEG coated on the SPIO surface. The 20% of residual weight

after 750°C was counted as the iron oxide.

2.3.2. Characterization of nanoparticles

Figure 2-5 shows the particle size of SPIO-PEG and SPIO-PEG-D nanoparticles. The
TEM images displayed the core particle size and morphology for both SPIO-PEG and
SPIO-PEG-D nanoparticles. The size of core particles is ~6-10 nm on average for both
SPIO-PEG and SPIO-PEG-D nanoparticles, and the high-resolution TEM micrograph
showed that the core particles of both SPIO-PEG and SPIO-PEG-D were spherical in
shape. The hydrodynamic diameter indicated that the average particle size was ~70 and
85 nm for SPIO-PEG and SPIO-PEG-D, respectively. The discrepancy of the measured
particle sizes between dynamic laser light scattering and TEM is a hydrophilic PEG
layer conjugated on the surface of nanoparticles. The PEG layer increases the
hydrodynamic diameter due to the flexibility of the PEG backbone [64,65,66]. Table 2-1
shows the characterization of SPIO-PEG and SPIO-PEG-D. The hydrodynamic diameter
was 70+2.3 and 85+3.1 nm, and polydispersity index was 0.213+0.03 and 0.242+0.05
for SPIO-PEG and SPIO-PEG-D, respectively. The zeta potential of SPIO-PEG in water
was —14.2+0.4 mV, and it increased to —1.8+0.21 mV when Dox was conjugated with
SPIO-PEG. SPIO-PEG-D is stable in water for a period of 12 months (Figure 2-5E), and
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the SPIO-PEG-D particles did not aggregate and change the particle size, and such

stability is desirable for use in biological applications.

2.3.3. Quialification and quantification of SPIO-PEG-D

The characteristic absorption peaks of SPIO-PEG, Dox, and SPIO-PEG-D were
confirmed by Fourier transform infrared spectroscopy analysis (Figure 2-6A). The O—H
(3,405 cm™) and C=0 (1,652 cm™) peaks are from COOH of SPIO-PEG. The N-H
bond and C—-O bond from Dox appear at 1,553 and 1,645 cm™2, respectively. The bands
at 3,427 and 3,251 cm* are attributed to NH- stretching band on Dox. The characteristic
absorption peaks of SPIO-PEG-D showed C=O bonds at 1,692 cm™, and C-N
stretching band from amide bond appears at 1,403 cm™. The peak at 3,430 cm™ is
attributed to N-H stretching band from amide bond. This result indicated the amide
bond formation between the carboxyl groups of SPIO-PEG and the amino groups of
Dox. The HPLC measurement showed that the amount of Dox conjugated with
SPIO-PEG-D increased as the amount of Dox added increased and reached a saturating

concentration of 520 ug Dox/mg SPIO-PEG-D (Figure 2-6B).

2.3.4. Structural analysis and magnetic properties of SPIO-PEG and SPIO-PEG-D

In Figure 2-7A, the X-ray diffraction of SPIO-PEG-D nanoparticles shows
detectable peaks at 30.2°, 35.7°, 43.7°, 54.8°, 57.5°, and 63.1°. These peaks are similar
to the characteristics of FesO4 nanoparticles [67]. The magnetic properties of SPIO-PEG
and SPIO-PEG-D were evaluated by vibrating sample magnetometer and are shown in
Figure 2-7B and C. The saturation magnetization value for SPIO-PEG and SP10-PEG-D
was 75 and 63 emu/g, respectively. The decrease of magnetization value for

SPIO-PEG-D, as compared to SPIO-PEG, occurred due to the proportional decrease of
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Fe3O4 in the same mass of SPIO-PEG-D. The shape of the hysteresis curves for
SPIO-PEG and SPIO-PEG-D was tight together with no significant hysteresis loss,

which is expected as the behavior of superparamagnetism [68].

2.3.5. Relaxivity

The longitudinal and transverse relaxation times (Ti1, T2) for SPIO-PEG and
SPIO-PEG-D solutions were detected with a 0.47 T, 20 MHz magnetic relaxometer. The
magnetic relaxivities (r1, r2) were calculated as the slope of 1/T1 and 1/T, versus five
different iron concentrations, respectively, as shown in Figure 2-8. There is no
significant difference in r: between these two nanoparticles. The r» value of
SPIO-PEG-D nanoparticles was smaller than that of SPIO-PEG, as a result of the
conjugation of Dox that covers the SPIO surface and then reduces the paramagnetic
effect. The result was shown in the r2 and r; measurements; the r2/ry ratio is 9 and 12 for
SPIO-PEG-D and SPIO-PEG, respectively. The ro/ry ratios for both SPIO-PEG-D and
SPIO-PEG were higher than Resovist® (a commercial iron oxide nanoparticle with an
r/ry ratio ~7), indicating that both SP10-PEG-D and SPIO-PEG are more effective than

Resovist® as a T contrast agent.

2.3.6. In vitro qualitative and quantitative studies of cellular uptake

MRI and cell viability were used to evaluate the potential of SPIO-PEG-D as an
MR contrast agent and as an agent for magnetic-targeting chemotherapy. HT-26 cells
were first incubated with SPIO-PEG-D or SPIO-PEG-D/MF for 3, 6, and 24 hours.
Figure 2-9A shows the T>-weighted MR images of HT-29 cells after incubation. The
rapid and effective magnetic targeting leads to distinguishably darkened MR images for
the SPIO-PEG-D/MF group, as compared to the SPIO-PEG-D group, at a concentration
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of 50 pg Fe/mL. The result also indicated that there was a significantly higher cellular
uptake for the SPIO-PEG-D/MF group than the SPIO-PEG-D group, and this
multifunctional drug carrier could enhance the MR sensitivity to produce a better
monitoring and chemotherapy with an application of magnetic field.

Prussian blue staining studies were performed to evaluate the uptake of
SPIO-PEG-D by HT-29 cancer cells, and the results are shown in Figure 2-9B. The
figure indicates that the SPIO-PEG-D/MF group had an enhanced cellular uptake of
nanoparticles, shown as a higher Fe concentration, than the SPIO-PEG-D group. The
results of iron concentration inside the cancer cells are shown in Figure 2-9C. The
SPIO-PEG-D/MF group displayed a significantly higher cellular uptake of nanoparticles
by HT-29 cells than the SPIO-PEG-D group. This is because a higher accumulation of
SPIO-PEG-D in the region of HT-29 cells increases the cellular internalization when the
system is exposed to a magnetic field. This result demonstrated that the application of a
magnetic field can positively affect the efficiency of cellular uptake for SPIO-PEG-D

nanoparticles.

2.3.7. In vitro degradation and anticancer cell efficiency test

To determine the thermal stability of Dox conjugated to SPIO-PEG, we performed
degradation analysis using HPLC. The time required for the drug degradation to be 50%
of its original activity was ~68 and 96 hours for FD and SPIO-PEG-D, respectively, as
shown in Figure 2-10A. The degree of Dox degradation increased for a longer
incubation time at 37°C, resulting in a lower ability of crosslinking DNA. Degradation
could be reduced when Dox was conjugated on the SPIO-PEG surface. The degree of
freedom for Dox on SPIO-PEG was limited to significantly prevent it from molecular
degradation, and therefore, its half-life of drug degradation was prolonged ~28 hours.
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DNA expression and cytotoxicity effect are related to the degree of DNA
interstrand crosslink. The occurrence of interstrand crosslink was 31.3% after the
treatment of FD with 7 uM for 24 hours, while it increased to 45.2% (1.4-fold) for
SPIO-PEG-D with the same conditions (Figure 2-10B). The higher degree of interstrand
crosslink was correlated to an increased cytotoxicity reducing DNA expression.

The cytotoxicity of FD, SPIO-PEG-D, and SPIO-PEG-D/MF to HT-29 cells was
determined using the MTT assay. Figure 2-10C shows that both SPIO-PEG-D and
SPIO-PEG-D/MF were toxic to HT-29 cells in a dose-dependent manner. The 1C50 was
5.7 and 3.6 uM for SPIO-PEG-D and SPIO-PEG-D/MF, respectively. The IC50 value
was significantly reduced to 3.6 uM for the SPIO-PEG-D/MF group, presumably
because more SPIO-PEG-D were driven to the cells when a 0.4 T magnetic field was
applied to enhance the local drug concentration. The IC50 of FD was 6.5 uM, higher
than that of SPIO-PEG-D (5.7 uM), probably because SPIO-PEG-D could cause a more
serious DNA crosslink than FD, resulting in a lower DNA expression and promoting

apoptosis [69].

2.3.8. In vivo MR imaging and detection of iron

The short-term distribution of SPIO-PEG-D in mouse tumor tissues was assessed
by T.-weighted MR image before and after an injection of 18 mg Fe/kg, as shown in
Figure 2-11A and B. Signal intensity in tumor decreased significantly after the injection
of SPIO-PEG-D, indicating that the iron deposition in the tumor was locally increased.
The in vivo MR image study also showed that the To-weighted signal of the
SPIO-PEG-D/MF group was stronger than the SPIO-PEG-D group, indicating a better
SPIO-PEG-D deposition in the tumor when a magnet was applied. The result
demonstrated that a local magnetic field could help SPIO-PEG-D target the tumor and
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have a better retention over time. To validate the existence of SPIO-PEG-D in tumor
tissues, microscopic images of Prussian blue-stained tissue slices were acquired, and the
images revealed the presence of iron as shown in Figure 2-11C. The Prussian blue
staining displayed that the SPIO-PEG-D/MF group had a much higher iron density in
tumor tissues than the SPIO-PEG-D group. Figure 2-11C also shows confocal laser
scanning microscopic images of Dox in tumor tissues after treatment with SPIO-PEG-D
at 24 hours. In Figure 2-11C, the signals of red fluorescence present in the coronal plane
of tumor tissue sections correspond to Dox. The confocal images showed that the
SPIO-PEG-D/MF group had a much higher Dox accumulation in tumor tissues than the
SPIO-PEG-D group. The spatial distributions of Dox and iron oxide nanoparticles in
tumors may be able to provide the information of the dissociation of Dox from
SPIO-PEG-D in tumor tissues. The results show that there is a mismatch distribution for
Dox and iron depositions in tumor sections. This mismatch is probably able to indicate
the dissociation of Dox from SPIO-PEG-D in tumor tissues. The TEM image of selected
areas showed the internalized SPIO-PEG-D in tumor cells by endocytosis, as shown in
Figure 2-11D. Prussian blue staining and TEM images of tumor slices demonstrated that

SPIO-PEG-D was guided to and retained in the tumor by applying a magnetic field.

2.3.9. In vivo antitumor study

Figure 2-12A shows the in vivo antitumor efficiency of FD, SPIO-PEG-D, and
SPIO-PEG-D/MF for the tumor-bearing mice. From day 7 after tumors were implanted,
FD or SPIO-PEG-D solution was administered at a dose of 2.5 mg Dox/kg, seven times
with a 3-day interval. The experimental results displayed that there were 992% and
455% of tumor volume change on day 52 for the SPIO-PEG-D and SPIO-PEG-D/MF
groups, respectively. The significantly better inhibition of tumor growth for
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SPIO-PEG-D/MF can be attributed to the application of a magnetic field in the
peritumoral region, enhancing the local concentration of SPIO-PEG-D [69]. The tumor
volume change for the FD group on day 40 was larger than the SPIO-PEG-D group,
probably due to the Dox stability on SPIO-PEG. The increased stability could maintain
activity of Dox to have interaction with topoisomerase Il to form DNA-cleavable
complexes and produce cytocidal activity, and this prolonged stability could be crucial
to extending the therapeutic effect in vivo [70]. Notably, the body weight of mice
decreased significantly during the treatment period for the SPIO-PEG-D group as shown
in Figure 2-12B, while there was no significant change for the SPIO-PEG-D/MF group.
The results demonstrated that SPIO-PEG-D/MF can enhance the tumor treatment and
reduce the drug toxicity to provide a safer nanodrug delivery.

Figure 2-12C shows the cell apoptosis of tumor, heart, and liver tissues on day 40
after HT-29 tumor implantation, obtained from the TUNEL analysis of tissue sections
from the tumor-bearing mice treated with different therapeutics. There was a
significantly greater amount of apoptotic cancer cells observed in the SPIO-PEG-D/MF
group than in the SPIO-PEG-D group. This is because a higher deposition of
SPIO-PEG-D in the tumor region can increase the cell-killing efficacy of Dox when the
tumor is exposed to a magnetic field. Figure 2-12A and C confirms that the
magnetization of SPIO-PEG-D was an important factor for the enhancement of
chemotherapy under the application of a magnet. The images of apoptotic tissues
showed that the highest amount of apoptosis in heart was for the FD group and the
highest amount of apoptosis in liver was for the SPIO-PEG-D group, while the TUNEL
images of tissues showed that the lowest amount of apoptosis in heart and liver tissues
was for the SPIO-PEG-D/MF group, suggesting that this combined system could reduce
both cardiotoxicity and hepatotoxicity. SPIONs have been used as a liver-specific MRI

27

doi:10.6342/NTU201902917



contrast agent for detecting hepatocellular carcinoma [71,72]. This technique relies on
the ability of kupffer cells to uptake SPIONs. These particles (30-200 nm) were
phagocytized by macrophages of the RES, accumulating in normal liver, spleen, and
lymph nodes [73]. In the liver, these particles are sequestered by phagocytic Kupffer
cells in normal RES [73]. In our studies, because the particle size of SPIO-PEG-D is
~85 nm, SPIO-PEG-D was easily phagocytized by macrophages of the RES and
accumulated in normal liver and spleen. The highest accumulation of SPIO-PEG-D
caused the highest amount of apoptosis in liver, and the lowest accumulation of
SPIO-PEG-D/MF in liver tissues could cause the lowest amount of apoptosis. Therefore,
a constant strength of magnetic field could be used to guide a significant quantity of
SPIO-PEG-D to tumor region to increase the local drug concentration and to reduce the
side effects.

Additionally, there are two primary routes of clearance of nanoparticles from body.
One is the renal filtration with excretion into urine and the other is hepatobiliary (HB)
processing with excretion into bile. Clearance of nanoparticles is determined by many
factors, including particle size/shape, surface ligand, and surface charge density. Larger
particles (>30 nm) are more easily trapped by liver and the RES. Lee et al [74] showed
that there was no significant signal change in kidney for SPIONs (>30 nm), indicating
that most intravenously injected SPIONs (>30 nm) are captured by liver and spleen, and
the elimination of SPION by kidney is limited. Zhang et al [75] also demonstrated that
the injected SPIONs with size of 86 nm cannot be metabolized through glomerular
filtration. In their studies, the clearance route of 86 nm SPIONs was mainly HB
processing with excretion into bile over a period of 14 days. Since SPIO-PEG-D is ~85
nm in our studies, SPIO-PEG-D is probably eliminated via HB processing with
excretion into bile.
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2.4. Conclusion

In summary, COOH-PEG-triethoxysilane was synthesized, conjugated to the
surface of SPIONs to form PEG-bound magnetic nanoparticles (SPIO-PEG), and then
Dox was conjugated onto the SPIO-PEG surface to produce SPIO-PEG-D, a
multifunctional magnetic nanoparticle. By applying a magnetic field, SPIO-PEG-D
could be concentrated in the tumor region to increase the intratumoral concentration of
Dox and reduce the drug toxicity for normal organs. Furthermore, the in vivo MRI study
showed that there was a better signal contrast enhancement for SPIO-PEG obtained with
applying a magnetic field. This multifunctional magnetic nanoparticle with high loading
of drug, superparamagnetic property, and high magnetic relaxivities could become not
only an effective delivery system for chemotherapeutic agents but also a great contrast
agent for MR imaging. Magnetic enhancement delivery of SPIO-PEG-D was a
promising targeting technique that could provide more effective cancer treatment and

reduce potential side effects of drug.
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Figure 2-1. SP10 nanoparticles conjugated with PEG and then doxorubicin under a

magnetic field during tumor treatment. Abbreviation: SP1O, superparamagnetic iron
oxide; PEG, polyethylene glycol; SPIO-PEG-D, SPIO with PEG conjugated with

doxorubicin.
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Figure 2-6. (A) FT-IR spectra for SPIO-PEG-D, Dox, and SPIO-PEG. (B) Quantity of
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Figure 2-7. (A) X-ray powder diffraction pattern for SPIO-PEG-D, (B) variation of
magnetization for SPIO-PEG, and (C) for SPIO-PEG-D as a function of applied
magnetic field. Abbreviation: SPIO-PEG-D, superparamagnetic iron oxide with

polyethylene glycol conjugated with doxorubicin; SPIO-PEG, SPIO with PEG.
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Figure 2-8. Relaxation response for (A and C) SPIO-PEG-D and (B and D) SPIO-PEG.
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Figure 2-9. Cellular uptake of SPIO-PEG-D with or without magnetic field.

Notes: (A) T2-weighted MR phantom images of HT-29 cells after incubation with
SPIO-PEG-D or SPIO-PEG-D/MF for 3, 6, or 24 hours and (B) Prussian blue staining
images of HT-29 cells after 24-hour treatment with SPIO-PEG-D and SP10-PEG/MF.
(C) The iron uptake in HT-29 cells treated with 100 ug Fe/mL of SPION-PEG-D after
treatment with SPIO-PEG-D and SPIO-PEG/MF at different incubation time (mean
SD) (n=5). **P<0.01. Abbreviation: MR, magnetic resonance; SPIO-PEG-D,
superparamagnetic iron oxide with polyethylene glycol conjugated with doxorubicin;
SP10-PEG-D/MF, SPIO-PEG-D under magnetic field; SPIO-PEG/MF, SPIO-PEG
under magnetic field; SPION-PEG-D, SPIO nanoparticle with PEG conjugated with

doxorubicin; SD, standard deviation; SPION-PEG-D/MF, SPION-PEG-D under

magnetic field.

doi:10.6342/NTU201902917



Stability (%)
a

e

* “ . - SPI0PEGD |
22, ' B —
+ €
™~
$ L
-
b o .
i a

:

D 2 4 B B 1024 34 44 54 54 T4 B4 92104 114

Time (hours)

DNA interstrand

- SPOPEG.D
- SPIOFEG-OMF |
| -

Gc . —_———
< | = FD
£ st - SPIOPEGD )
§ a0 b j :
-
£ A
= d ! {/
£ 20t /*/ e
@ ; 7
o A I//

10 1
5 =

I 4 " A A

0 2 3 4 5  § 7
Dox (uM)

e

.

80t
2
8 sof
3
>
z W
Q

20}

g z 3 3 3
Dox (uM)

Figure 2-10. (A) Degradation curves of FD and SPIO-PEG-D over 114 hours. (B) DNA

interstrand crosslinking in HT-29 cells after treatment with FD or SPIO-PEG-D for 24

hours. (C) Viability of HT-29 cells after incubation with FD, SPIO-PEG-D, or

SPIO-PEG-D/MF (mean = SD) (n=5). Abbreviation: FD, free doxorubicin;

SPIO-PEG-D, superparamagnetic iron oxide with polyethylene glycol conjugated with

doxorubicin; SPI0O-PEG-D/MF, SPIO-PEG-D under magnetic field; SD, standard

deviation.
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Figure 2-11. In vivo MR imaging and detection of SPIO-PEG-D.

Note: (A) T2-weighted MR images before and after treatment with SPIO-PEG-D (green
arrows) or SPIO-PEG-D/MF (red arrows) and (B) MR signal intensity in mouse tumors
(mean = SD) (n=8). (C) Confocal laser scanning microscopic images of Dox in tumor
tissues and microscope images of Prussian blue dye-stained tumor tissues after
treatment with SPIO-PEG-D and SPIO-PEG-D/MF at 24 hours. Circled regions show
the deposition of SPIO-PEG-D. (D) TEM image of tumor tissues after treatment with
SPIO-PEG-D/MF. Black arrow indicates SPIO-PEG-D deposition. Abbreviation: MR,
magnetic resonance; SPIO-PEG-D, superparamagnetic iron oxide with polyethylene
glycol conjugated with doxorubicin; SPIO-PEG-D/MF, SPIO-PEG-D under magnetic
field; SD, standard deviation; Dox, doxorubicin; TEM, transmission electron

microscope.
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Figure 2-12. Tumor growth inhibition test of sc HT-29 xenografts in BALB/c nude
mice.

Note: (A) Mice were IV injected with SPIO-PEG-D at a dose of 2.5 mg/kg Dox. The
administration was carried out seven times with a 3-day interval (arrows: treatment
days). (B) Body weight changes of the tumor-bearing mice. (C) TUNEL analysis of
different tissue sections from the tumor-bearing mice treated with different therapeutics
at a dose of 2.5 mg/kg Dox on day 40 after HT-29 cell implantation. The administration
was carried out seven times with a 3-day interval. Green: apoptotic cells show green
fluorescence (mean = SD [n=4]. *P<0.05 and **P<0.01). Abbreviation: sc,
subcutaneous; 1V, intravenous; SPIO-PEG-D, superparamagnetic iron oxide with
polyethylene glycol conjugated with doxorubicin; Dox, doxorubicin; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labeling; SD, standard deviation; FD, free

doxorubicin; SPIO-PEG-D/MF, SPIO-PEG-D under magnetic field.
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Table 2-1

Characterization of SPIO-PEG and SPIO-PEG-D (n=3)

m Hydrodynamic diameter (nm) | Polydispersity index Zeta potential (mV)

SPIO-PEG 70£2.3 0.213%0.03 -14.210.4

SPIO-PEG-D 8513.1 0.24210.05 -1.8%0.2

SPIO-PEG: superparamagnetic iron oxide with polyethylene glycol.

SPIO-PEG-D: SPIO with PEG conjugated with doxorubicin.
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Chapter 3. (My study Part II)
Temperature/pH sensitive magnetic nanogel particles loaded
with doxorubicin and conjugated with IRGD for enhancing

colon cancer tumor chemotherapy and MR imaging

3.1. Introduction

Stimuli-sensitive drug carriers have attracted attention due to their response to
external stimuli, such as temperature, pH, ultrasound, magnetic field, light, etc
[76,77,78,79,80,81,82,83,84,85]. Compared with the conventional drug delivery system,
carriers sensitive to multi-stimuli could deliver drug more effectively to the targeted site
[86,87,88,89,90,91]. Temperature and pH-sensitive vehicles have been reported to meet
the conditions of many diseased tissues with the change of their temperature and pH,
and these two properties could also be regulated by external triggers [85,22,92].

Poly(ethylene glycol) (PEG) have been used to extend blood circulation time of
nanoparticles. At a lower critical solute on temperature (LCST), some
temperature-sensitive polymers had a transition property between hydrophilicity and
hydrophobicity [93]. Therefore, it could be used for enhanced targeting of tissues by
temperature variation [93]. For example, a temperature-sensitive polymer,
poly(N-isopropylacrylamide) (PNIPAM), could increase the circulation times of drug
carriers and reduce the adsorption of serum proteins in vivo below LCST [93]. The
LCST of poly (NIPAM-co-AA) nanogel is above 37 ©°C. Therefore, these
temperature/pH-sensitive nanogels have been used in local hyperthermia therapy for
cancer treatment due to the increased deposition of drugs towards cancer cells and the
decreased toxicity towards normal cells [94]. The studies also indicated that poly
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(NIPAM-co-AA) nanogels were hydrophilic under the physiological condition, whereas
they became hydrophobic in an acidic environment and this property could improve
cellular uptake of anticancer drugs [94].

In recent years, some bifunctional nanoparticles with both MR imaging and
anticancer drug delivery have been developed for tumor diagnosis and therapy
[48,95,96,97,98]. The development of multifunctional vehicles for the tumor-targeting
delivery of both MR contrast agents and anticancer drugs would make cancer
theranostics possible [33,35,36]. Nanocarriers containing tumor-targeting moiety,
chemotherapy, and MRI contrast agent in one system can be useful drug delivery
systems [48,47,49,50].

MRI is a powerful imaging modalities used in clinics and a higher MR sensitivity
is required to more accurately diagnose and prognose early-staged cancer tumors.
Superparamagnetic iron oxide nanoparticles (SPION) have magnetic properties to be an
effective contrast agent for MRI to detect tumor tissues [48,95].

Doxorubicin (Dox) is one of the most effective anti-cancer drugs to treat many
kinds of cancer [99]. However, its clinical use is limited by side effects, such as
cytotoxicity and drug resistance. Novel drug carriers are used to reduce the toxicity and
side-effects of anticancer drugs [51,67]. These drug carriers can effectively improve
their blood circulation life-time, but cannot achieve the controlled release of the carried
drugs accurately.

Arginine—glycine—aspartic acid (RGD) is a well-known peptide that is able to target
tumor vasculature. RGD can specifically bind to integrin receptors in tumor endothelial
cells [100]. The targeting ligand, RGD, has been used for delivering drugs, SPIONs, and
drug carriers to tumors [101,102,103]. CRGDKGPDC peptide contains the RGD
sequence and was named internalized RGD (iRGD) for its superior ability for binding
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on the cell surface at 4°C, while being internalized at body temperature (37°C) [104].

Furthermore, it is also able to penetrate tumor tissues deeply via binding to neuropilin-1
receptors expressed in tumor neo-vasculature and tumor cells [104]. iRGD was reported
to enhance the wvascular and tissue permeability in a tumor-specific and
neuropilin-1-dependent manner, whereas conventional RGD peptides only help deliver
the cargo to the tumor blood vessels [102]. The iIRGD peptide targets tumor tissues
through the RGD motif-mediates binding an integrin on tumor endothelium and a
proteolytic cleavage then exposes a binding motif for neuropilin-1, which mediates
penetration into tumor cells [102]. Thus, iIRGD is highly effective in cancer therapy
when combined with traditional drug delivery system.

In this study, a method used to develop temperature/pH sensitive magnetic
nanogel particles (MNP-D) loaded with Dox and SPION was presented, and this
MNP-D was conjugated with iRGD to be iMNP-D and be evaluated as a bifunctional
nanomedicine for both cancer MR imaging and chemotherapy. iIMNP-D was an efficient
drug carrier which could achieve targeted and controlled release of therapeutic agent in
tumor cells and could have enhanced MR signal to be detected in biological systems.

Figure 3-1 shows how the multifunctional magnetic nanogels can increase the

drug delivery to the tumor and to have hyperthermia-induced drug release.

3.2. Methods and materials
3.2.1. Materials

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI),
N-hydroxysulfosuccinimide (Sulfo-NHS), potassium persulfate (KPS) and sodium

dodecyl sulfate (SDS), and Polyethylene glycol di-amine (MW=2000 kDa) were

45

doi:10.6342/NTU201902917



purchased from Sigma-Aldrich (St. Louis, USA). Iron(Ill) chloride and iron(ll) chloride
tetrahydrate were purchased from Merck. Oleic acid (OA), dichloromethane, isopropyl
ether and toluene were purchased from Fisher Scientific. N,N’-methylene diacrylamide
(MBA), acrylic acid (AA) and N-isopropylacrylamide (NIPAM) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). MBAm and NIPAM were
recrystallized from methanol and n-hexane, respectively. iRGD (CRGDRCPDC) was
purchased from Synpeptide Co., Ltd. (Shanghai, China). Doxorubicin HCI was obtained

from Seedchem (Vic Melbourne, Australia).

3.2.2. Preparation of poly (ethylene glycol) di-acrylamide (PEGDA)

A solution of poly (ethylene glycol) diamine (0.0206 mol, 70 g) dissolved in
dichloromethane (70 mL) was charged into a 250 mL round-bottom flask. The flask was
flushed with N2 for 30 min, then excess acryloyl chloride (4 molar excess to PEG
diamine, 6.5 mL, 0.083 mol) and TEA (2 molar excess to poly (ethylene glycol) diamine,
5.7 mL, .0412 mol) were added. Then, the solution was stirred at room temperature for 2
h. After that, the mixture was filtered to remove triethylamine hydrochloride, and the fit
rate was concentrated by a rotary evaporator to yield the colorless liquid compound poly

(ethylene glycol) di-acrylamide [105].

3.2.3. Synthesis of magnetite nanoparticles with oleic acid (10-OA)

Ferric chloride (30 mmol) and ferrous chloride tetrahydrate (15 mmol) were
dissolved in water (50 mL). Sodium hydroxide solution (1N) was added to the solution
until pH reached 12. Oleic acid (5 mL) was added to the solution and formed a black
precipitate. The precipitate was centrifuged at 5000 rpm for 20 min and washed with
water. Then, the pallet was re-dispersed in water. The solution was adjusted to pH 4
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using HCI (6 N). The mixture was centrifuged at 8000 rpm for 40 min and dried for 3
days. The solid was re-dispersed in toluene and centrifuged at 8000 rpm for 40 min to
collect the supernatant. The supernatant was filtered through a 0.45 um

polytetrafluoroethylene (PTFE) filter, and collected as 10-OA nanoparticles [106].

3.2.4. Synthesis of magnetite nanoparticles with citric acid (10-CA)

IO-OA nanoparticles were precipitated through the addition of a large excess of
ethanol, separated via centrifugation (8000 rpm, 30 min), and dried in an oven to
evaporate all alcohol. I0-OA nanoparticles (100 mg) were dispersed in a mixture
solution (20 mL) of DCB and DMF (50/50). Then, citric acid (0.2 g) was added and
stirred at 100 °C for one day. The IO-CA nanoparticles were precipitated by the addition
of 50 mL of ethyl ether. The IO-CA nanoparticles were re-dispersed in acetone and

dried at 70 °C for 24 h.

3.2.5. Synthesis of magnetic nanogel particles (MNP) and iRGD-conjugated MNP
(iMNP), and loaded with doxorubicin (MNP-D or iMNP-D)

NIPAM (2.3 mmol), MBAm (0.13 mmol), SDS (0.04 mmol), and I0-CA
nanoparticles (250 mg) were dissolved in water (50 mL). The solution was heated to 80
°C with stirring. KPS (0.04 mmol) was added and maintained at 80 °C. After 1 h, AA
(0.33 mmol), poly (ethylene glycol) di-acrylamide (0.01 mmol) and KPS (0.012 mmol)
were added for the free radical polymerization and maintained at 80 °C for 6 h. The
magnetic nanogel particles (MNP) were dialyzed (molecular weight cutoff:
12,000-14,000 Da) for 3 weeks. Then, the dried MNP was obtained by lyophilization
process and the Fe concentration of the purified MNP was determined by an ICP-mass
spectrometer (Agilent ICP-MS 7500). MNP (2 mg of iron), EDC-HCI (4 mg) and
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Sulfo-NHS (8 mg) were mixed in 0.5 mL of a sodium acetate solution (1 M, pH 5.0) at
4 °C. After 1 h, the mixture was separated and the pellet was suspended in 0.5 mL of
PBS (0.1 M, pH 7.4). 0.5 mL of iRGD (50 mg/mL) dissolved in PBS (0.1 M, pH 7.4)
was added. After 24 h, the iIRGD-conjugated MNP (iMNP) was collected after magnetic
separation and washed 5 times with PBS to remove unreacted iRGD peptide. The iMNP
was lyophilized and stored in PBS at 4 °C. The binding efficiency of iRGD to MNP was
determined using a high performance liquid chromatography (HPLC) to analyze the
amount of unconjugated iIRGD. The value was compared to the total amount of added
IRGD to analysis the binding efficiency of iRGD. For drug loading, iIMNP (or MNP) (20
mg) and Dox (10 mg) were dispersed in PBS. The solution was stirred at 4°C for 5 days.
The Dox loaded nanogel particles were separated from the solution using an external
magnet. The solution was then analyzed using an ultraviolet-visible spectrofluorometer
(Hitachi, Japan) to determine the amount of unencapsulated Dox. This value was
compared to the total amount of added Dox to analysis the Dox-loading efficiency of the
magnetic  nanogel  particles.  Figure 3-2 shows the preparation of

poly(AA-co-PEGDA-co-NIPAM) nanogel particles.

3.2.6. Characterizations of MNP-D and iMNP-D

The hydrodynamic diameters and Zeta potentials of MNP-D and iMNP-D were
determined by dynamic laser light scattering (DLS, Malven Zetasizer 3000HSA, Worcs,
UK). The sizes of MNP-D and iMNP-D were examined by the transmission electron
microscopy (TEM, JEM-2010HR, Japan).

The crystal lattice properties of MNP-D and iMNP-D were determined by X-ray
diffraction (XRD, Siemens D5000), and the magnetic properties were measured with
vibrating-sample magnetometer (VSM) (Lakeshore, model 7300). The magnetization (M,

48

doi:10.6342/NTU201902917



emu g %) of MNP-D and iMNP-D was detected as a function of the magnetic field at
25°C. To determine the longitudinal (ry) and transverse relaxivities (r2) of the nanogel
particles, the magnetic relaxation time (T1, T2) measurements of MNP-D and iMNP-D
were carried out on a 0.47-T 20-MHz Bruker Minispec (Bruker Medical GmbH, Ettingen)

at 37°C.

3.2.7. In vitro drug release

In vitro release of Dox from MNP-D and iMNP-D were investigated by dialysis
method. MNP-D and iMNP-D were dispersed in water (5 mL) and introduced into
dialysis bags (molecular weight cutoff: 3500 Da). Then, these bags were placed into
buffer solution (50 mL) and stirred at 37 °C or 42 °C. The release solution (5 mL) was
taken at different time intervals and replaced the media with fresh buffer solution (5 mL)
every time. After that, the samples were analyzed using a UV-Vis spectrofluorometer
(Hitachi, Japan) to analysis the concentration of Dox released into the dialysate. In
addition, both pH 7.4 and pH 5.0 were chosen to evaluate the influence of different pH

environment on Dox release.

3.2.8. MRI analysis of cellular internalization of MNP-D, iMNP-D, and i+iMNP-D
HT-29 human colon carcinoma cells (Bioresource Collection and Research Center,
Taiwan) were grown in astrocyte medium. To assess the cellular internalization of
MNP-D, iMNP-D, and i+iIMNP-D with MR imaging, HT-29 cancer cells were grown in
culture flasks at a density of 1x10° cells/mL. The experiments consisted of three groups:
one treated with MNP-D, another treated with iMNP-D, and the other treated with
iI+iIMNP-D). MNP-D or iMNP-D was added to every well at a concentration of 50 pg
Fe/mL. The competitive effect was also studied by incubating the cells with excess free
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iRGD (200 pg/mL) for 1 h before incubating with iMNP-D (i+IMNP-D). After
incubation for 3h, 6h, or 24h, the medium was removed, and the plates were washed
five times with PBS buffer and then suspended in 300 uL of 0.5% agarose gel. Samples
were then quickly transferred to a 96-well plate. MR imaging was performed with a
3.0-T whole-body MR scanner (MAGNETOM Trio, A Tim System 3T, Siemens,

Erlangen, Germany).

3.2.9. Qualitative and quantitative studies of cellular uptake

Prussian blue staining was employed to analyze the cellular uptake of MNP-D,
IMNP-D, and i+iMNP-D. The experiments consisted of three groups: one treated with
MNP-D, another treated with iMNP-D, and the other treated with i+iMNP-D). The
competitive effect was also studied by incubating the cells with excess free iIRGD (200
pg/mL) for 1 h before incubating with iIMNP-D (i+IMNP-D). HT-29 cancer cells were
seeded in a chamber slide (1x 10° per well) and incubated with DMEM and FCS (5%)
containing MNP-D or iMNP-D at a concentration of 40 ug Fe/mL at 4°C for 24 h. Then,
the HT-29 cancer cells were incubated at 37°C for 4 h and washed with PBS buffer
solution. After that, the cells fixed with paraformaldehyde (3%) for 30 min and washed
with PBS. The cells then incubated with potassium ferrocyanide (2%) in HCI (6%) for
40 min. After incubation, cells were washed with PBS buffer and observed under an
inverted microscope for photo taking. To determine the cellular uptake, HT-29 cancer
cells were seeded (1x 10° per well) and were allowed to grow for 24 h. The competitive
effect was also studied by incubating the cells with excess free iRGD (200 pg/mL) for 1
h before incubating with iIMNP-D (i+IMNP-D). MNP-D or iMNP-D solution was added
to every well at a concentration of 100 ug Fe/mL. After incubation, the medium was
then removed, and the plates were washed with PBS buffer. The cells were trypsinized
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and counted using a hemocytometer. The cell suspension was centrifuged at 3000 rpm
for 10 min. hydrochloric acid (2 mL) was added to pellet and the mixture was heated to
70°C for 10 min. After that, the samples were diluted with water and analyzed by an

ICP-mass spectrometer (Agilent ICP-MS 7500).

3.2.10. Cell MTT cytotoxicity

MTT cytotoxicity tests were performed with MNP-D or iMNP-D. HT-29 cancer
cells were seeded on a plate at a density of 1x10° cells/well in DMEM medium (100 puL)
for 24 h. The medium was replaced with medium (100 pL) containing MNP-D or
iIMNP-D at the Dox concentration from 1 to 10 xM or nanogel particles without Dox
loaded (MNP and iMNP) at the Fe concentration from 0.5 to 10 xM. The experiment
consisted eight groups: MNP (37°C), iMNP (37°C), MNP (42°C), iMNP (42°C), MNP-D
(37°C), iIMNP-D (37°C), MNP-D (42°C), iIMNP-D (42°C). After treatment, cells were
incubated at 37°C for 5 h. Then, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium

bromide (5 mg/mL) was added and incubated for 5 h. The HT-29 cancer cells were lysed

with dimethylsulfoxide (DMSO) (100 L) and placed in an incubator at 37 °C for 24 h.

The absorbance values of lysed cells were read using a microplate reader (model 680,

BIO-RAD) at a wavelength of 490 nm.

3.2.11. In vivo MR image and detection of iron

Male BALB/c nude mice (6-8 weeks old) were obtained from the National
Laboratory Animal Center (Taiwan). HT-29 cancer cells (5x10° cells/0.1 mL) were
transplanted s.c. into the left flank region of mice. Seven days later, experiments were

executed for two groups (n=5 for each group): one i.v. injected with MNP-D (15 mg
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Fe/kg), the other injected with iMNP-D (15 mg/kg Fe). All MR images were acquired
on a 3T scanner (Trio with Tim, Siemens, Erlangen, Germany). The mice were
anesthetized with isoflurane (2%) throughout the MRI process, placed in an acrylic
holder and positioned in the center of the magnet. MRI images were quantified using
To-weighted imaging with the following parameters: repetition time (TR): 4350 ms,
echo time (TE): 95 ms, slice thickness: 1 mm, field of view (FoV): 50x85mm,
bandwidth: 280 Hz/px, and resolution: 175x278, averages: 2, total scan time: 1 min 37 s.
Then, the mice were euthanized by a lethal dose of pentobarbital and all of the tumors
were harvested. The HT-29 tumors were fixed in neutral buffered formalin (10%),
processed and paraffin embedded for the detection of iron expression by Prussian blue

staining.

3.2.12. In vivo antitumor activity

6-8 weeks old of male BALB/c nude mice were obtained from the National
Laboratory Animal Center (Taiwan). 1x10° cells/0.1 ml of HT-29 cancer cells were
transplanted s.c. into the left flank region of mice. Seven days later, the tumor’s size
reached 200 mm?® and the experiment was executed. The experiment included five
groups (n=10 for each group, and the injected dose: 5 mg Dox/kg): FD (free Dox),
MNP-D (37°C), iMNP-D (37°C), MNP-D (42°C), and iMNP-D (42°C). For
hyperthermia groups, the tumor site was locally heated to 42 °C at 4 h after an
intravenous injection of MNP-D or iMNP-D. It has been reported that a circulation time
of about 4 h was ideal for nanoparticles accumulation in tumors through the EPR effect
[107]. A near infrared laser (NIR) was used as a heat source. Four hours after nanogel
particles injected, the tumor was exposed to NIR at a power intensity of 1.70 W/cm? (the
temperature rise about 42 °C) for 3 min. The administration was carried out 5 times
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with a 3-day interval for hyperthermia groups. The tumor sizes and body weights of
each group were measured and normalized to their initial values. The tumor size was

calculated by axb?/2, with a and b the largest and smallest diameter, respectively.

3.2.13. In vivo Dox accumulation

FD (free Dox), MNP-D, and iMNP-D solutions were injected via the tail vein for
the mice bearing HT-29 cancer tumors. After four hours, the mice were sacrificed and
the tumors were harvested and then quickly rinsed with saline to remove surface blood.
The tumor tissues were homogenized with water, and then followed by an addition of 10
puL of daunomycin (10 pg/mL). The tumor tissues were extracted with 2 mL of
chloroform/methanol (4/1, v/v) mixtures, and then intensely vortexing for 5 min. The
samples were centrifuged (20000xg) for 30 min. The supernatant was collected and

evaporated at 50 ‘C. The residue was re-dissolved in methanol (300 uL) and analyzed

with liquid chromatography. The separation assay of Dox was carried out by high
performance liquid chromatography (HPLC), using a C18 column (5 um, 4.6x 200mm,
Diamonsil, Dikma). The mobile phase was a solution (70/30/0.3, v/v/v) of potassium
dihydrogen phosphate, acetonitrile and glacial acetic acid. The mice were perfused with
saline and paraformaldehyde about 4 h after the injection of nanogel particles. After NIR
hyperthermia, tumors were removed and immersed in a fixative solution for 4 h. The
tumor tissue was embedded in a Tissue-Tek optimum cutting temperature compound
(Thermo Fischer Scientific, USA). In addition, the tumor tissues were sliced into 20 um
thick and dried on gelatin-coated microscopic slides. Then, the slides were rinsed and
mounted using Dako Fluorescence Mounting Medium (Dako, USA). Finally, the tumor

sections were imaged using a confocal microscope (FV1000, Olympus, Japan).
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3.2.14. Apoptosis detection for tumor cells

After treating, the mice were sacrificed on day 35 after tumor implantation. Then,
the mice were perfused using trans-cardiac method with buffered formalin (10%). The
tumor tissues were collected and fixed for at least 48 h. The apoptotic cells in tumor
tissues were detected with TUNEL assays and observed using a confocal microscope

(FV1000, Olympus, Japan).

3.3. Results and discussion

3.3.1. Characterization of poly(ethylene glycol) di-acrylamide and conjugation
ratio of iRGD

Poly(ethylene glycol) di-acrylamide was identified by *H NMR analysis. Figure
3-3(1) shows 1H NMR spectrum of the compound displaying the secondary amine
protons of amidic bonds (-CONH-) at 7.4 ppm, the protons of vinyl groups at 6.20~6.38
and 5.97~6.00 ppm, the methylene protons of ketone bonds (-CH2CO-) at 4.23 ppm, the
protons of poly(ethylene glycol) (-OCH2CH>-) at 3.55 ppm, and the methylene protons
(-NHCHy-) at 3.35 ppm. 'H NMR (DMSO-d6, H) ppm: 7.40 (4H, m, dH, gH),
6.20~6.38 (5H, t, jH), 5.97~6.00 (2H, q, iH), 4.23 (4H, t, bH), 3.55 (41H, m, aH), 3.35
(8H, s, eH, fH). The conjugation of iIRGD to magnetic nanogel particles (MNP) was
characterized with reverse phase HPLC. Figure 3-3(2) shows the HPLC chromatogram

for iIMNP and iRGD. The binding efficiency of iRGD to iMNP was 96%.

3.3.2. Characterization of MNP-D and iMNP-D
The average encapsulation efficiencies (EE) for Dox entrapment were
approximately 85%, and the average EE for 10-CA entrapment was approximately 20%

(Table 3-1). There is no difference in EE for the nanogel particles with or without the
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conjugation of iRGD. Dynamic light scattering (DLS) was used to determine the
hydrodynamic particle size (Dh) and size distribution of small particles in suspension of
nanogel solution. Figure 3-4 shows that the hydrodynamic particle sizes (Dn) are
97.1+2.4nm, and 101.2£3.5nm for MNP-D and iMNP-D, respectively. The
polydispersity was less than 0.2 demonstrating that there was a narrow distribution of
particle sizes (Table 3-1). The zeta potentials for the iIMNP-D and MNP-D are
-14.23+1.4 mV and -20.52+3.1 mV, respectively. Poly(AA-co-PEGDA-co-NIPAM) is
an anionic polymer so that the zeta potential of iRGD conjugated nanoparticles was
slightly more positive than the nanoparticles without iRGD modification (Table 3-1). To
investigate the shape of MNP-D and iMNP-D, their morphology was visualized using
transmission electron microscopy (TEM) as shown in Figure 3-4. The figure displayed
the closely packed arrangement of 10-CA inside an organic layer indicating that IO-CA
was successfully encapsulated in the nanogels with a particle size around 100 nm in
diameter.

The magnetic properties of MNP-D and iMNP-D were evaluated by vibrating
sample magnetometer (VSM) as shown in Figures 3-5(1) and 3-5(2). The magnetic
moment was measured as a function of applied field at 298 K; the saturated
magnetization value for iMNP-D and MNP-D was 80 and 83 emu/g, respectively.
There is no significant difference in magnetization value between the nanogel particles
with or without the conjugation of iRGD. Figures 3-5(3) and 3-5(4) show the dynamic
thermogravimetric curves of IMNP-D and MNP-D, respectively. 5% of weight loss was

attributed to the residual water and 75 % of weight loss between 250-650°C was due to
the degradation of organic components. 20% of residual weight after 650°C was

counted as the inorganic iron oxide ash. Figure 3-5(5), the powder X-ray diffraction

(XRD) analysis of IMNP-D, shows detectable peaks at 30.2°, 35.5°, 43.9°, 54.8°, 57.6°,
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and 63.2°. These peaks are similar with FezO4 nanoparticles [52].

Iron oxide nanoparticles as a superparamagnetic contrast agent characteristically
show a stronger T effect with an r2/ry ratio generally larger than 5, which permits a
negative enhancement in MR imaging. Figure 3-6 showed the magnetic relaxivities, r
and rz, were calculated as the slope of 1/T1 and 1/T> versus iron concentrations. There
is no difference in r1 between iMNP-D and MNP-D (Fig. 3-6(1)). The r, value of
iIMNP-D (165 MmS?) was slightly smaller than that of MNP-D (188 Mm™S™) (Fig.
3-6(2)), as a result of the conjugation with iRGD that covers the nanogel particles and
then slightly reduces the paramagnetic effect. The r2/ry ratio is 15.6 and 15 for MNP-D
and iIMNP-D, respectively. The ro/ry ratios for both MNP-D and iMNP-D were higher
than Resovist® (rz/r1 ratio around 7), indicating that MNP-D and iMNP-D are more

efficient than Resovist® [108].

3.3.3. In vitro Dox release

Figure 3-7 illustrates the temperature/pH-sensitive drug release profiles of MNP-D
and iIMNP-D. It is observed that about 60% of Dox was released from the nanogel
particles at pH 5 and 37 °C within 72 h, but only about 40% of Dox was released at pH
7.4 over the same time (Fig. 3-7(1)). The acid-triggered Dox release behavior for the
nanogel particles occurs because of Dox can be protonated at low pH resulting in an
increase of drug solubility in aqueous solutions. Another reason causing the faster
release of Dox at pH 5 might be due to this ion pair of Dox with acrylate will be lost due
to protonation of the acrylate to acrylic acid at low pH. This pH-dependent release
action was favorable for the antitumor drug delivery systems, since tumor cells were
often at a lower pH environment, which would enhance a faster drug release in tumors
than in normal tissues [109,110]. In addition, the poly(AA-co-PEGDA-co-NIPAM)
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nanogel particles serving as a drug carrier are expected to exhibit thermosensitive
controlled-release character due to PNIPAM is a thermosensitive polymer. In order to
verify this inference, MNP-D and iMNP-D were dialyzed in PBS (pH 5 and pH 7.4) at
different temperatures. Figure 3-7(2) depicts the release profiles at different
temperatures. The promoted drug release of MNP-D and iMNP-D in response to
temperature increase was observed, particularly at pH 5. It is presumed that the
thermo-evolved phase transition of PNIPAM at pH 5 and 42 °C could act as an efflux
pump by inducing dehydration of nanogel assemblies to promote the concurrent out
flow of water molecules with detached drug payloads. Based on the previous analysis, it
was concluded that the developed iIMNP-D with Dox release being dual-sensitive to
temperature and pH could be able to distinguish between cancer cells and normal cells,
achieving a better targeting efficiency and foreseeing an application to drug

controlled-released systems.

3.3.4. In vitro qualitative and quantitative studies of cellular uptake

Figure 3-8(1) shows the T.-weigthed MR phantom images of HT-29 cancer cells
after incubation of MNP-D or iMNP-D. At a concentration of 50 pg Fe/mL, the rapid
and efficient iRGD-targeting leads to a distinguishable darkening of MR images for the
IMNP-D group, as compared to the MNP-D group. The result also showed that the
IMNP-D group was a significantly higher cellular uptake than the MNP-D group, and
this IRGD conjugated nanogel particles could produce a better MR monitoring and
chemotherapy. In addition, the MR intensity of the i+iIMNP-D group was comparable to
that of the MNP-D group. This indicates that there was a competitive effect from the
excess free iIRGD, which reduced the binding sites available for IMNP-D, thus
inhibiting the active receptor-mediated endocytosis process.
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The results of the iron concentration inside cancer cells were shown in Fig. 3-8(2).
The iIMNP-D group showed a significantly higher cellular uptake than the MNP-D
group for HT-29 cancer cells. This was caused by the capability of iRGD conjugation to
bind to HT-29 cancer cells, which have over-expressed integrin receptor, increasing the
cellular internalization. In addition, the Fe concentrations inside HT-29 cells were found
to increase along with incubation time for both MNP-D and iMNP-D groups. The
uptake of IMNP-D was suppressed at all times when the cells were incubated with
excess iRGD before the incubation with iMNP-D. It can be observed that the cellular
uptake efficiency for the i+iRGD group was reduced to the level comparable with the
MNP-D group. As a result, the inhibitory effect of the excess free iIRGD confirmed that
the uptake of IMNP-D is likely via receptor-mediated endocytosis, in accordance with
the qualitative study as shown in Fig. 3-8(1) and Fig. 3-8(3). Prussian blue staining was
performed to qualitatively assess the uptake of nanogel particles by HT-29 cancer cells,
and the result was shown in Fig. 3-8(3). The result also indicated that the iMNP-D
group had an enhanced cellular uptake of nanogel particles, shown as a higher Fe
concentration, than the MNP-D group. This was caused by the capability of iIRGD
conjugated on MNP-D to bind to the HT-29 cancer cells to increase the cellular

internalization via receptor-mediated endocytosis.

3.3.5. In vitro cytotoxicity of MNP-D and iMNP-D against HT-29 cancer cells

To investigate the potential toxicity of the nanogel particles and the
pharmacological activity of Dox released from the nanogel particles, solutions of
nanogel particle without Dox-loaded (MNP and iMNP) and nanogel particle with
Dox-loaded (MNP-D and iMNP-D) were incubated with HT-29 cancer cells at different
temperatures to examine their effects on cell viability. The MTT assay (Fig. 3-9(1))
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shows that, even at a high Fe concentration of 10 pg/mL, both MNP and iMNP have no
significant cytotoxicity. In-vitro cytotoxicity of MNP-D and iMNP-D against HT-29
cancer cells is exhibited in Figure 3-9(2). It could be observed that the cytotoxicity of
both MNP-D and iMNP-D had anticancer efficiency, implying that MNP and iMNP had
virtually no toxicity to cancer cells. In addition, no significant difference in cell viability
was found for MNP and iMNP at 37°C and at 42°C in Figure 3-9(1). This result
indicated that the effect of a short time local heating was negligible. The data for the cell
treated with iMNP-D exhibited a higher cytotoxicity as compared to the MNP-D group
as shown in Fig. 3-9(2). This result suggested that iRGD can bind to the neuropilin-1
receptors and increases in cellular uptake via receptor-mediated endocytosis (RME)
[111]. With the conjugation of IRGD, iIMNP-D becomes a more potent drug carrier to
deliver Dox against cancer cells. MNP-D or iMNP-D combined with a short time local
heating (42°C) had a better antitumor activity than the group without (37°C), indicating
the importance of Dox release from the carriers. The in-vitro drug-release study showed
that the amount of Dox released from the heating groups (42°C, about 75%) was
significantly higher than that from the no-heating groups (37°C, about 55%) as shown in
Fig. 3-9(2). This finding indicated that the pharmaceutical effect of MNP-D or iMNP-D
with a short time tumor heating (42°C) is more efficient since considerably more Dox

was released and accumulated in the cancer tumors.

3.3.6. In vivo MR imaging and detection of iron

The distribution of MNP-D and iMNP-D in mouse tumor tissues was investigated
by T»-weighted MR imaging, as shown in Figures 3-10(1) and 3-10(2). Signal intensity
in tumors decreased significantly after an injection of MNP-D or iMNP-D, indicating
that the iron concentration was locally increased. The in-vivo MRI image also indicated

59

doi:10.6342/NTU201902917



that there was a stronger T»-weighted signal for the iMNP-D group, indicating iMNP-D
exhibited a higher iron accumulation in tumors as compared to the MNP-D group. These
demonstrated that iRGD could help iMNP-D target the tumor tissues and have a better
retention over time. To further validate the existence of iIMNP-D in tumor tissues,
microscope images of Prussian blue stained tissue slices were obtained and the images
revealed the presence of iron as shown in Figures 3-10(3). The staining showed that the
IMNP-D group had a much higher iron density in tumor tissues than the MNP-D group.
Both Prussian blue staining and T»-weighted MR image of tumor tissues confirmed that
while circulating in the blood stream, iMNP-D would actively accumulate in the
neovasculature tumor tissues via the cleaved sequence of iRGD by proteolysis. This
would lead to the binding of neuropilin-1 receptors expressed by cancer cells and

mediate the penetration of iIMNP-D into cancer cells and tumor tissues.

3.3.7. In vivo antitumor activity

Figure 3-11(1) shows that tumor growth was more significantly suppressed for
MNP-D (or iMNP-D) combined with a short time tumor heating than that with MNP-D
(or iIMNP-D) only. This finding reveals that the pharmaceutical effect of MNP-D (or

IMNP-D) with a hyperthermic temperature heating (42°C) is more efficient than at body
temperature (37°C) since considerably more Dox was released and accumulated in

tumor cells. In addition, the iIMNP-D group displayed a better treatment result than the
MNP-D group for both with and without tumor heating conditions. This can be
attributed to the iRGD targeting for the over-expressed neuropilin-1 receptors on tumor
cells to increase the internalization of iMNP-D for HT-29 cancer cells. The group with
iIMNP-D and a short time tumor heating (42°C) was subject to the highest drug exposure
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for the tumors, and hence the best therapeutic effect was achieved [112]. The body
weight of mice was also showed in Figure 3-11(2). There were no significant variations
of the body weights for the mice treated with MNP-D or iMNP-D combined with or
without a short time tumor heating, while the body weight of mice treated with free Dox
decreased significantly. The results demonstrated that nanogel particles can reduce the

anticancer drug toxicity to provide a safer delivery and have a greater kinetic stability.

3.3.8. Dox accumulation analysis for tumors
Figures 3-12(1) and 3-12(2) show the Dox concentrations and accumulation in

tumor tissues for the tumor-bearing mice treated with FD, MNP-D (37°C), iMNP-D (37
C), MNP-D (42°C), or iMNP-D (42°C) at a dose of 5 mg Dox/kg. The signals of red

fluorescence present in tumor tissue sections correspond to Dox. The results showed
that the FD group had the weakest red fluorescence signal (the lowest Dox concentration)

in tumor tissues, while the iIMNP-D (42°C) group resulted in the strongest red

fluorescence signal (the highest Dox concentration) in tumor tissues. For tumor-bearing
mice receiving MNP-D or iMNP-D, a few fluorescence spots and a low Dox

concentration in tumors were found at 37°C; however, as the local tumor temperature
was elevated to 42 °C, the strength of fluorescence signal and the Dox concentration in

tumors increased. Confocal laser scanning microscopic images of tumor tissues and Dox
concentrations illustrated that Dox was retained inside the nanogel particles at the body
temperature; however, when heating was applied, a marked release of Dox occurred
locally. That is, the combination of iIMNP-D and a local short time tumor heating
increased intratumoral anti-cancer drug concentrations. This finding demonstrated that

IMNP-D (42°C) could overcome the delivery barriers and enhance drug release by
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temperature rise, resulting in the highest tumor retention and concentration of Dox.

3.3.9. Apoptosis detection for tumor cells

A greater amount of apoptotic tumor cells was found in the iMNP-D group than
the MNP-D group, probably attributing to the increased intracellular delivery of iRGD
into HT-29 cancer cells, as shown in Figure 3-13. In addition, a greater amount of

apoptotic tumor cells was observed in the iMNP-D (42°C) group than in the iMNP-D
(37°C) group. This is due to a short time tumor heating can enhance the Dox release

from iIMNP-D and increase its efficacy for the cancer cell killing. The images of heart
tissues showed the highest amount of cell apoptosis for the free drug (FD) group. While,

the apoptotic images of the iIMNP-D groups (37°C and 42°C) showed the lowest

amount of cell apoptosis in heart, suggesting that Dox-caused cardiomyopathy may be
reduced by treating iIRGD-conjugated MNP-D. Therefore, iRGD could be used to
increase the local concentration of anticancer drug in tumors and reduce the side effect
of drug in heart. These results also confirmed that the combination of iIMNP-D with a
short time tumor heating was one of the important factors to enhance drug release and

accumulation in tumors for chemotherapy.

3.4. Conclusion

We had prepared a temperature/pH-sensitive iMNP-D and utilized it as a
MR-monitoring drug delivery system. The experimental results have demonstrated that
IMNP-D has a great potential for providing an enhanced cellular uptake and drug release
with a short-time tumor heating and significantly improving drug accumulation in the
treated tumors. The highly tumor-penetrating cancer cell-targeting and
temperature/pH-sensitive properties of the IMNP-D contribute the efforts to establishing
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an effective tumor-selective and controlled release chemotherapy. iMNP-D can reduce
the toxicity and side effects of Dox and improve tumor targeting delivery. Furthermore,
the in-vivo MRI study showed a better contrast enhancement of signals for iMNP-D,
indicating iMNP-D could not only be an effective carrier of chemotherapeutic agent but
also be an excellent contrast agent for MR monitoring. Hence, iMNP-D might have a
great potential for the application of MR monitoring and drug controlled release

chemotherapy in the treatment of cancer tumors.
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Figure 3-1. Schematic illustration of hyperthermia-induced DOX release from iMNP-D.
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(2) HPLC chromatogram for (a) added iRGD and (b) unconjugated iRGD.

66

d0i:10.6342/NTU201902917



R

20 40
S 15 S 30
o ol
Z 10 = 20
g S
z s z 10
» 0
L 100 1000 10000 1 10 100 1000 10000

Size (nm) Size (nm)

Figure 3-4. TEM images and DLS graphs for iMNP-D (1 and 2), MNP-D (3 and 4)
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response (r2) for IMNP-D and MNP-D.
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Figure 3-8. (1) T2-weighted MR phantom images of HT-29 cells after incubation with
MNP-D, iMNP-D, or i+iMNP-D for 3 hr, 6 hr, or 24 hr, and (2) The iron uptake in
HT-29 cells treated with 100 pg Fe/mL of MNP-D, iMNP-D, or i+iMNP-D at different
incubation times. (3) Prussian blue staining images of HT-29 cells after 24 h treatment

with MNP-D, iMNP-D, or i+iMNP-D. (Mean+SD (n=5).
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Figure 3-9. (1) Viability of HT-29 cells after incubation with MNP and iMNP at 37°C
or 42°C. (2) Viability of HT-29 cells after incubation with MNP-D and iMNP-D at 37°C
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Figure 3-10. (1) T»-weighted MR images before and after treatment with MNP-D or

IMNP-D, and (2) MR signal intensity in mouse tumors. (Mean+SD (n=5) , *: P <0.05;
**: P<0.01). (3) Microscope images of Prussian blue dye stained tumor tissues after

treatment with MNP-D or iMNP-D.
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Figure 3-11. Tumor growth inhibition test of s.c. HT-29 xenografts in BALB/c nude
mice. Mice were i.v. injected with MNP-D or iMNP-D at 37°C or 42°C. The
administration was carried out 5 times with a 3-day interval (green arrows: treatment
days) (MeantSD (n=10), *: P<0.05; **: P<0.01). (2) Body weight changes of the
tumor-bearing mice. (Mean+SD (n=8).
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Figure 3-12. (1) Dox concentrations in tumor tissues for the tumor-bearing mice treated
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(MeantSD (n=4), *: P<0.05; **: P<0.01). (2) Confocal laser scanning microscopic

images of tumor tissues at 4 h after the injection.
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Figure 3-13. TUNEL analysis of tumor sections obtained from s.c. HT-29 xenografts in

BALB/c nude mice. Mice were treated with FD, MNP-D or iMNP-D at 37°C or 42°C on

day 45 after HT-29 cell implantation. The administration was carried out 5 times with a

3-day interval. Green: apoptosis cells marked by FITC.
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Table 3-1. Characterization of MNP-D and iMNP-D (n=3).

Particle size | Polydispersity | Zeta potential Encapsulation Efficiency Encapsulation Efficiency

(nm) (mV) of Dox (%) of 10-CA (%)
iMNP-D 1012435 0.15+0.03 -14.23 £17 8533 +27 2016 £1.2
MNP-D 9711127 0.09%001 -2052 0.8 8517 t1.2 2158124
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Chapter 4. Summary and future work

In summary, COOH-PEG-triethoxysilane was synthesized, conjugated to the
surface of SPIONs to form PEG-bound magnetic nanoparticles (SPIO-PEG), and then
Dox was conjugated onto the SPIO-PEG surface to produce SPIO-PEG-D, a
multifunctional magnetic nanoparticle. By applying a magnetic field, SPIO-PEG-D
could be concentrated in the tumor region to increase the intratumoral concentration of
Dox and reduce the drug toxicity for normal organs. In addition, the in vivo MRI study
showed that there was a better signal contrast enhancement for SPIO-PEG obtained with
applying a magnetic field. This multifunctional magnetic nanoparticle with high loading
of drug, superparamagnetic property, and high magnetic relaxivities could become not
only an effective delivery system for chemotherapy but also a great contrast agent for
MR imaging. Magnetic enhancement delivery of SPIO-PEG-D was a promising
targeting technique that could provide more effective cancer treatment and reduce
potential side effects of drug.

Furthermore, we had prepared a temperature/pH-sensitive iMNP-D and utilized it
as a MR-monitoring drug delivery system. The experimental results have demonstrated
that iIMNP-D has a great potential for providing an enhanced cellular uptake and drug
controlled release with a short-time tumor heating and significantly improving drug
accumulation in the treated tumors. The highly tumor-penetrating cancer cell-targeting
and temperature/pH-sensitive properties of the IMNP-D contribute the efforts to
establishing an effective tumor-selective and controlled release chemotherapy. iMNP-D
can reduce the toxicity and side effects of Dox and improve tumor targeting delivery.
Furthermore, the in-vivo MRI study showed a better contrast enhancement of signals for

IMNP-D, indicating iMNP-D could not only be an effective carrier of chemotherapeutic
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agent but also be an excellent contrast agent for MR monitoring. Hence, iMNP-D might
have a great potential for the application of MR monitoring and drug controlled release
chemotherapy in the treatment of cancer.

The future work, we may use magnetic nanoparticles with externally applied
magnet for superficial tumor, such as breast cancer, head and neck cancer, and for
extremity tumor, to enhance local treatment effect and decrease systemic side effect.
Additionally, we can also use magnetic nanoparticles and drainage tube or NG tube with
magnetic segment to treatment endoluminal tumors, such as cholangiocarcinoma or
esophageal cancer, not only for palliative drainage or feeding, but also aggressive
treatment.(Fig 4-1)

Furthermore, we can use RFA instead of infrared to create local heat of tumors,
make protein coagulation and tumor necrosis in the center of the tumors at lethal
temperature, and trigger drug controlled release from temperature/pH-sensitive iMNP-D
at margin of tumor at sublethal temperatures, thus achieve complete treatment of the
tumor.(Fig 4-2) In addition, this multifunctional nanoparticle can carry target therapy or

immunotherapy drug, small molecules, aptamers, or genes for other novel treatment.
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* SPIO-PEG-D

Drainage/feeding tube

Magnetic segment

Normal

\ Drainage/feeding tube
tissue

Fig 4-1. Through the esophageal cancer or cholangiocarcinoma, the NG tube or drainage
tube with magnetic segment corresponding to the tumor location, can attract magnetic
nanoparticles SPIO-PEG-D toward tumor, not only for feeding or drainage, but also for

aggressive treatment of tumor.
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— RFA electrode

Heat-triggered
drug release

‘ Lethal temperature zone

Sublethal temperature zone

Fig 4-2. We can completely ablate the tumor by RFA alone at lethal temperature zone,

but we should combine heat-triggered drug release in sublethal temperature zone to

complete treat the tumor, because sublethal temperature is not high enough to kill the

tumor.
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