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Abstract

The first section of this thesis deals with thetbgsis of substituted quinolines and
its bioactivities against gap junction. Cancersalle characterized by down regulated
or altered gap junction intercellular communicat{@JIC) activities; enhancement of
GJIC would provide a pathway for the delivery ofieancer drugs. Our computational
studies using Autodock found binding interactioeén®en gap junction channels and
substituted quionlines (code name PQs). Thus, mlsef PQ compounds were
synthesized and their activities against GJIC wested. Among these synthesized
PQs, 6-Methoxy-8-[(3-aminopropyl) amino]-4-  mettBA3-trifluoromethyl-
phenyloxy)quinoline (PQ1) can specifically enhar®éIC activity of T47D cells
without affecting the normal MECs. The PQ1 induaedptosis can spread throughout
the gap juctions, consequently cause the decrdasal wiability and colony growth.
PQ1 can attenuate tumor growth of xenograft tuniorslu/Nu mice. Compound
(code PQ11) which has andfof 15.6nM against T47D cancer cell, is a promising

candidate for further pharmacological studies.

The second section of this thesis deals witlsyimthesis and anticancer bioactivities
of PEG-PEI based nanogels. Nanogels were synthiesrneapsulated with anticancer
drugs, and loaded to stem cells. Stem cells cgetiat the cancer cell and release the
nanogel and anticancer drug to kill the cancer. ddie nontoxic PEG-PEI nanogel
which can be loaded to stem cells was successulithesized by doubly treatment of
PEI with activated PEG. Based on this nontoxic gahawo other types of nanogels
were synthesized. In one type of nanogel, an anteradrug, SN38 was modified and
attached to the nontoxic nanogel via a tetra-pepiitker. This tetra peptide can be
recognized and cut by legumain, a protein thatliighier expressed in many tumors,
to release the drug to tumors. In the other typeaoigel, straptavidin was attached to
the nanogel which can bind to biotin and recogniagdumor. The result indicated

this type of nanogel can be loaded to stem celisinviL5 minutes.
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Abstract

The first section of this thesis deals with thetbgsis of substituted quinolines
and its bioactivities against gap junction. Cancells are characterized by down
regulated or altered gap junction intercellular cmmication (GJIC) activities;
enhancement of GJIC would provide a pathway fordélkévery of anticancer drugs.
Our computational studies using Autodock found Ilrigdinteractions between gap
junction channels and substituted quionlines (coalme PQs). Thus, a serial of PQ
compounds were synthesized and their activitiesnag&JIC were tested. Among
these synthesized PQs, 6-Methoxy-8-[(3-aminopropyl) amino]-4-
methyl-5-(3-trifluoromethyl- phenyloxy)quinoline @) can specifically enhance
GJIC activity of T47D cells without affecting theommal MECs. The PQ1 induced
apoptosis can spread throughout the gap jucti@rsequently cause the decrease of
cell viability and colony growth. PQ1 can attenuateor growth of xenograft tumors
in Nu/Nu mice. Compound (code PQ11) which has ansof 15.6nM against T47D

cancer cell, is a promising candidate for furthieanmacological studies.

The second section of this thesis deals witlsyimthesis and anticancer bioactivities
of PEG-PEI based nanogels. Nanogels were synthiesneapsulated with anticancer
drugs, and loaded to stem cells. Stem cells cgetiat the cancer cell and release the
nanogel and anticancer drug to kill the cancer. ddie nontoxic PEG-PEI nanogel
which can be loaded to stem cells was successulithesized by doubly treatment of
PEI with activated PEG. Based on this nontoxic gahawo other types of nanogels
were synthesized. In one type of nanogel, an amteradrug, SN38 was modified and
attached to the nontoxic nanogel via a tetra-pepiitker. This tetra peptide can be
recognized and cut by legumain, a protein thatliiighier expressed in many tumors,
to release the drug to tumors. In the other typeaoiogel, straptavidin was attached to
the nanogel which can bind to biotin and recogniazgdumor. The result indicated

this type of nanogel can be loaded to stem celisinviL5 minutes.
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CHAPTER 1-Synthesis and Bioactivities of Substituted

Quinolines

1.1 Introduction

Gap junctions are channels that connect two adjacells. Gap junctions are
important channelsfor the communication between cells as they akowariety of
compounds to pass through such as water, ions, bolgéés, and secondary
messengers which are smaller than 1000 Daftons.

For normal cells, gap junction intercellular comnuation (GJIC) is highly up
regulated. The apoptosis or damage signals cantipamggh the gap junction as well
as other small molecules. Moreover, some diseaseasaociated with an increase in
gap junction intercellular communicatidh.lt is therefore necessary to find a
compound that can specifically inhibit the gap pimT activities.

One major difference between normal cells and acaneds is the gap junction
intercellular communication (GJIC). Cancer cells arostly characterized by reduced
or altered gap junction activities. Because of ek of gap junction intercellular
communication, the apoptosis signals can’t be mphsser to the cancer celffs.
Moreover, the anti-cancer drugs can only kill caradls on the tumor surface which
results in the demand of a large dose. In this,dameimportant to find a gap junction
enhancer that can increase or restore the gapigunicttercellular communications
between cancer cells to provide a pathway for ayspsignals and anticancer drugs to
penetrate to the inside of tumor.

Quinolines have been shown to have anticancavitas.!’*® The effects of
quinolines in modulation of multidrug resistartéeargeting tumor hypoxi& and
inhibition of tyrosine kinase have been reported. Substituted quinolines were
therefore examined to determine their interactioithwgap junctions. Our
computational docking study indicated binding betwéhe substituted quinolines and

the gap junctions.



A series of substituted quionlines (code na@e)Rvere synthesized in this study,
and their activities on gap junctions were evaldatéhe effect of PQ1 on the
enhancement of gap junction on retinal and neuroelld was studied using Lucifer
yellow dye transfer assay, and the effect of PQthercell viability and colony growth
of T47D breast cancer cell line was evaluated. Ontrary to that of retinal and
neuronal cells, the results indicated that PQ1 ecds gap junction activity and

activates apoptosis leading to breast cancer eathd

1.2 Background

1.2.1 Gap Junction I ntercellular Communication

Gap Junctions function as the intercellular commation channels by allowing a
passage for a variety of ions, small moleculesrsg@xy messengers and metabolites.

In vertebrates, each gap junction is composed ofd@nnexons from two different
cells. Each connexon is composed of six proteirth®iconnexin (Cx) family such as
Cx 43 and Cx 32. For example, six Cx 43 proteias form a connexon. To date
approximately 21 of the connexins have been identtf

Commonly, the connxin monomer has four helical besithat are connected by two
extracellular loops and one intracellular loop. §&éur transmebrane domains (TM1,
TM2, TM3, and TM4) are believed to have differenhdtions in the gap junction
assembly, although their mechanisms still remaiciaar. The N-terminus connected
to TM1 is shorter compared to the C-terminus tlid$to TM4>

The phosphorylation of connexin mostly occurs om $erine$ of the C-terminus
and this phosphorylation process is shown to hanp®itant effect on the regulation of
gap junction intercellular communication. The highehe expression of
phosphorylated form of connexin, the lower the tagion of gap junction is

observed.
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Figure 1 gap junctionhttp://psychol ogy.wikia.com/wiki/Connexon

The connexins follows the dimmer-dimmer path&ﬂyoligomerize into connexons.
These connexons are then transported through tlgg &wl fused to the nonjunctional
plasma membrane. The connexons travel to the efdfpe gap junction plaque where
new gap junction channels were fornfe¥.

Gap junctions allow a variety of compounds to passugh including secondary
messengers. Apoptosis or damage signals can alsassed from the damaged cell to
its adjacent normal cells, which can spread outiileage. Researchers are thus trying
to find ways to prevent this effect. One possipili to block the gap junctions
between the normal cells and the affected cellsoreldver, some of the diseases are
associated with the increase of the gap junctiteréellular communication (GJIC),
which can be possibly treated by reducing the GJIMhose compounds that can
effectively block or inhibit the activities of gajinction channels are called gap
junction inhibitors or blockers.

One significant difference between the normal catid cancer cells is the amount of
gap junctions. Unlike the normal cells that can oamicate intracellularly through

the gap junction channels, cancer cells are clenaet by the lack of gap junctions.



As shown in figure 2, the initiated cell is supmed by the surrounding normal cells,
but the functional gap junctions are then disrugigdhe cancer cell. The cancer cell
that is released from the suppression grows torheca tumor without regulatidfi.
Because of the lack of gap junction intercellulameunication, the apoptosis signals
can't be passed over to the cancer célidoreover anti-cancer drugs could only kill
the cancer cells on the tumor surface which regulise demand of a large dose.

In this case, it is necessary to open or restoee g&p junction intercellular
communication. The restoration of the gap junctam provide a pathway for the
apoptosis signal to be delivered to the cances.célh the other hand, the anti-cancer
drugs can also gain entrance into the internal gfatthe tumors, which resulted in an
increase in drug sensitivity.

Disruption of GJIC
(i.e. by non-genotoxic

carcinogens)
O O OP\\U J/‘O g O O O .O
O ® O o?%:-o —> O ® O w# O °..= O
o O O O C O O O
Initiated cell Growth suppression N GJIC ¢ CLONAL EXPANSION
by functional GJIC Initiated oe[ls rgleased
(=) from constraints imposed

by normal cells

Figure 2 Disruption of GJIC in cancer cells

1.2.2 Gap Junction Inhibitors and Enhancers

Very few compounds have been reported to be gagtigminhibitors' 2 ¢ or
enhancers' * ®despite the extensive research that has beeninltinis field.

Glycyrrhetinic acid, a derivative of the naturabguct glycyrrhizic acid isolated
from the Chinese herb liquorice, is known to beirdnbitor of the gap junctiorits
analog, carbenoxolone has also shown this inhipidfiect. To date no total synthesis
of carbenoxolone has been reported. Resveratmmgound reported by Jiarign
1997 that can prevent the skin cancer, has bearowdised to be a gap junction

enhancer.



1.2.3 Interaction of GJI C with Substituted Quinolines

Quinolines have been shown to have anticancer itesiV’'° The effects of
quinolines in modulation of multidrug resistartéeargeting tumor hypoxi%ﬁ and
inhibition of tyrosine kinase have been reporteHence, substituted quinolines were
examined on the interaction with gap junctions. fifml new compounds that can
interact with GJIC, the partial crystal structufegap junctioi®?? was utilized as a
model to develop new drugs. By using Autodock cotagional docking software >
the bindings of substituted quinolines (code nani@s)Pto the inert core of the
hexameric hemichannel of gap junctions were obseri® one of the minimum
energy (-0.7 kcal/mol) bound structures, interaxtiqclose contact) between £F
group of PQ1 and H-N of Leu144 of connexin (2.5 &)d OCH group of PQ1 and
CH, of Phe81 of connexin (2.0 A) were found. Consetjyerhis substituted
quinoline and its analogs were synthesized and B8iC and anticancer activities

were studied.

Figure 3 Interactions between PQ1 and GJIC by computatidoeking. In one of the
minimum energy (-0.7 kcal/mol) bound structurestetiactions (closed contact)
between CEgroup of PQ1 (blue) and H-N of Leul44 (green) ofrexin (2.5 A),
OCH; group of PQ1 and Cibf Phe81 (orange) of connexin (2.0 A), andsNef PQ1
and —QC-Glu146 of connexin are found



1.3 Synthesis of Substituted Quinolines

The synthesized substituted quinolines are sumetiiz Figure 4.

MeO AN
—
N
NHR
1: R= CHchchzNHZ
: = H,C
2: R=CH,CH,CN 6:R=", j
Y
3: R = CH,CH,C(=NH)OCH,CH5
4: R = CH,CH,C(=NH)NH
2CHzCENHINH, 70 R=HLL
. r= HC
5 2 NH @
P
N

Figure 4. Structural formulas of substituted quinolines

1.3.1 Retro synthesis of compound 1
Gabriel synthesis is a synthetic method to makegny amines from alkyl halides.

Compoundl was synthesized from intermedidt@ by using a Gabriel synthesis, in
which compound16 was reacted with 3-iodopropylphthalimide followdy a

treatment of hydrazine to afford a primary amineebner-Miller reaction was utilized
to construct the quinolinedl6 from compound13. When treated with sodium
bicarbonate in DMF, compount3 undergo a Michael addition with methyl vinyl
ketone followed by aromatization; further reductioh nitro group would give

compound 16. Compound 13 was obtained from functionalizations of
N-(4-methoxyphenyl) acetamid8)( Bromination at C2 and nitration at C5 followed

by deprotection of acetyl of starting compouied to intermediaté&3.



Scheme 1 Retro-synthesis of compound 1 /@\
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1.3.2 Synthesis of 4-amino-5-nitro-2-(3-trifluoromethylphenyloxy) anisole
A similar synthetic strategy was utilized from titerature reporfs' 2’ with some
modification. Starting from N-(4-methoxyphenyl) samide 8), functionalizations on
C2 and C5 lead to the synthesis of 4-amino-5-riitro-
(3-trifluoromethylphenyloxy)anisolel8) (scheme 1). Bromination of compoufBdat
C2 in acetic acid using bromine gave N-(3-bromo-ethnxyphenyl) acetamid®)(in
69% yield after recrystallized from 25% ethanohiater. Nitration oP at C5 by using
nitric acid in acetic anhydride and acetic acid %C for 3 hours gave
2-bromo-4-acetamino-5-nitroanisdfe(10) in 82% vyield after recrystallized from
chloroform. 4-acetamino-5-nitro-2-(3-trifluoromethyphenyloxy) anisole 12) was
prepared by a substitution of bromide in compouf@ with potassium
3-trifluoromethylphenoxide 1) in N, N-dimethylformamide (DMF) at 1XC; the
yield of this reaction was 79% after recrystallizédm ethanol. The acetyl
proctetction group ol2 was removed with hydrochloric acid in ethanoldeled by
recrystallization from ethanol to give 4-amino-%0i2-(3-trifluoro- methylphenyloxy)

anisole (3) with 95% yield.



Scheme 2. Preparation of 4-amino-5-nitro-2-(3-trifluoromethylphenyloxy)anisole (13)

Br Br
\©\ Bl’z ACOH Meo\©\ HNO3, Ac,0 MeO
NHCOCH, (69% yield) NHCOCH(82% yield) NHCOCH;
o NO,
10
KO HCI. EtOH O\
(95%yield) o CFs
DMF, 1zo°c Meo
(79% yield) NHCOCH; NH
No2 Yo 2
2
13

1.3.3 Synthesis of 6-Methoxy-4-methyl-8-nitro-5-(3-trifluoromethyl
phenyloxy)quinoline (14)

Literaturé® has reported the construction of the quinolineavidichael addition of
vinyl methyl ketone. However, the results turned ot as simple as was reported.
Vinyl methyl ketone was added to a solution18f arsenic acid in 85% phosphoric
acid at 100C (oil bath temperature); the color of the solutiomed from red to dark
brown immediately after the addition. After 20 nties the reactidii was worked up
and a mixture of desired quinolidd and 1, 4-adduct5 as well as the starting material
13 was obtained in a ratio of 1:2:1. A 24.5% yieldo@impoundl4, 49% vyield of
compoundl5, and 24% recovery df3 were obtained after the separation by silica gel
column chromatography. A higher temperature (32pdid not improve the yield of
compoundl4, but resulted in decomposition of 1, 4- addLieaind starting materidl3
and longer reaction time had the same effect. Exoésinyl methyl ketone did not
result in the decomposition; however the yields iatihs remained unchanged neither.
Compound15 was then treated with arsenic acid in phosphocid again under
similar conditions as that mentioned above to di#eand 13 along with the starting
materiall5 in a ratio of 1:2:1. The results indicated that htermediatd5 can either

undergo a cyclization to form the desired prodi4tor a reverse Michael addition to



provide aminel3 and vinyl methyl ketone.

Since the conjugated alkynones were also usemrstruct quinolin€ 3! from
aromatic amines, 3-butyn-2-one was also testedderao simplify the synthesis.
Amine 13 was treated with 3-butyn-2-one and arsenic acjghimsphoric acid at 100
°C for 20 minutes; after work up, the crude produegese separated by silica gel
column chromatography. The desired prodi4tvas obtained in a 24% yield along
with 28% of recovered starting materi8 while the 1, 4-adduct was not detected.
Instead, some red oligomers that can not be idedtlly NMR spectroscopy were
obtained. This might due to polymerization of thieyaone or rapid decomposition
of the 1, 4 adduct. Thus, vinyl methyl ketone whesen to construct the quinoline
ring since the 1, 4-adduct could be isolated atr@a&ed to improve the overall yield

of compoundL4.

Scheme 3. Preparation of quinoline 14 and 15

vinyl methyl ketone /@\ /@\
H3ASO4 F3C O Me F3C o)

85% H3PO,

MeO AN + MeO
100°C, 20 min. ~ &/L
N H (0]
1o ¥
15
(24.5% yield) (49% yield)

H3ASO4,
85% H4PO,
15 —> 14 + 13

100°C, 20 min.

3-butyn-2-one
H3AsO,
85% H3PO,

13 > 14

100°C (24% yield)




1.3.4 Synthesis of PQ1 (1)

Reduction of compount# with iron powder in 1% (by volume) acetic acidwater
under reflux for 2 hours gave amino quinolit&in 96% vyield as a red solid. Base on
the amino function group, compoud@ was served as the precursor for a series of
different substituted quinolines as shown in Figlré&ince compoundié was red in
color and strongly UV active while all the subgitd quinolines had a yellow or red
color, the purification of product by silica gellemn chromatography was easily
achieved by tracking the color. Treatment of angoinoline 16 with lodide 17 and
sodium bicarbonate in DMF at 80 for 48 hour¥ gave the alkylated compoun8 as
a yellow solid in 72% yield. Removal of the aminmtecting group of compountB
with hydrazine in refluxing ethanol finished suhstd quinolinel as a yellow solid in
80% yield. Since compourithad very poor solubility in aqueous media, its suicc
acid salt was prepared by treatment with 1 equintadé succinic acid in methanol,
diluted with water and lyophilized to yield the sirgc salt in quantitative yield. The

code name for the succinic salt of compotns PQL.

Scheme 4. Synthesis of substituted quinoline 1(PQ1)

0
@E:N-(CHZ)gI
Fe, H,0 Fgc/©\0 Me FsC o Me

1 _AcOH MeO § U MeO N
(96% yield) _ NaHCO;, DMF N
N (72% yield) n N¢©
NH, NS
16 18 ©

H,NNH,, EtOH
—_—

(80% vyield)
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1.3.5 Synthesis of PQ6-PQ8

Compoundl6 was treated with acrylonitrile in phenol at @0for two dayd®in a
sealed tube to give compouds a Michael addition product in 50% yield alorithw
20% of recovered starting materil. No reaction was found when ethafievas used
as a solvent instead of phenol. Ethanofjsi¥ compound2 by the treatment with
saturated HCI (gas) in ethanol and benzene inladéabe at room temperature for 3
days afforded a 69% yield of ethyl imidé&es a yellow solid. Compour&iwas then
treated with ammonia gas in ethafiat 50°C for 6 hours in a sealed tube to produce
amidine4 in 57% yield along with 13% recovery of startingterial2. Their succinic
salts were made by adding 1 equivalent of succgid in methanol followed by
diluting with water and lyophilization. The codames of the succinic salts for

compound?, 3and4 were PQ6, PQ7 and PQ8, respectively.

Scheme 5. Synthesis of compounds 2-4

Phenol F3C/©\O Me 1. EtOH, HCI FsC : O Me

16 100°C, 48 h MeO (69% yield) MeO I
Z>CN _ 2. NH3, EtOH _
(50% yield) N (57% yield) N
AN ~en AN ~g
2 3: R = C(=NH)OCH,CHj

4:R = C(=NH)NH,

1.3.6 Synthesis of PQ9-PQ11

Initially, we were trying to synthesize quinolibéy using nuclearphilic substitution
of the aromatic amin&6 with 5-(chloromethyl)-1H-imidazolé9. Compoundl6 was
treated with19 and sodium bicarbonate in DMF at ®D for two days, however, no
reaction was detected. This might be due to thllgy of compoundl9. Imidazole

19 can absorb moisture very rapidly and decomposecat temperature.
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Synthesis of quinoline$-7 was accomplished via a reductive aminatioof
aromatic aminel6 and with an aldehyde. Treatment ¥ with aldehyde20 in
methanol-acetic acid for 1 hour at room temperafoildwed by the addition of
sodium cyanoborohydride afforded compouichs a yellow solid in 79% vyield.
Aldehyde 20 was obtained by the oxidation of 5-hydroxymethydiazole with
manganese dioxide in methafioht room temperature (99% yield). Treatment of
compound16 with aldehyde21 and 22 separately utilizing the same procedure as
mentioned above gave quinolingand?, respectively. Their succinic salts were made
by adding 1 equivalent of succinic acid in methdatibwed by diluting with water
and lyophilization. The code names of the succsgailts for compoun®, 6 and7

were PQ9, PQ10 and PQ11 respectively.

Scheme 6. Synthesis of substituted quinolines 5 ~ 7.

3 FsC O Me

MeO N Cl NaHCO
N 3 MeO

D . \_@ DMF _ N

N N 800C 48" N7
NH, HN\_(\N
&

N

H

16 19 °

o NaBH,CN  FsC” i 0 Me
16 + w MeOH MeO N

Ho X AcOH =
20:X=NH,Y=N v
21:X=S HN\—(/\J
22:X=0 X
5:X=NH, Y =N (79% yield)
6:X=S (47% yield)
7 :X=0 (52% yield)
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1.4 Results and Discussions

Breast cancer, the most common type of cancer mavoworldwide > is one of the
highest death rate cancers for women in the Uritiadies. Breast cancer cells also
have reduced or altered gap junction intercellldammunications. The growth
activity of cancer cells is negatively related t® tcapability of communicatiéh
through gap junction; thus one feasible way to cedhe growth of tumor is to restore
or enhance the gap junctﬂfﬁn42 in breast cancer cells. A small molecule that can
activate the GJIC would provide a possible wayotdithe anticancer drugs to breast
cancer cells. Our autodocking computation showsitheraction of PQ1 with the
connexin 43 hemichannels; thus PQ1 has been clawgkits effect on gap junctions
has been evaluated. The bioactivity evaluationsTd@D cells were done by our
collaborator, Dr. Thu Annelise Nguyen and her std&unjan Gakhar. The bioactivity
on R28 cells regarding the inhibition of gap juontiwere tested by Dr. Dolores J.

Takemoto and her student Satyabrata Das.

1.4.1 Effect of PQ1in GJICin T47D Breast Cancer Cells

The effect of PQ1 on the GJIC activity in T47D lseaancer cells was tested.
Scrape load/dye transfer assay was utilized (Figlrén this experiment, the white
dash line indicates the initial cutting site. Rhmdl@e-dextran, which was a relatively
large molecular dye that can’t pass through the jgaption channels, was used to
mark the cutting site. To the right side of thetiogt site, different doses of PQ1 were
given to the cells compared to the control. Lucifelow was used as a dye that can
travel through any gap junctions that are presérg.top panel shows the T47D cancer
cell while the bottom shows the normal cell. Foe tontrol with media alone or
treated with succinic acid, the Lucifer yellow (grein color) can't travel to the right
side due to the lack of gap junction. When treatéd PQ1, the travel of the Lucifer
yellow was obviously increased as the concentrabbPQ1 increased. The results
indicated that PQ1 can significantly increase tap ginction activity in T47D cells

compared to the control using scrape load/dye fiearessay (Figure 5A, top panels).
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While for the human primary epithelial cells (ME@rmal cells, Figure 5A, bottom
panels), the Lucifer yellow dye were uniformly tségrred due to the existing high
level of gap junction activiff*® in these cells. A graphical representation
demonstrated that 200 nM PQ1 causes an 8.5-foidase in distance of dye transfer

compared to control (Figure 5B).

200

100 1

—+—Dye Transfer
50 1 _—

(=}

Distance of Dye Transfer (um
7]
o

Control SA 100 200 500
Treatment PQ1 (nM)

Figure 5. Effect of PQ1 in Gap Junction Activity (data emlted from Dr. Thu
Annelise Nguyen and Dr. Gunjan Gakhar). A top) T4aial A bottom) MEC cells
were treated with 0, 100, 200, and 500 nM PQ1 fapdr. Controls are media alone
and succinic acid. B) Graphical presentation ofegxpents shows the distance of dye
transfer of T47D cells.

1.4.2 Effect of PQ1in T47D Cancer Cell Colony Growth
The above result on the GJIC of T47D breast caoels indicated that PQ1 can
cause an increase in the GJIC activities of T47I3.cEor most cancer cells, the cell
growth ability is related to the GJIC, the highee GJIC in cancer cells, the lower the
growth of cancer cells. Thus, we would expect @1 can inhibit the growth of
T47D breast cancer cells by enhancing the GJIC.

The effect of PQ1 in T47D cancer cell colony groidhmation was examined. As

- 14 -



shown in Figure 6, T47D and MEC cells were treatét 10, 100, 1000, and 10,000
nM PQL1 for 7 days. Individual cell colonies whictene larger than 5@m were

counted. A graphical presentation of three expemaleresults is presented below in
log scale of PQ1 concentration. The treatment 6frid PQ1 inhibited 66% of colony
growth compared to the control, while having noeeffon the normal cells. This
suggested that treatment of PQ1 can increase th@ &livity and subsequently

decrease colony growth of T47D cells.

MEC cells
200 1
180
160
140
120
100 -
80 -
60 .
40 -
20 ~
0 ‘ ‘ ‘ .
1 10 100 1000 10000
Log scale of PQ1 (nM)

T47D cells

Number of Colony (>50 um)

Figure 6 Effects of Substituted Quinolines on T47D and MEE@lIs (data collected
from Dr. Thu Annelise Nguyen and Dr. Gunjan Gakh@8ase agar plates were
prepared containing 0.8% agar and 0.4% agar in Bl&h2. Cells (5 x TOcells/33
mm2 well) were suspended in 1p0of Ham’s F12 with 0.4% agar and plated. These
plates were maintained at 37°C for 7 days and exadnior the presence of colonies.
Individual colonies of 5@m or greater were examined. T47D cells were treaitdl,

10 and 100 nM PQ1 and SA (succinic acid) as a sbleentrol. Individual colonies of
50 um or greater were examined. Statistical signifiearp<0.05, of at least three
experiments.
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1.4.3 Effect of PQ1 on Cell Viability

PQL1 restored the GJIC on T47D cells, and causeti@ase in the colony growth
of T47D breast cancer cell. This indicated an iitlaib of the tumor growth. As for the
treatment of cancer cells, the cell viability iso#rer important factor. Would PQ1 kill
the T47D cells to cause an inhibition of the colgngwth?

Thus the cell viabilities of PQ1 in T47D and MEdIsevere also determined by
using MTT assay. Results demonstrated that at 20B@M has 67% cell viability
compared to the controls (Figure 7)ul¥ PQ1 can further decrease cell viability to
50% in T47D cells; however, treatments of 100 add 2M PQ1 have 95% and 103%
MEC cell viabilities respectively as compared te ttontrol. This indcated PQ1 had no

cytotoxic effect to normal MECs even at 500 nM.

120 -
100 - L35
80 - T47D
60 -
40 -
20 -
0 . ; .
1 10 100 1000
Log scale of PG (nM)

Figure 7 Effect of PQ1 on Cell Viability (data collected fmoDr. Thu Annelise
Nguyen and Dr. Gunjan Gakhar). T47D and MEC cellsemreated with various
concentrations of PQfior 24 hours. MTT assay was performed with adheoetit
cultures using a culture medium free of phenolaed of serum. Solution containing
MTT was metabolized by the cells (incubation per®dours). After solubilization of
the MTT crystals with the solubilization solutionTVl, the amount of dye was
measured spectrophotometrically at 540 nm.

Percent of Control
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1.4.4 Effect of PQ1 on the Expression of Connexins

Gap junctions are composed of connexins (Cx). Tte,dabout 20 different
connexins have been identified. The nominations mased on the structure and
molecular weight; for example, Cx43 is a connexiotgin with a molecular weight at
about 43 kDa.

Not much research has been done in the study f&frelift functions of connexins.
The most common studied connexins are Cx26, Cx32,Gx43 which are shown to
be related to the bioactivities of cancer cellsmast cancer cells, the connexins are
well expressed but can not assemble together to gap junctions. Examination of
the changes of connexins on T47D breast cances w#len treated with PQ1 may
provide a pathway to understand the mechanismeoktthancement of gap junction
intercellular communications.

The analysis of changes in gap junctional proteias performed after the treatment
of PQ1. Three common connexins, Cx26, Cx32, andBWete checked using western
blot analysis. The results indicated that PQ1 ha@ffect on the expression of these
connexins. However, a decrease in phosphorylatet8 @xas observed when T47D
cells were treated with 500 nM PQ1. This indicatedt PQ1 can cause a direct
decrease in phosphorylation of Cx43 without affegtihe expression of connexins.
The increase of GJIC (Figure 5) was consistent thighdecrease of phosphorylation of
Cx43 since upregulation of GJIC activity was deperidon the unphosphorylated

connexins.

1.4.5 Effect of PQ1 on Active Caspase 3
When treated with PQ1, T47D cells were under aga@ptconditions sincee
mitochondrial damage was observed. Thus the ef¢cPQ1 on apoptosis was
evaluated by detecting the active form of caspage 20 nM PQ1 caused a 1.5-fold
increase of active caspase 3 compared to the ¢ofitie decrease of caspase 3 at
higher concentration was due to the cytotoxic raspoof the cells. This result

indicated that PQ1 can induce apoptosis to T47[3.cel
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1.4.6 Effect of PQ1 on Tumor Growth in Nu/Nu Mice
The above results demonstrated that PQ1 can entta&]IC activities on T47D

breast cancer cells and inhibit the cell and colgrowth at nM scale. The anti-tumor
effect of PQlwas also tested in animal model (Fig8x. Nu/Nu mice were injected
with T47D breast cancer cells. After the xenogtafhor grown to a certain size, a 1
MM PQ1 or 10 pM tamoxifen (a known drug used fomparison) was injected

directly into the tumor. The three control animaleng with a tamoxifen-treated
animal were euthanized after day 6 due to the systabnormality. The PQ1-treated
group demonstrated a decrease in tumor size comhpareontrol, even at day 2. A
70% decrease of tumor growth with PQ1 treatmentifity one injection was observed
at day 6 compared to control. This indicated tH@i s a promising anti-cancer drug

for the T47D breast cancer.

Tumor Growth

-
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Control Tam PQ1

Figur e 8 Xenograft Tumor Growths of T47D Cells in Nu/Nu Mi¢data collected
from Dr. Thu Annelise Nguyen and her student Gugakhar). Mice was inoculated
with 17Restradiol (1.7 mg/pellet) before the injeatof 1 x 13 T47D cells
subcutaneously into the inguinal region of mamniatyad. Animals received
treatment at 1M PQ1 or 1uM tamoxifen. The results after 6 days of injectshrow
a decrease in tumor growth of PQ1-treated animaigpared to control or tamoxifen.

-18 -



1.4.7 Anti-tumor Effects of PQ analogs
Since the PQ1 demonstrated a promising anti-turfiecteon T47D breast cancer
cells, the quinolined-7 were tested against T47D cells using trypan blugusion
assay. Among these compounds, Thegy6€ quinoline7 is 15.6 nM (Table 1), even
lower than PQ1 which is 119 nM. The study of amtneer effects of compound 7 is

now carrying on in Dr. Thu Annelise Nguyen'’s lab.

Compound| 1 2 3 4 5 6 7

ICso value| 119 +| 378 %[ 1974 + 519 =+ 1276 + 3732 + 156+

(M) 21 |79 |404 102 |246 |696 |3.0

Table 1 Cell Viabilities using Trypan Blue Exclusion (datallected from Dr. Thu
Annelise Nguyen and her student Gunjan Gakhar).7DT#dreast cancer cells were
treated with various concentrationslof 7 for 2 days. A cell suspension was mixed
with trypan blue dye and then visually examinedeatermine whether cells take up or
exclude dye. The numbers of live cells (excludge)dwvere quantified and kg
values for each compound were determined.

Retinal ischemi&®“is a major cause of vision loss. The apoptotinaigwill pass
from ischemic cells to adjacent normal cells vip ganction, resulting in the spread of
damagé?® A gap junction inhibito’** that can block the GJIC may provide a way to
prevent further damage during ischemia. PQ1 watsteddr. Dolores J. Takemoto and
Satyabrata Das to test the effect on gap junciitimiies on R28 retinal normal cells.

1.4.8 Effect of PQ1 on Retinal R28 Cells

Based on the computational dockifigf results, the binding between PQ1 and gap
junction hemi channels indicated that the quinotioenpounds could be potential gap
junction inhibitors. Thus, PQ1 and its analogs wessted for the gap junction
activities on normal retinal R28 cells. Lucifer gV dye transfer experiments were
carried out on R28 cells. For the control (Figufetdp panel), no PQ1 was loaded,
which allowed the dye to be transferred far from lttading site to the right suggesting

a high level of gap junction intercellular commuation. While for PQ1 treatment
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(Figure 9A bottom), the dye transfer was much pFssiounced due to the inhibition of
GJIC. The results (Figure 9) demonstrated thadr&fo uM for 40 minutes, PQ1
inhibited the Lucifer yellow dye transfer by 90%hile mefloquiné® *® (MQ), a

known gap junction inhibitor, at the same doseaaly inhibit 60%.

90
80
70 *
60
-
30 * " ¥
20
m i

0

MQ

Control PQ1 PQ2 PQ3 PQ4

A Lucifer Yellow
Dye transfer

Control

% Dye Transfer
¥

PQ1

Figure 9 PQ1 inhibition of gap junction dye transfer ad§nin retinal neurosensory
R28 cells in culture (data collected from Dr. Del®. Takemoto and Satyabrata Das).
R28 cells were grown in 6-well plates with coversli When cells reached 90%
confluency, gap junction dye transfer activity vpesformed as described in Materials
and methods. (A) The transfer of Lucifer yellow dypethe control and PQ1 treated
cells. (B) Bar graph of percentage dye transfeR#8 cells after treatment with the
different PQs and Mefloquine (MQ). Application oQR significantly (*) inhibited
gap junction activity.

1.4.9 Effect of PQ1 on Protection against Apoptosis

The Lucifer yellow dye transfer experiment indichthat PQ1 can inhibit the
GJIC activities on R28 cells. Would the inhibitiafi GJIC prevent the apoptosis
passing from the damaged cells to the adjacentalareils?

PQ1 was further tested for the protection againmsiptosis induced by the
treatment of cobalt dichloride. In this experimdR28 cells were treated with differing
dosages of PQ1 and CoeQCaspase-3 was examined to indicate the levgi@btasis.
Without pre-treatment of PQ1, CgoCht 500 uM can activate caspase-3 which
indicated the activatich °® of apoptosis. However, pre-incubation of R28 vitt@1 at
10 uM for 40 minutes can block the activation digantly. CoC} also caused
stabilization of HIF1a that confirmed induction lmga. Treatment with PQ1 alone

did not cause activation of caspase 3 or stabitimadf HIF1la respectively. PQ1,
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CoCk or a combination of both did not cause any changie Cx43 gap junction
protein levels or phosphorylation, which indicatdte PQ1 did not cause the
down-regulation of gap junctions.

The result from the apoptosis assay shown in Figle demonstrated that
pre-treatment of R28 cells with 10 uM PQ1 for 40nutés can protect the cells
significantly form undergoing apoptosis induced ®yCl (Figure 10A), while the

treatment of PQ1 alone did not cause serious datoate cells, even after 36 hours.

A 50 B Cocl, 500uM B
7 [C—JPQ110mM+ CoCl, 500uM P<0.05
50
20
2 40 P< 0.05 18
]
16
g 314
= 30 ° "%
(] -4 Q 47 ]
o ) 10
=10
20 4 * '3 8.
2 @
< 5
10 2 4
24
0 - - . o
12 Hrs 24 Hrs 36 Hrs o 10
Treatment in Hrs PQ1 (pM) 36 Hrs

Figure 10 Apoptotis assay using the Annexin V-FITC Kit (datallected from Dr.
Dolores J. Takemoto and Satyabrata Das). (A) Reptative flow cytometer images
of R28 cells with different treatments of PQ1 amdZoCI2. The y-axis quantifies the
number of cells stained with propidium iodine ahe &-axis quantifies number of
cells stained with Annexin V-FITC. (B,C) Histogranf % apoptotic cells after
treatment with CoCI2 and PQL1. The percentage optagio cells represents cells that
are Annexin V-FITC positive and both propidium idéi and Annexin V-FITC
positive after different time periods.
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1.5 Conclusion

PQ1 was synthesized employing a tandem Michaeltiaddfollowed by an
electrophilic aromatic substitution reaction of stifoted aniline with vinyl methyl
ketone, reduction of the nitro function, and alkigla of the resulting amine moiety. Its
analogs were synthesized through a reductive ammaif intermidatel6 with a
variety of aldehydes.

PQ1 can specifically enhance GJIC activity of T4@®&Is without affecting the
normal MECs. The PQ1 induced apoptosis can spfegaddghout the gap juctions and
consequently cause a decrease in cell viabilityaony growth. As the first known
compound to enhance GJIC activity in T47D cells1R@n attenuate tumor growth of
xenograft tumors in Nu/Nu mice.

Compound? (code PQ11) which has ansfof 15.6 nM against T47D cancer cells,
is a promising candidate for further pharmacololgstadies.

Interestingly, higher concentrations of PQ1 testnammal retinal R28 cells can

significantly block the gap junction and preverd #pread of damage.
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1.7 Experimental Section

General procedure: Nuclear magnetic resonance spectra were obtaitnéd0 MHz

and 200MHz for'tH and 100 MHz and 50 MHz fdfC in deuteriochloroform, unless

. . . -1
otherwise indicated. Infrared spectra are reported wavenumbers (cnj.

High-resolution Mass spectra were obtained from dila@nd ESI spectrometers.
Maldi spectra were taken using 2,5-dihydroxybenzmiti as a matrix. ESI spectra
were acquired on a LCT Premier (Waters Corp., MilftMA) time of flight mass
spectrometer. The instrument was operated at QOr88olution (W mode) with
dynamic range enhancement that attenuates largesity signals. The cone voltage
was 60eV. Spectra were acquired at 16666 Hz pusbguency covering the mass
range 100 to 1200 u and accumulating data for @rskcper cycle. Mass correction
for exact mass determinations was made automatiedth the lock mass feature in
the MassLynx data system. A reference compourahiauxiliary sprayer is sampled
every third cycle by toggling a “shutter” betwedre tanalysis and reference needles.
The reference mass is used for a linear mass tiomeof the analytical cycles.
Samples are presented in Methanol plus 0.1% foanid as a 20ul loop injection
using an auto injector (LC PAL, CTC Analytics AGwiagen, Switzerland).
4-Acetaminoanisole, vinyl methyl ketone, 3-(trifreonethyl)phenol, and arsenic acid
were obtained from Aldrich Chemical Co. 4-Hydroxgtitmylimidazole,
thiophene-2-carboxaldehyde and 2-furaldehyde werechased from Acros.
Potassiun-butoxide was prepared by treatingutanol with potassium metal at°g€5
followed by evaporating excess tbutanol under vacuum. 2-Bromo-4-acetamino
anisole 9) and 2-bromo-4-acetamino-5-nitroanisol®)(were prepared by following

the reported procedurés.
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N-(4-methoxyphenyl)acetamide(8)

MeOTi::L
NHCOCH;

8

To a solution of 5 g (40.6mmol) of p-anisidine il of water, 5.2 g (50.75 mmol)
of acetic anhydride was added at°’80 The mixture was stirred at &0 for 20 min,
then cooled down to room temperature and stirreddditional 1 hour. Crude product
precipitated out as a white solid. The solid wisred and washed with water, dried
under vacuum to give 5.4 g (80.5%) of compo@dH NMR (CDCk, 200MHz)
52.15(s, 3H, CH), 3.79 (s, 3H, OCH), 6.84 (d, J=8.8Hz, 2H), 7.37 (d, J=9.1Hz, 2H);
13C NMR 8 24.17, 55.52, 114.10 (2C), 122.25 (2C), 131.34, 156.43, 169.06.

2-Bromo-4-acetaminoanisole (9)

Br

MeoTii:L
NHCOCH;

9

To a solution of 10 g (60.5 mmol) of N-(4-methoxgplgl)acetamided) in 50 ml of
glacial acetic acid, 11.6 g (72.7 mmol) of bromivees added slowly. Temperature was
maintained below 58 while adding. The mixture was stirred at roomgenature for
1 hour, poured into 400 ml of ice water with 1.fgsodium bisulfite, stirred until
color discharged. The precipitated solid was fteput and recrystallized from 25%
ethanol in water to give 10.19 g (69%) of compoSndH NMR (CDCk, 200MHz)
52.16 (s, 3H, CH), 3.87 (s, 3H, OMe), 6.83 (d, J=8.8Hz, 1H), 7.d4( J=2.5Hz, 1H),
7.67 (d, J=2.6Hz, 1H)**C NMR 524.11, 56.48, 111.25, 111.94, 121.05, 125.95,
132.02, 152.72, 169.47.
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2-bromo-4-acetamino-5-nitroanisole (10)

Br
MeO

NHCOCH,
NO,
10

To a solution of 12.3 g (50.4 mmol) of 2-Bromo-Z4tmminoanisole9) in 20 ml of
acetic anhydride and 40 ml of acetic acid &53.51 ml (54 mmol) of concentrated
nitric acid was added dropwise while maintaining temperature below. The
mixture was stirred at % for 3 hours, poured into 200 ml of ice water. Hedlow
precipitate was filtered out and washed with coéder, dried under vacuum to give 12
g (82.3%) of compound0: *H NMR(CDCk, 200MHz)5 2.28 (s, 3H, CH), 3.95(s,
3H, OCH;), 7.67 (s, 1H), 9.09 (s, 1H).

Potassium 3-(trifluoromethyl)phenoxide(11)

KO i “CFs

11
A mixture of 1.94 g (12 mmol) of 3-(trifluoromsth phenol and 1.344 g (12 mmol)

of potassiunt-butoxide was stirred at room temperature undeorafgr 30 min. A
solution was resulted, and the by-prodidiutanol, was removed under vacuum and

heat to give 2.40 g (100% yield) &f as a brown oil.

4-Acetamino-5-nitro-2-(3-trifluoromethylphenyloxy) anisole (12).
SO,

NHCOCH,

3
MeO

NO,
12

To 2.4 g (12 mmol) of compourid under argon, was added a solution of 3.0 g (10.4

mmol) of bromidel0 in 20 mL of DMF via cannula. The resulting sabutiwas
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stirred at 120C for 1 day. Thin layer chromatography indicateel teaction was not
completed. The reaction solution was cooled t6@%nd an additional of 2 mmol of
11 was added. The solution was stirred at %2@or additional 12 hours, then poured
into 200 mL of ice water, and the solid was colecby filtration, washed with water,
dried under vacuum, and crystallized from ethawitée to give 3.04 g (79% vyield) of
compoundl? as a yellow solid® *H NMR(CDCL, 200MHz)d 10.4 (s, 1 H, NH),
8.39 (s, 1 H), 7.83 (s, 1 H), 7.5 (m, 2 H), 7.3 1Y), 3.93 (s, 3 H, OMe), 2.23 (s, 3 H,
CHs); °C NMR & 186.2, 155.7, 153.9, 142.4, 141.5, 133.0)& 30 Hz, GCFy),
130.9, 125.1 (¢qJ = 260 Hz, Ck), 123.0, 121.7, 116.8, 116.7, 108.7, 106.6, 5B17.

4-Amino-5-nitro-2-(3-trifluoromethylphenyloxy) anisole (13).
O/©\CF

NH,
NO,
13

3
MeO

To a solution of 2.0 g (5.3 mmol) of compoutiglin 30 mL of ethanol under argon
was added 4 mL of concentrate HCI. The reactionlveaded up to reflux for 2 hours.
The color turned from yellow to red. The solutiomsacooled to room temperature,
poured into 200 mL of ice and water. The precipitats collected by filtration, then
washed with water twice and crystallized from etiida give 1.69 g (95% yield) df3
as an orange solfd. *H NMR(CDCk, 200MHz)3 7.70 (s, 1 H), 7.5 (m, 2 H), 7.32 (m,
1 H), 7.20 (m, 2 H), 6.15 (s, 1 H), 3.87 (s, 3 H1€); 1°C NMR & 155.6, 153.9, 142.3,
141.6, 132.8 (gJ) = 33 Hz, CCFs), 130.9, 127.1, 123.7 (4,= 272 Hz, CR), 123.1,
121.8, 116.8, 108.5, 106.5, 56.6.
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6-M ethoxy-4-methyl-8-nitro-5-(3-trifluoromethylphenyloxy)quinoline (14) and
4-{N-[4-methoxy-2-nitr o-5-(trifluor omethylphenyloxy)] phenylamino}2-butanone

(15).
F3C/©\O Me FsC : o

MeO SN MeO

NO, NO, H
14 15

To a mixture of 2.0 g (6.0 mmol) of compoui8land 1.7 g (12 mmol) of 4AsO,,
was added 15 mL of 85%3FA0,. The mixture was stirred and heated to 4O0and
0.7 mL (9.0 mmol) of vinyl methyl ketone was addidpwise via a syringe. The solid
compoundl3 dissolved and a dark red solution was resulteterAstirring at 100C
for 20 min, the reaction solution was cooled tomo@mperature, poured into 200 ml
ice and water. The pH was adjusted to 10 by 6 M MNa®lution, and the solid
precipitate was extracted by dichloromethane thirees. The combined extract was
washed with brine, dried (MgS) and concentrated to give a red crude produdhe T
combined material was column chromatographed @agiel using a gradient mixture
of hexane, diethyl ether, and dichloromethane aare$ to give 0.58 g (25% vyield) of
quinoline14, 1.21 g (50% vyield) of compourid, and 0.50 g (25% recovery) b3.
Compoundl4: 'H NMR (CDCk, 400MHz)5 8.78 (d,J = 4 Hz, 1 H), 7.88 (s, 1 H),
7.40 (m, 2 H), 7.27 (m, 1 H), 7.11 (s, 1 H), 6.83)= 7 Hz, 1 H), 3.87 (s, 3 H, OMe),
2.74 (s, 3 H, Me)*C NMR (CDCE, 400MHz)3 158.0, 151.0, 148.3, 146.9, 143.8,
139.9, 136.3, 132.6 (4,= 30 Hz,_ GCF;), 130.6, 126.5, 126.0, 123.2 (= 270 Hz,
CFy), 119.5, 118.3, 112.5, 111.8, 57.3, 23.4.
Compoundl5: 'H NMR (CDCk, 400MHz)3 8.18 (s, 1 H), 7.78 (s, 1 H), 7.50 (m, 2
H), 7.30 (m, 2 H), 6.32 (s, 1 H), 3.87 (s, 3 H, QM&40 (tJ=7 Hz, 2 H), 2.75 (t) =
7 Hz, 2 H), 2.17 (s, 3 H, Me).*C NMR (CDC}k, 400MHz)3 206.1, 156.2, 153.8,
142.5, 141.6, 132.5 (d,= 30 Hz, GCF), 130.8, 127.2, 123.7 (d,= 280 Hz, CB),
122.2, 121.2, 115.9, 109.8, 103.0, 56.6, 42.5, ,3B0.4. Anal. Calcd for
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CigH17FsN20s: C, 54.27; H, 4.30. Found: C, 54.02; H, 4.53.

Cyclization of compound 15 to quinoline 14.

J: l ’ i O Me
FsC 0] FsC

_— = MeO B

&/L NT
N 0
H NO,

14

MeO

NO,
15

To a hot (100C) solution of 0.11 g (0.75 mmol) ofsAsO, in 1 mL of 85% HPO,,
was added 0.15 g (0.38 mmol) of ketdite The mixture was stirred at 16G for 20
min., cooled to room temperature, diluted with aameNHOH and NaOH to pH ~12,
and extracted with ethyl acetate three times. @tganic layer was washed with
water and brine, dried (MgS}) concentrated, and column chromatographed arasili
gel using a gradient mixture of hexane, dichlordraee, and diethyl ether as eluants
to give 33 mg (23% vyield) df4, 57 mg (46% yield) o013, and 35 mg (23% recovery)
of 15.

8-Amino-6-methoxy-4-methyl-5-(3-trifluoromethylphenyloxy) quinoline (16).

F3C : (0] Me

MeO A

—

N
NH,
16

To a solution of 1 g (2.65 mmol) &# in 0.5 mL of acetic acid and 10 mL of water,
0.95 g (17.0 mmol) of iron was added at room temmjpee. The mixture was stirred at
100°C for 2 h, cooled to room temperature, and extchetiéth dichoromethane three
times. The combined extract was washed with agué&aHCQ, and brine, dried
(MgSQOy), concentrated, and column chromatographed otasgel using a gradient

mixture of hexane, dichloromethane, and diethyeets eluents to give 0.78 g (85%
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yield) 0f 162> *H NMR (CDCk, 400MHz) 8.46 (d,J = 4 Hz, 1 H), 7.34 () = 8 Hz,

1 H), 7.22 (dJ = 8 Hz, 1 H), 7.15 (m, 2 H), 6.93 @@= 8 Hz, 1 H), 6.79 (s, 1 H), 5.15
(bs, 2 H, NH), 3.80 (s, 3 H, OMe), 2.63 (s, 3 H, Me)**C NMR (CDCE, 400MHz)d
159.7, 150.5, 145.6, 143.7, 142.8, 141.5, 137.%,013132.0 (q,) = 30 Hz, GCFy),
130.2, 125.1, 124.6, 123.1 (= 270 Hz, CF), 118.3, 112.1, 97.9, 56.6, 23.3.

6-M ethoxy-8-(3-phthalimidopropylamino)-4-methyl-5-(3-trifluoromethylphenylo

FsC i O Me

MeO AN
—

N 0]

0]
18

A solution of 1.0 g (2.86 mmol) df6, 0.9 g (2.9 mmol) of 3-iodopropylphthalimide

Xy)-quinoline (18).

(17) and 0.22 g (2.6 mmol) of NaHG@ 10 mL of DMF was stirred under argon at
80°C for 48 h. The reaction mixture was cooled t8Q5diluted with 100 mL of
water, and extracted four times with ethyl acetafthe combined extract was washed
with brine, dried (MgSG@), concentrated, and column chromatographed orasgel
using a gradient mixture of ethyl acetate and mmethas eluants to give 0.37 g (72%
yield based on reactet’) of compoundl18 and 0.69 g (77% recovery) df6.
Compoundi8: 'H NMR (CDCk, 400MHz)6 8.37 (d,J =4 Hz, 1 H), 7.85 (m, 2 H),
7.73(m, 2 H), 7.34 (] = 7 Hz, 1 H), 7.23 (d] = 7 Hz, 1 H), 7.05 (m, 2 H), 6.92 @@=

7 Hz, 1 H), 6.54 (bs, 1 H, NH), 6.45 (s, 1 H), 3(82 =7 Hz, 2 H), 3.82 (s, 3 H, OMe),
3.44 (q,J = 7 Hz, 2 H), 2.60 (s, 3 H, Me), 2.20 (peht 7 Hz, 2 H);**C NMR (CDCE,
400MHz)4 168.7, 159.9, 151.0, 145.0, 144.4, 142.6, 134.4,21333.9, 132.3, 130.2
(g,J = 30 Hz, CCRy), 125.8, 125.2, 124.1 (d,= 260 Hz, CE), 123.5, 123.3, 118.3,
118.1, 112.3, 92.9, 56.8, 41.2, 36.2, 28.2, 23Ahal. Calcd for GgH24F3N304: C,
65.04; H, 4.52. Found: C, 64.95; H, 4.71.
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6-M ethoxy-8-[(3-aminopr opyl)amino]-4-methyl-5-(3-trifluoromethylphenyloxy)q

FsC : O Me

MeO AN

uinoline (1).

—

N

1 AN~

H,

A solution of 0.35 g (0.65 mmol) of phthalimid8 in 10 mL of 65% hydrazine and
10 mL of ethanol was refluxed under argon for 3reou After cooling the solution to
25°C, it was diluted with 10% aqueous KOH solution amsdtracted with
dichloromethane three times. The combined exinsd washed with brine, dried
(K2CGg), concentrated, and column chromatographed ocasgel using a gradient
mixture of dichloromethane and methanol as elutmtiive 0.21 g (80% vyield) of
'H NMR (CDCk, 400MHz)58.40 (d,J = 4 Hz, 1 H), 7.34 () = 8 Hz, 1 H), 7.21 (d]
= 8 Hz, 1 H), 7.06 (m, 2 H), 6.93 (@= 8 Hz, 1 H), 6.48 (s, 1 H), 6.4 (bs, 1 H, NH),
3.83 (s, 3 H, OMe), 3.42 (#,= 8 Hz, 2 H), 2.99 (tJ = 8 Hz, 2 H), 2.62 (s, 3 H, Me),
1.98 (pent] = 8 Hz, 2 H), 1.80 (bs, 2 H, NH *C NMR (CDCk, 400MHz)3 160.0,
151.1, 145.0, 143.5, 142.7, 132.2J& 30 Hz, GCFs), 130.2, 125.2, 123.1 (4,= 270
Hz, CR), 118.4, 118.2, 112.2, 107.5, 92.9, 56.8, 41.64,483.1, 23.4. Anal. Calcd
for Cx1H2oF3N3O,: C, 62.21; H, 5.47. Found: C, 62.07; H, 5.62. e Baiccinic acid
salt was prepared by treating 0.457 g (1.12 mnfoihe quinoline with 0.134 g (1.13
mmol) of succinic acid in 5 ml of methanol. Theuking solution was diluted with
50 ml of water and lyophilized to give a quantitatyield of the succinic acid salt of

1
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6-M ethoxy-8-[(2-cyanoethyl)amino]-4-methyl-5-(3-trifluoromethylphenyloxy)qui

FsC : O Me

MeO N

noline (2).

—
N
HN
2

A solution of 0.57 g (1.6 mmol) of amiri® and 86 mg (1.6 mmol) of acrylonitrile in
2 mL of phenol was heated in a sealed tube atQ®6r 2 days. The mixture was
cooled to 28C, diluted with dichloromethane, washed with 1 NOW#j water, and
brine, dried (MgS@), concentrated and column chromatographed oragiid using a
mixture of hexane:CCl,:diethyl ether (4:4:1) to give 0.20 g (50% vyieldj o
compound2 and 0.11 g (20% recovery) d5. Compound2: H NMR (CDCE,
400MHz)3 8.43 (d,J = 4 Hz, 1 H), 7.36 () =8 Hz, 1 H), 7.23 (d] = 8 Hz, 1 H), 7.08
(m, 2 H), 6.94 (d) =8 Hz, 1 H), 6.71 () = 7 Hz, 1 H), 6.52 (s, 1 H, NH), 3.85 (s, 3 H,
OMe), 3.78 (qJ = 7 Hz, 2 H), 2.82 (t) = 7 Hz, 2 H), 2.63 (s, 3 H, Me}°C NMR
(CDCl;, 400MHz) 5 159.7, 150.8, 145.5, 143.1, 143.0, 134.0 132.31(9,30 Hz,
C-CFs), 132.0, 131.7, 130.3, 127.0, 125.5, 124.7, 128,9 = 270 Hz, CF), 118.3,
112.2, 93.6, 57.1, 39.8, 23.3, 18.4; HRMS calcddaHoFsNz0, (M+H") 402.1429,
found 402.1422.
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Ethyl 3-{8-[6-M ethoxy-4-methyl-5-(3-trifluoromethylphenyloxy)

quinolinyl]amino}-propanoimidate (3).

FsC : O Me

MeO AN
—
N
3 NH

To a cold (6C) solution of 0.16 g (0.41 mmol) of cyanidén 3 mL of ethanol and 3
mL of benzene, hydrogen chloride gas was introddoe® min. The gas inlet was
removed and the reaction vessel was sealed amddstit 25C for 3 days. The
solvent was removed under vacuum and the crude uptodvas column
chromatographed using a mixture of hexane@kidiethyl ether (4:4:1) as an eluant
to give 0.12 g (69% yield) of compouBd *H NMR (CDCk, 400MHz)3 8.41 (d,J =
4 Hz, 1 H), 7.34 () = 8 Hz, 1 H), 7.22 (d] = 8 Hz, 1 H), 7.08 (m, 2 H), 6.93 (@= 8
Hz, 1 H), 6.59 (bs, 1 H, NH), 6.54 (s, 1 H), 4.80X= 7 Hz, 2 H), 3.84 (s, 3 H, OMe),
3.69 (t,J=7Hz, 2 H), 2.80 (1 =7 Hz, 2 H), 2.62 (s, 3H, Me), 1.29Jt5 7 Hz, 3 H);
13C NMR (CDCE, 400MHz)3 172.3, 159.9, 151.0, 145.5, 145.1, 144.2, 14238,Q,
132.0 (q,J = 30 Hz, GCF), 130.2, 126.1, 125.3, 124.6, 124.0 J¢; 270 Hz, CB),
118.4, 112.3, 93.3, 61.0, 56.9, 39.4, 34.4, 23434;1HRMS calcd for &H26F3N303
(M+2%) 449.1926, found 449.1687. Anal. Calcd feg4FsN3Oz: C, 61.74; H, 5.41.
Found: C, 61.65; H, 5.49.
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Ethyl 3-{8-[6-M ethoxy-4-methyl-5-(3-trifluoromethylphenyloxy)

quinolinylJamino}-propionamidine (4).

MeO N
—
N
HN\/\H/NHZ
4 NH

To a solution of 40 mg (0.09 mmol) of imideégén 2 mL of ethanol, ammonia gas was
introduced for 5 min. The reaction vessel wasesbaind stirred at 5G for 6 h.
After removal of ethanol, the crude product wasioot chromatographed on silica gel
using a gradient mixture of hexane, dichloromethaliethyl ether and methanol as
eluants to give 21 mg (57% vyield) of amidihand 5 mg (13% recovery) of imidade
Compound: 'H NMR (CDCk, 400MHz)68.41 (dJ=4Hz,1H),735@{()=8Hz, 1
H), 7.23 (dJ=8 Hz, 1 H), 7.08 (m, 2 H), 6.94 @@= 8 Hz, 1 H), 6.60 (s, 1 H), 6.55 (bs,
1 H), 5.69 (bs, 1 H, NH), 5.40 (bs, 1 H, NH), 3(843 H, OMe), 3.73 (q] = 7 Hz, 2
H), 2.72 (t,J = 7 Hz, 2 H), 2.62 (s, 3 H, Me}’C NMR (CDCE, 400MHz)3 173.6,
159.8, 151.0, 145.2, 144.2, 142.9, 134.0, 131.8 &,30 Hz,_ GCFs), 130.2, 126.3,
125.7, 125.3, 124.6, 124.5 @@= 270 Hz, CE), 118.4, 112.2, 93.7, 56.9, 39.8, 30.5,
23.4; Anal. Calcd for gH»1F3N4O5: C, 60.28; H, 5.06. Found: C, 61.01; H, 5.27.
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6-M ethoxy-8-[(4-imidazolylmethyl)amino]-4-methyl-5-(3-trifluoromethylphenylo
xy)-quinoline (5).

MeO AN
—
N
HN\_(/\JN
N
> H

The following procedure serves as a general praeefiu the reductive amination

reaction.

A solution of 0.18 g (0.51 mmol) of quinolinks and 55 mg (0.57 mmol) of
aldehyde9® in 5 mL of methanol was stirred at®5under argon for 1 h. To it, 10
mg of acetic acid was added, and the solution waed for 1 h, and 96 mg (1.5 mmol)
of sodium cyanoborohydride was added. After siiyrfor 3 h, the solution was
diluted with aqueous NiLI and extracted with dichloromethane twice. The
combined extract was washed with brine, dried (MgS€oncentrated, and column
chromatographed using a gradient mixture of hexatig) acetate, and methanol as
eluants to give 0.18 g (79% vyield) of compouh8 and 14 mg (8% recovery) of
compoundl6. Compounds: *H NMR (CDCk, 400MHz)d 8.41 (d,J = 4 Hz, 1 H),
7.66 (s, 1 H), 7.33 (1=8 Hz, 1 H), 7.22 (d) =8 Hz, 1 H), 7.08 (m, 3 H), 6.92 (@=
8 Hz, 1 H), 6.78 (bs, 1 H, NH), 6.60 (s, 1 H), 4(602 H), 3.78 (s, 3 H, OMe), 2.62 (s,
3 H, Me); **C NMR (CDCEk, 400MHz)d 159.9, 151.0, 145.1, 144.4, 142.8, 135.2,
134.0, 132.3 (q) = 30 Hz, CCFy), 130.2, 126.2, 125.2, 124.5, 124.2 Jg; 270 Hz,
CF), 118.2, 116.3, 112.3, 95.3, 93.9, 56.8, 41.53;23RMS calcd for H20F3N4O;
(M+H") 429.1538, found 429.1521.
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6-M ethoxy-8-[(2-thiophenylmethyl)amino]-4-methyl-5-(3-trifluor omethylphenylo
Xy)-quinoline (6).

Neg : "0 Me

MeO AN
—
N
HN\%E
s

A similar procedure as that described above @@sed out using 0.12 g (0.34
mmol) of quinolinel6 and 42 mg (0.38 mmol) of 2-thiophenecarboxaldethpdgive
72 mg (47% yield) of quinoliné and 43 mg (36% recovery) of starting matetial
after column chromatographic purification. Compdén'H NMR (CDCk, 400MHz)
58.41 (dJ=4Hz, 1 H), 7.33 ( =8 Hz, 1 H), 7.21 (m, 2 H), 7.09 (m, 3 H), 6.99
= 8 Hz, 1 H), 6.92 (dJ = 8 Hz, 1 H), 6.85 (bs, 1 H, NH), 6.58 (s, 1 H)/3(s, 2 H),
3.77 (s, 3 H, OMe), 2.62 (s, 3 H, MéJC NMR (CDCk, 400MHz)d 159.8, 150.9,
145.2, 144.0, 142.9, 142.6, 134.0, 132.3)(g, 30 Hz, CCFs), 130.2, 127.1, 126.4,
125.5,125.2,124.9, 124.5, 124.2 {g; 280 Hz, CE), 118.3, 118.2, 112.3, 94.0, 56.7,
43.3, 23.3; HRMS calcd for gH20F3N20,S (M+H") 445.1197, found 445.1183.

6-M ethoxy-8-[(2-fur anylmethyl)amino]-4-methyl-5-(3-trifluor omethylphenyloxy)

-quinoline (7).

F3C : 0] Me

MeO AN

—

N

O

A similar procedure as that described above wagecdaout using 0.17 g (0.47 mmol)
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of quinoline16 and 50 mg (0.52 mmol) of 2-furancarboxaldehydgive 0.11 g (52%
yield) of quinoline7 and 20 mg (12% recovery) of starting mateti@lafter column
chromatographic purification. Compoufi"H NMR (CDCk, 400MHz)3 8.41 (d,J
=4 Hz, 1H),7.41 (s, 1 H), 7.330t=8 Hz, 1 H), 7.21 (d] = 8 Hz, 1 H), 7.09 (m, 2 H),
6.92 (d,J = 8 Hz, 1 H), 6.76 (bt) = 5 Hz, 1 H, NH), 6.60 (s, 1 H), 6.35 (m, 2 HB@.
(d,J =5 Hz, 2 H), 3.80 (s, 3 H, OMe), 2.62 (s, 3 H,)M&C NMR (CDC}, 400MHz)

0 159.9, 152.5, 150.9, 145.2, 144.1, 142.8, 14233,11, 132.2 (gJ = 30 Hz, GCF),
130.2, 126.4, 125.2, 124.5, 124.1 Jg= 280 Hz, CE), 118.4, 118.2, 112.3, 110.6,
107.5, 93.8, 56.8, 41.3, 23.3; HRMS calcd fesGoF3N,O3 (M+H") 429.1426, found
429.1532.
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CHAPTER 2-Synthesis and Bioactivities of Nanogels

2.1 Introduction

In the current field of medical research, one fgobthat need to be addressed is the
discovery of a proper drug carrfér.Most of the drugs are small organic compounds
that are not soluble in agueous media. Since tivelolement of nanotechnology,
nanopaticles have been widely studied as one gbdlsible systems that can control
the release of many small molecuésMicelles! immunoliposome&, liposomes'*°
lipoplexest* and cell-pentrating peptied®s have been reported for the
intra-cytoplasmic drug delivery. Polymeric nanogeésed on Poly Ethylene Glycol
(PEG) has more recently emerged as a promisingrmygir the drug delivery*>*°
due to the biocompatibility and high solubilityagueous media. Poly Ethylene imine
(PEI) combined with PEG has been reported to bezedias a nonviral gene delivery
material. The PEI can be crosslinked with PEG tofa more stable nanogel which is
water soluble and less to&it® *®compared to PEI aloré. "

Specification is currently another problem in themalms of drug delivery. The
delivery of the drug directly into the tumor to uee the dosage and minimize the side
effects of the drugs is currently a challenging eanar. Recently, research on stem
cells demonstrated that umbilical cord matrix stattis (UCMS) can engraft near or
even within the tumors when administered to tumeartng mice* This indicated that
UCMS may severe as a potential delivery vehiclesatoy and release the nanogels

into tumors
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Figure 11 Dye-loaded UCMS cells (red cells) were detectednrall breast tumor
(green) but not in the surrounding normal lunguiséblue).

In this study, we synthesized three types of nailsoged encapsulated them with
different anticancer drugs. These nanogels wersriatized into the stem cells and
subsequently evaluated to determing their abilitiegleasing drugs to the cancer cells.
All the bioactivities were evaluated by Dr. Chanr@anta and Dr. Rajashekar

Rachakatla in Dr. Deryl Troyer’s lab.

2.2 Tpyel Nanogel

The PEI bought from Aldrich was purified by a Segiyh S200 chromatograph
column to obtain PEI with a much more uniformed @salar weighf. The medium

fractions were collected and used for the synthefsmnogel.
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2.2.1 Synthesis of Toxic PEG-PEI Nanogel

Initially, the nanogel was prepared by followithg reported procediftevith a few
modifications. Poly ethylene glycol (PEG) has be&edely utilized in recent cancer
research due to its water solubility and bio-confjiety. PEG can also be
functionalized on the hydroxyl groups. The actiwatiof PEG was achieved by
treatment with 1, 1’-carbonyldiimidazole in distitl dry acetonitrile at 4C for 2
hours. The resulting light yellow solution was gizdd twice with 800 ml of 10%
ethanol in deionized water at°’@ for 4 hours using a membrane with a molecular
weight cut off (MWCO) of 3500 Dalton. It is veryumial to keep the temperature low
at 4°C since higher temperature would result in the blydis of the activated PEG.
The desired product was lyophilized immediatelgitee a white solid.

To make the nanogel, 1 g of purified PEI (MW ard25 KDa) was dissolved in 300
ml deionized water, and a solution of 1 g of adcedPEG in 5 ml dichloromethane
was then added drop wise to the PEI solution ahrtmmperature. A white suspension
was resulted due to the heterogeneous solventnsystach was sonicated for 15
minutes. The organic solvent dichloromethane wasxed on a rotary evaporator to
afford a transparent solution which was subsequetitlyzed with 1000 ml 10%
ethanol in deionized water at room temperaturegusirmembrane with molecular
weight cut off (MWCO) of 12 KDa-14 KDa. Since thetizated PEG was around 8
KDa, the activated PEG was successfully separatea the nanogel. Lyophlization of
the resulting solution afforded the desired nanaged white light powder.

Based on the method we used for the synthesssttiucture of the nanogel was
tenatively proposed and is shown in Scheme 7. ploposed structure has not yet

been confirmed.

-45-



Scheme 7 Synthesis of PEG-PEI Nanogel (26)

H,N
9 Bhdag o
o
I T R
2 6. /N ?\ © 0 ~
NN P /_\N)J\O/\/O\/\O)J\N/\,N
25 N H H
PEG —_— -
m o 2P \_KN_o o NN
(25 kDa) \_ N O~
o SETT O 2
H
H[}‘/—K;NYO\(/\%O\’&N\)\LNH
o)

Nanogel NG-PEG-PEI
26

As a drug carrier, the nanogel should be nontaxistéem cells. However, after being
evaluated on the cell line, the naogel preparedab@s toxic to the cells. The proton
NMR spectrum of nanogel revealed a ratio of 1:4ther CHN:CH,O (methylene
protons) respectively. We anticipated that theoratithe PEG to PEI was what played
an important role in the toxicity of the nanogetheThigher ratio of PEI in the nanogel
would indeed result in a higher toxicity'® of the nanogel since PEG is highly
biocompatible.

Two strategies were investigated. One possilidity block some of the free amino
groups of the PEI that might have played a rolestase the toxicity of the nanogel and
another possibility is to increase the ratio of PB@ optimizing the synthetic

procedure.
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2.2.2 Synthesis of Acetylated Nanogel (Ac-NG)

Acetic anhydride was utilized to block part of finee amino groups of nanoges.
Acetylation on the amino groups of 1:4 ratio nandfewas achieved by treatment of
the nanogel with acetic anhydride in acetonitriles@°C for 12 hours followed by
dialysis and lyophilization. The acetylated nanogek evaluated against the cancer

cells and the results indicated that this nanogel montoxic to the cells.

Scheme 8. Synthesis of acetylated PEG-PEI Nanogel (Ac-NG)
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H
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2.2.3 Synthesis of Nontoxic PEG-PEI Nanogel (NG)

To increase the ratio of PEG, the sonication (afteradding of activated PEG into
PEI solution) time was optimized. Instead of 15 ubés, the nanogel was sonicated for
30 minutes or 60 minutes, and the results showatl tthe ratio of CbEN:CH,O
(methylene protons) remained unchanged 1:4 in tbiesp NMR spectrum. The same
result was obtained when the volume of deionizetemaas reduced from 300 ml to
200 ml. This indicated that an increase of somcattime or an increase in
concentration does not affect the PEI: PEG ratibeWdouble the amount of activated

PEG was used, the composition of the resulting gelnstill remained unchanged, as a
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1:4 ratio of the ChN :CH,O (methylene protons) was again observed.

The toxic nanogel (1.16 g) was further treatedirmagvith 1g of activated PEG
following the same procedure to afford 1.32 g olesv nanogel. The results indicated
that the CHN:CH,O (methylene protons) ratio of the new nanogel ¢tahged from
1:4 to 1:6.8. When tested on the stem cells, tar®ogel was nontoxic to the cells. As
shown in Figure 12, nanogel PEI: PEG (1:4) resule80% inhibition of Pan 02 cell
growth at 0.04 mg/ml while nanogel PEI: PEG (1:68] had 90% cell viability at
even 0.1 mg/ml. Based on the optimization, onelsitrgatment of PEI with activated
PEG resulted in a partially cross-linked nanode; tatio of CHIN:CH,O was about
1:4 which was toxic to stem cells; double treatnweitit activated PEG would increase

the CHN:CH,0 ratio to 1:6.8 which was nontoxic to stem cells.

Scheme 9 Synthesis of nontoxic nanogel (PEI:PEG=1:6.8) NG
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Figure 12 Cell viability of PAN 02 cell treated with PEl: E(1:4) and PEIl: PEG
(1:6.8) nanogels. Pan 02 cells were seeded inwaelieplate and after reaching 70%
confluency, the media was replaced with fresh nmadiontaining nanogel PEI: PEG
(1:4 or 1:6.8) at different concentrations and beted for 48 hours. MTT assays were
performed.

2.2.4 Synthesis of Rhodamine Attached Nanogel (NG-Rh)

Since the nanogel was not florescent, it was diffitco detect whether it was
up-taken by the stem cells or not. Rhodamine Bvdye subsequently attached to the
nanogel as an indicator. Rhodamine B was covalditked to the nanogel. The
activation of the carboxylic acid group of rhodamid was accomplished by reaction
with  Hydroxybenzotriazole (HOBt), Dicyclohexylcartionide (DCC) and
N-HydroxysuccinimidgNHS) in DMF at 55C for 2.5 hours. The activated rhodamine
dye was then treated with nanog8lin acetonitrile at 48C for 12 hours. The resulting
pink solution was dialyzed with a 12KDa-14KDa MW@@&mbrane in a solution of
10% ethanol in deionized water at%€5for 24 hours to remove the excess rhodamine.
The rhodamine attached nanog2® was obtained as a pink powder after

lyophilization.
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Scheme 10 Synthesis of Rhodamine attached Nanogel (NG-Rh)
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2.2.5 Encapsulation of AQ10 into Nanogel

An anthraquinone derivative, AQ10, has been ref&ftéto have toxicities against
some cancer cell lines by triggering apoptosis eaassing inter-nucleosomal DNA
fragmentation. AQ10 was utilized as an anticanceg do target at Pan 02 cancer cell
lines. The dosage effect of AQ10 alone against Pam@s evaluated. The results
indicated that 2 ug/ml (9.2 uM) would reduce thk @ability to around 70% while 4
ug/ml (18.4uM) can further decrease it to 25%.

OO0

AQ10

Figure 13 Structure of AQ10
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Figure 14 Cell viability of Pan 02 cells when treated witiffefent dosages of AQ10.
Pan 02 cells were seeded in a 96 well plate ardt edtaching 70% confluency, the
media was replaced with fresh medium containing @&Qt control (DMSO) at
different concentrations and incubated for 48 hoMET assays were performed.

AQ10 was then encapsulated into the NG synthesigesthown below in Scheme 11.
50 mg of NG was dissolved in 5 ml of deionized waited mixed well with a solution
of 0.5 mg AQ10 in 1 ml of acetonitrile. The resufi solution was lyophilized
immediately to give a quantitative yield of 1% AQMth NG (by weight ratio) as a
brown powder. Other drugs gave different weightosabf encapsulation, and were

accomplished by a similar procedure.
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Scheme 11. Encapsulation of AQ10 into nanogels
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2.2.6 Loading of Nanogel (NG-Rh) to Stem Cells (UCMYS)

Umbilical Cord Matrix Stem (UCMS) cells were useslacarrier for the nanogel
and anticancer drugs. The incorporation of the galsointo the stem cells was studied.
As shown in Figure 15 and 16, UCMS cells were loadéth rhodamine attached
nanogel9 (NG-Rh) at different time points. The internaliZd®-Rh was observed by
a fluorescent microscope followed by imaging. Adiscgained more NG-Rhs, the
nanoparticles were distributed throughout the dg®ip. The loading kinetics over a
period ranging from 30 minutes to 36 hours wasrdateed. The maximum loading of

nanogel9 was achieved at 24 hours, which was 5% of the lm@aed nanogel.
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Figure 15 Loading kinetics of nanogel (NG-Rh) into stem célanogel29 loading
into stem cells increased with time following inatibn of nanogel PEG/PEI with
UCMS cells. Nanoparticles loaded was normalizewbtal cellularprotein
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Figure 16 Nanogel (NG-Rh) up taken by stem cells at differeme points. The
punctuate red fluorescence indicates rhodamindddh@anoparticle internalized by
the stem cells (Arrow indicates cell nucleus)



2.2.7 Viability of Stem Cells Loaded with AQ10-NG-Rh

The results shown above indicated that nanogelsbligtnternalized into the stem
cells. Then the next question is whether the stefts can survive during the
transportation of nanogel to the tumor since AQidiled nanogddl (AQ10-NG-Rh)
is toxic to Pan 02 cancer cells. The cell viabiltyaluation of stem cells upon the
treatment of AQ10-NG-Rh was subsequently perforriéd. results demonstrated that
when treated with 0.1 mg/ml of nano@dl (AQ10-NG-Rh) for 48 hours, the stem cell
still had a 100% viability.

A.
1401

1201

1001 ‘___.///"0-\
801
601

401
201

Viable UCMS Cells (% Control)

o

0 0.02 0.04 0.06 0.08 0.1
Nanogel PEG-PEI-1%AQ 10 (mg/ml)

Figure 17 Cell viabilities of stem cells upon treatment oinogel (AQ10-NG-Rh).
Stem cells were treated with different concentratid nanogel (AQ10-NG-Rh) and
incubated for 48 hours. MTT assay results are shiowpanel A. The fluorescence
images after 48 hours are shown in panel B.

2.2.8 AFM Image of Nanogel (AQ10-NG)

The size of 1% AQ10-NG was studied by Atomic Fdvtieroscopy (AFM) using a
tapping mode with a high aspect ration tip. Seveehples were examined. The
images were similar, and two of them are showrhentop panel of Figure 18. The
zoom-in images in the middle panel show the rouadiges with diameter of
approximately 23 nm and height of approximatelyml. Some aggregations of small
nanogels to short fibril-like materials were aldiserved as can be seen in the bottom

panel.
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Figure 18 AFM image of nanogel (AQ10-NG). Top panels: AFM aiges of
AQ10-NG-Rh sample at two different locations on anididdle left panel: a zoom-in
AFM image of a nanogel (AQ10-NG) particle and itsltty and height are shown in
middle right panel. Bottom left panel: a zoom-inM\kmage of an aggregated nanogel
(AQ10-NG) particle and its height and width arewshan bottom right panel.



2.2.9 Results of AQ10-NG on Pan 02 Cells

The AQ10 loaded nanog80 (AQ10-NG) was tested on the inhibition of Pan 02
cell proliferation in a dose-dependent manner. fElsalts showed that nano@8 (NG)
had no significant inhibition effects on the Panc@l proliferation as compared to the
control. When treated with AQ10 encapsulated nah8@ethe Pan 02 cell viability
decreased significantly to around 60% at 0.06 mgdodage and with a further
rduction to 30% at 0.08 mg/ml dosage. Since theas wnly 1% of AQ10 by total
weight of the nanogel, 0.06mg/ml of nanogel onintamed 0.6 pg/ml (2.8 uM) of
AQ10. As a comparison, when treated with AQ10 al@gg/ml (9.2 uM) AQ10 can
only reduce the cell viability to about 70%. Theuks indicated that the AQ10 was
about four times more effective when encapsulatiéid manogel than alone. Due to the
low solubility of AQ10 in water, it can not be laadlinto the cells effectively; however,
when incorporated into the nanogel which is higsdyuble in water, a more efficient

loading of AQ10 into the cells resulted, which aléd for a decrease in dosage.
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Figure 19 Dose effects of nanogel (NG) and 1% AQ10-nanof§@l1(0-NG) on Pan 02

cell viability. Pan 02 cells were seeded in a 96l wkate and after reaching 70%
confluency, the media was replaced with fresh mmadaontaining nanogel (NG or
AQ10-NG) at different concentrations. Following umation for 48 hours cell

proliferation assays were performed. MTT assayltesvere shown in top panel and
hemocytometer-trypan blue exclusion results weosvshin the bottom panel.

In summary, the synthesis of nontoxic PEG-PEI nah@dyG) was achieved by
double treatments of PEI with activated PEG. PEG+RIEogels can be loaded with
anticancer drug (AQ10) and release the drug tdhdlcancer cell Pan 02 and the drug
dosage was significantly lower when combined wittnogel than the drug alone.
Attached rhodamine on the nanogels can indicatdottation of nanogels in the cell
system and the rhodamine attached nanogel wasatiteed into the UCMS cells.
These results suggested that the nanogel is a antieancer drug carrier which could
be incorporated into stem cells. The stem cell lbarused as a delivery vehicle to

specifically release the nanogel with anticancegsrito cancer cells.
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2.3 Typell Nanogels

When we carefully examine this delivery system a&hothere are two major
concerns: 1. the capability of the nanogel to leatth anticancer drugs; and 2) the
internalization capability of nanogel into UCMS leellf only a limited amount of
anticancer drugs can be encapsulated to the ngnbgely not be efficient enough to
attenuate or inhibit the cancer growth. The nanegdl AQ10 above contained only
1% (by weight) of anticancer drug. We had succdlgs@ncapsulated up to 5% (by
weight) while higher percentages failed. This peoblmay not be crucial if the
anticancer drug is sensitive. However, for somes Ipswerful drugs, even 5%
encapsulation would result in a higher dosage nbgals. Nevertheless, the lower the
capability of incorporation of nanogel into thersteells, the larger the quantity of
nanogels and anticancer drugs would be required.résults showed above that only
about 5% of the total nanogels can be internalized the stem cells. Hence,
increasing the amount of anticancer drug in theogals and the incorporation
capability of the nanogel into the stem cells waaighificantly improve the efficiency

of nanogel drug delivery system.

2.3.1 Background of SN38 and Legumain

Camptothecin (CPT) is a natural product isol&témm the bark and stem of a plant
native to China. It has remarkable anticancer #igs° in tumor cells. CPT
selectively binds to DNA enzyme topoisomerase IFIDduring the cleavage of DNA
which then causes DNA damage and apopfsifie oxygen atoms on the lactone E
ring of CPT bind to the enzyme, and the hydroxgugr binds to aspartic acid 533 on
the side chain of the enzyrfOnly the S configuration of the chiral carbon dsive,
and the opening of lactone E ring would result lnss of activity?® *°

However, the low solubility and substantial toxycitf camptothecin prevents its
development and use in clinical tridlsSeveral analogs have been synthesized. In
1997, two analogs with much a higher water soltybiliopotecan and irinotecan

(CPT-11) were approved by the U.S. Food and DrugiAdtration as anticancer
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agents. The most active analog so far is SN38 Hyl40D-hydroxy-camptothecin)
which is also the active metabolite of CPT-11 pmtl by esterase-mediated
hydrolysis. Unfortunately, like camptothecin, SNB&8s even lower water-solubility.
Moreover, less than 10% of CPT-11 would be condetteits active ingredient SN38
in human body systef?* Another limitation is that the lactone E ring d38 can be
easily openet®® and therefore loss in the activity before reaching tumor site.
Hence, increasing the solubility of SN38 and preverthe ring opening reaction may
have therapeutic benefits. Hong Zhao and his coeverlinked SN38 with poly
ethylene glycol to stabilize the compound and iaseethe solubility’ The results

demonstrated much higher anticancer activity coeghés CPT11.

Camptothecin
32

Topotecan SN38

34 35

Figure 20 Camptothecin and some of its analogs.
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Legumain, ***! a gene that encodes a cysteine protease that pesifically
hydrolyze an asparaginyl bont, is highly expressed in many tumbtsiue to the
down-regulation of its inhibitors such as cysta@i However, the activity of
legumain could be inhibited by such cystheine @s¢einhibitors in normal tissues.
Hence, legumain could be a potential targeting ickmef® for drug delivery. A short,
specifically designed peptide sequence that cantame asparagine and links with an
anticancer drug would be recognized and hydrolymelkgumain; thus, the anticancer
drug could be released to the tumor. In a repbytWenyuan Wu and her coworkers,
%8 a prodrug using a short peptide with 4 amino afda-Ala-Asn-Leu) that is linked
with doxorubincin was synthesized and tested. Eselts indicated that legumain can
actually recognized the sequence and cut righteiwden asparagine and leucine to
release doxorubincin linked with leucine, which wiasther converted to the end
product doxorubincin.

As to our nanogel system, we firstly tested thepsgnencapsulation with 1% and 5%
of SN38 into the nanogel; however, even at 5% tN88system did not show much
enhanced efficiency than the SN38 alone. It alsoei out that higher percentage of
SN38 can not be successfully encapsulated intog&sioThus, another method was
developed by attaching the SN38 prodrug to theiadmitsf the nanogel with a short
peptide linker. SN38 was modified at the hydroxgup of the lactone E ring to have a
carboxylic acid functional group at the end that be linked to the amino end of the
peptide. The same sequence of peptide (Ala-Aladfen- was synthesized by solid
phase peptide synthesis and then coupled with medd®N38. This prodrug was
covalently attached to the outside of nanogel #i#it had free amino groups. To
enhance the activity and increase the loadingieffay, 5% of SN38 was encapsulated

into the prodrug nanogel.
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2.3.2 Synthesis of SN38 linkers

Synthesis of SN38 derivatives with a side chairkdmwas accomplished by
following the literature reported methBdvith some modifications. 10-OH on A ring
was selectively protected with t-butyl-diphenyléilghloride and triethylamine in
dichloromethane under reflux for overnight. Iniiyalthe SN38 was not soluble in
dichloromethane; the suspension was yellow after alding of triethylamine. A
greenish solution was formed when the reactionslied. However, the reported
recrystallizatiof’ using dichloromethane and petroleum ether waseffatient to
obtain the pure product. The compound was purifisd a silica gel column
chromatography using 80:2 dichloromethane and methas the eluant. The yield

was 100% as compared to 65% from the literaturertep

Scheme 12

CH,Cl,, EtzN TBDPSO
—_—»
TBDPSCI

Boc-Glycine was coupled with the hydroxyl group tre lactone E ring of
compound 36 in dichloromethane using N-ethyl-N’- (3-dimethylaropropyl)
carbodiimide hydrochloride (EDC) and 4-Dimethylaopyridine (DMAP) as
coupling reagents atiC for overnight. Pure produd? was obtained as a green solid
after work up in a yield of 96%. The Boc-protectigigpup was removed in a solution
of 2 M HCl in dioxane at room temperature for 1 hd&@ompound8 was obtained as

a brown solid in 99% vyield.
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Scheme 13

Boc-Gly-OH
EDC, DMAP

HCI

Y

Dioxane

In order to couple SN38 derivatives to the peptidehe amino end, the amine end
of compound38 was converted into a carboxylic acid by reactiognpound38 with
succinic anhydride in dioxane at %D for 1 hour.  Silica gel column chromatography
using 15:1 dichloromethane and methanol gave congp8@as a brown solid in 96%

yield.

Scheme 14

O

Dioxane
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2.3.3 Synthesis of Peptides

The 4 amino acids peptide (Ala-Ala-Asn-Leu) wastBggized using microwave

Fmoc solid-phase peptide synthesis. All the Fmartgoted amino acids and resins

(Fmoc-Ala-NovaSyn TGA) were purchased from CEM. Ttresin was firstly

deprotected using a solution of 20% of piperidimédMF followed by washing with

100 ml

DMF, and coupling with Fmoc-Ala-OH using @iiotriazole

N,N,N',N'-tetramethyl uronium hexafluoro phosph@&TU) and Diisopropyl ethyl

amine (DIEA) in DMF. The other two amino acids wexttached respectively by

repeating the deprotection, wash, coupling and wsgsle. After the final deprotection

and wash, the Resin-Ala-Ala-Asn-Leu-hHResin-Peptidell) was obtained as a

solid.

Scheme 15 Synthesis of Resin-Peptide

Alq: 20% piperidine/DMF 100ml DMF
Q  Fmoc

- O/Alq\“_|2

40 deprotection wash
Fmoc-Ala-OH N 100ml DME Ala Fmoc
HBTU, DIEA, DMF wash
coupling
20% piperidine/DMF  100m| DMF O/Ala A _NH,
deprotection wash

Fmoc-Asn(Trt)-OH  100ml DMF

_ = Ala,_.Asn
> > QAla Fmoc
HBTU, DIEA, DMF wash
coupling
20% piperidine/DMF  100ml DMF : Ala AS‘RI
deprotection = wash > e

Fmoc-Leu-OH 100mI DMF

L
Y o

O/ Ala Asn Fmoc

HBTU, DIEA, DMF wash
coupling

20% piperidine/DME 100ml DCM‘ Ala Asn NH2
deprotection - wash S

41
O = Resin

- 64 -



2.3.4 Synthesis of Peptide-SN38 (43)

Compound39 was activated by HBTU and DIEA in DMF, and thisxmre was then
added to the reaction vessel that contained thie-peptide. After coupling, the
reaction vessel was washed with 100 ml of dichletirane to remove any by-product
and starting reagents while the product was atthtbe¢he solid resin. To cleave the
Peptide-SN38 off the resin, a cleavage solutio®58b trifloroacetic acid (TFA), 2.5%
water and 2.5% triisopropylsilane (T1S) was prefdaaad added to the reaction vessel
immediately. This cleavage program was repeatecktta enhance the cleavage of the
peptide. The Peptide-SN38 was collected by filbigtiand the resin was washed with
4 ml dichloromethane twice. After removal of théveant, the crude Peptide-SN38 was
further purified by HPLC equipped with a UV detactbhere was only about a 20%
yield for the final coupling and cleavage reactiassmost of the materials were lost
during the work up and HPLC purification.

Scheme 16 Synthesis of Peptide-SN38 (43)

Ala_.Asn .NH,
O Ala Leu
41

1,HBTU, DIEA, DMF
coupling

2, 100ml CH,Cl,

95% TFA, 2.5% H20, 2.5%TIS

cleavage
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2.3.5 Synthesis of SN38-NG-Peptide-SN38 (45)

The coupling of nanogel with peptide-SN38 was aqa®shed by using
N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide  hyatthloride  (EDC) and
4-dimethylaminopyridine (DMAP) in dichloromethaneAfter the outside
peptide-SN38 chain was attached to the nanogel,(B¢oweight) of SN38 was
encapsulated into the nanogel system. Since the8 SiN& UV active it could be

tracked by confcal microscope; no rhodamine dye at@shed.

Scheme 17 Synthesis of SN38-NG-Peptide-SN38 (45)

O

28

EDC, DMAP

SN38, ethanol

H,0O

QNHZ)n = Nanogel (28)
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2.3.6 Results and Discussions

Nanogels NG-Peptide-SN384) and SN38-NG-Peptide-SN385) were tested on
B-16 melanoma cancer cells. B-16 cells were chaolsento their rapid proliferation.
As shown in Figure 21, when loaded with NG-Pep&iN38 @4) at 0.1 mg/ml which
contained no SN38 inside, the viabilities of Bl6ntvelown dramatically. 25%
viability was observed on the first day and aro@68&6 on the second day, however, it
raised up to 60% on the third day and 100% on ¢inéh fday due to its proliferation
ability and over expression of legumain. The resdémonstrated that nanogdlwas
indeed toxic to cancer cells due to the outsidechthent of SN38 which was probably
cut off and released causing the toxicity. Howewelhigher dosage or more toxic
nanogel that can further lower the cell viabilityless than 25% on the first day was
required.

SN38-NG-Peptide-SN38 4%) was expected to be more powerful than
NG-Peptide-SN3844) since45 is encapsulated with 5% of SN38 inside the nanogel.
The results shown that when treated with the sameemtration ofi5 (0.1mg/ml), the
viabilities of B16 decreased to 18% on the firsg da compared to 25% fdd; even
on the forth day, the cell viabilities still remaoh around 10% for nanogdb.
SN38-NG-Peptide-SN381%) can inhibit the growth of B16 at a much lower algs.
As shown in figure 21 (bottom panel), when B16 \Wesled with45 at 0.025 mg/m,
the cell viability remained less than 20% even loa forth day; while ford4, cell
viabilities all increased to around 100% againtanforth day.

These results suggested that, without the encédsulaf SN38 inside, the SN38
outside chain attached nanoddl was toxic to cancer cells, which might have been
cleaved by legumain. The encapsulation of SN38fsigntly increased the toxicity of
nanogel which showed inhibition of B16 growth atncentrations lower than

0.025mg/ml.
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B16 cells loaded with HG-Peptide-SH38 (u4)
128
188
80
mpay 1
60 mhay 2
40 fDay 3
mDay 4
28
a
8.1mg/ml  @.85mg/ml  0.825ng/ml  control
B16s Loaded with SH38-HG-Feptide-SH38 (u5)
128
188
80
®mDay 1
60 mbDay 2
wDay 3
40 Y
EDay 4
28
a8
8.1mg/ml  0.85mg/ml  @_p25mg/ml control

Figure 21 Dose effects of type Il nanogels on B16 cell ViabiB16 cells were seeded
in a 96 well plate and after reaching 70% conflyeitice media was replaced with
fresh medium containing nanogel4(or 45) at different concentrations. Following
incubation for 96 hours cell proliferation assayerevperformed every 24 hours.
Result of nanoged4 was shown on top panel and that of nand&elvas shown on

bottom panel
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B16 cells were treated with nanogalsd legumain together. As shown in Figure 22
(top panel), legumain itself caused no toxicitycamcer cells. When B16 cells were
treated with nanogel4 (no encapsulation of SN38) at 0.05mg/ml, with@agumain,
the cell viability was about 44% on the first ddyhen 0.1mg/ml of legumain was
added, the cell viability decreased to about 38%henfirst day. Similar effects were
observed when nanogéb was tested.

Without the addition of extra legumain, the Bl6l€ebould still express legumain,
which can therefore cleave the peptide and reldaselrug SN38, and subsequently
cause the inhibition. However, since the media reataced on the first day, the initial
concentration of legumain was low. When added witra legumain, a further down

regulation was observed due to the higher condémtraf legumain.

A B16 Cells loaded with legumain and
HG-Feptide-SH38 {44)

120

168

8a

60 mDay 1
ua mDay 2
: il =

8.1/8.85 B.3/8.85 legumain control
Lg/HG mg/ml
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B B16 cells loaded with legumain and
SH38-HG-Peptide-SH38 (45)

128

100

8o =

50 uDay 1
mDay 2

48 -
Day 3

il H W i

A

B.1/08.85 B8.3/08.85 45 only control

Figure 22 Dose effects of type Il nanogels with legumainBit6 cell viability. B16
cells were seeded in a 96 well plate and afterhiegc70% confluency, the media was
replaced with fresh medium containing nanoddl ¢r 45) and legumain at different
concentrations. Following incubation for 72 houml qoroliferation assays were
performed every 24 hours. Result of nanoffelwas shown on panel A and that of
nanogek5 was shown on panel B.

Nanogel45 was tested on the cell viability of neural stemlsc@NSC). Since stem
cells would serve as a carrier for the nanogels, riequired that stem cells can resist
the toxicity of the nanogels. The results indidathat, at a concentration of
0.01mg/ml, the stem cells had about 50% viabilityday 1 and 60% on day three

(Figure 23), which was acceptable for the delivepanogels.
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HSCs loaded with SH38-HG-Peptide-SH38 (45)

128

1808 _

6a

48

ﬂl
8.1mg/ml g g5 g.p1 ©6.865 ©.081 @.epes control

="pay 1 w=Day 2 Dbay 3

Figure 23 Dose effects of nanogdb on neural stem cell (NSC) viability. NSCs were
seeded in a 96 well plate and after reaching 70efllency, the media was replaced
with fresh medium containing nanogdb at different concentrations. Following
incubation for 72 hours cell proliferation assaysrevperformed every 24 hours.

2.4 Typelll Nanogels

2.4.1 Background

Biotin, also called vitamin H, is essential for fi@duction of fatty acids needed for
the cell growth. The concentration of biotin arouhd tumors is significantly higher
than that around normal cells due to the large denad biotin for the proliferation of
the cancer cells. The biotin receptors on the cane# surface are usually over
expressed’ and have been explored as candidities the targeting of cancer cells.
Several approaches have been reported to enhandeut delivery efficiency such as
dendrimers; pyrenes? polymers>° and nanoparticle¥.

Streptavidin, a protein with a molecular weighabout 52800 Daltons, is known for
its high affinity for biotin. The dissociation caast (Ky) is on the order of It mol/L,

which makes the streptavidin-biotin bond among #teongest protein-ligand
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interactions?

To target at the cancer cell, two approaches haea investigated. The first method
involves directly attaching the biotin onto the agel, which is called biotinylation.
This biotinylated nanogel can be recognized ankiggiacip by cancer cells. The second
approach involves attaching streptavidin onto taragel, which can bind to biotins
around the tumor and then be caught by the camtist Elence, biotinylated nanogel

and streptavidin-nanogel were synthesized.

2.4.2 Synthesis of Biotinylated Nanogel

Biotin was activated by treatment with N,N’-dicgbkexylcarbodiimide (DCC) and
N-hydroxysuccinimide (NHS) in DMF for 3 hours abro temperature. After filtration,
the remaining solution (12 ml) was poured intoltygether (100 ml) to precipitate out
the activated biotin. Coupling of the activatedtinionith nontoxic nanoge28 was
accomplished by adding a solution of 100 mg nanogglml acetonitrile into 3 mg of
activated biotin in 1 ml of DMF followed by stirgnat 50 °C for 24 hours. Dialysis
with 1000 ml of 10% ethanol in diionized water abm temperature for 24 hours
using a 12kDa-14kDa molecular weight cut off memberagave the biotinylated
nanogel as a single product. Rhodamine dye washeitiato the biotinylated nanogel

by following a previously described procedure.
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Scheme 18. Synthesis of biotinylated Nanogel (49)
0 0

HN- NH DCC, NHS HN™ NH
H H — > H H o)

H H o DMF, CH4CN HﬁH ’
DMF, CHsCN
O. “, N

(0]
47 ©

Activated Rhodamine HN"  NH Rh

DMF > H H H
< 2 . IS,,,/\/\H/N>©%NH2 !

2.4.3 Synthesis of Nanogel-Streptavidin

Streptavidin maleimide was purchased from Acros, istructure is shown below
in Figure 24. The maleimide end can be attacheal tioiol group that linkes to the
nanogel. The amine end of the nanogel was fietigched with a ligand that had

carboxyl function group at one end and a protethed group at the other end.

H 0
mpan) My
o /

o]
Streptavidin Maleimide (50)

Figure 24 Structure of streptavidin Maleimide

The conversion of 5-bromopentanoic acid to 5-(cawiba@adoylthio) pentanoic acid
was achieved by reacting 5-bromopentanoic acid titburea in refluxing acetone
overnight®® The white solid product precipitated out of swintafter the reaction
was cooled down to room temperature. Washing willd @cetone gave desired
compound as a pure product. 5-(carbamimidoylther)tanoic acidg3) reacted with

sodium hydroxide at 90 °C followed by acidic agquework up using sulfuric acid to
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produce thiol compoun&4 as the product. Since the thiol was not stableyas
protected with trityl (Trt) group using potassiunydnoxide and triphenylmethyl

chloride in ethanol to yiel@5.

Scheme 19 Synthesis of 55
H,oN
(0]

A, = L
Br OH o H,N s OH
51 Y 53
0 (@]

NaOH/0 /\/\)J\ KOH, EtOH Ph3C /\/\)J\
_ » ~
HS OH S OH

Ph,CCl -

54

The carboxyl end of the thiol compound was direathached to the nanogel using N,
N’-dicyclohexylcarbodiimide (DCC) as a coupling geat in dichloromethane. Thin
layer chromatography (TLC) using 4:4:1 hexane: ldicdmethane: diethyl ether as the
elution solvent indicated the disappearance of Btiwa thiol compound5 (R; =0.4).

A new UV active spot was formed which had&@®8. The dialysis in 10% of ethanol
in water afforded the desired compoubl as a white powder after lyophilization.
Rhodamine dye was attached to the nanogel usinshlfreprepared activated

rhodamine in DMF. Dialysis and lyophilizaion usimgn analogous procedure as

described earlier gave compousitias a red powder.
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o Scheme 20. Synthesis of 57

Pth\S/\/\)J\OH
+ % bCC Ph;C /\/\)CJ)\
' 3L <
S G wii()
NH;), 56
NG 28
o)

Activated Rhodamine PhsCo /\/\)J\
(s NH%QJrRh)nO

DMF n
57

\/

After the rhodamine was attached to the thio-nahote next step involved
deprotection of the thiol group and attachment toé¢ptavidin. Compound7 was
treated with triisopropylsilane and trifluoroaceticid in dichloromethane to remove
the trityl group. The thiol intermediate was nailéded and was treated immediately
with streptavidin maleimide. This was done dueh® instability of thiol side chain.
After the removal of solvent, the residue was diatyin a 10% of ethanol in water
solution followed by lyophilization to give compadiB9 as a pink powder.

Scheme 21. Synthesis of 59

o}
Ph,C. /\/\)J\
< g NH‘}Q—éRh)nO
n
57
TFA
(>—)§SiH CH,Cl,
58
H 0
(repimiin My
o /
o]

50

(@]
H (@]
( N\H/\/\/\N s/\/\)J\NH} h
3 - RN,
(@)
59
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2.4.4 Results and Discussion

Stem cells were loaded with biotinylated nanogélse results indicated that
biotinylated nanogel4Q) was not toxic against the stem cells. It couldsérved as a
carrier for the anti-cancer drugs that target aftiotin receptor site of the cancer cells.
However, biotinylated nangodB can not internalize into the stem cells. Therefore,

Nanogel-StreptavidingQ) was investigated.

RUCs loaded with biotinylated nanogels

120

108 —

80 -

60

4o —  #EDay 1

20

8 mDay 2
Biotin Biotin guidin HNG49 control Day 3
NGA49 Avidin  NEYo
NG49

Figure 25 cell viabilities of RUCs loaded with biotinylateédmogels 49) RUCswere
seeded in a 96 well plate and after reaching 70eflwency, the media was replaced
with fresh medium containing nanog# and/or biotin. Following incubation for 72
hours cell proliferation assays were performede2drhours.

Neural stem cells (NSC) were treated with NanodgedgBavidin £9). After 15
minutes, the confocal image was taken and thetsesulicated that the nanogels were
loaded into the neural stem cells with a high logdefficiency. Figure 26 clearly
shows the red nanogels internalized into the b&weal stem cells. When compared to
all the type | and type Il nanogels which tookestdt 12 hours to internalized into stem
cells with a low loading efficiency, this type Hanogel had many benefits. Firstly, the
much shorter loading time reduced the cytotoxidfynanogels to the stem cells.
Secondly, the shorter loading time also reduced pbssibility of the release of

anticancer drugs before reaching the tumor tagjete most of our nanogels would
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release the drugs in about 2 days; a higher loadiffigency increased the loading
ability of the stem cells and therefore decreakesdrug dosage and minimizing the

cytotoxicity of our nanogels.

Figure 26 Stem cells (blue) loaded with nanogel-streptavidaa) in 15mins
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2.5 Conclusion

To deliver the anticancer drug to the cancer cellsystem that makes use of
nontoxic nanogels and stem cells was developed. ngmogel served as a drug
encapsulation material, and stem cells served dargeting vehicle that could
specifically target at the tumor site.

Type | nontoxic PEG-PEI nanogel was successfulhggited via a double treatment
of PEI with activated PEG. The encapsulation oktymanogel with anticancer drug
(AQ10) enhanced the solubility of anticancer drungl @Zonsequently decreased the
dosage. The sizes of the nanogel was charactebyedFM and found to be
approximately 20 nm. This nanogel can be loadexistem cells with low cytotoxicity
and delivered to the tumor target.

To further enhance the toxicity, anticancer drujy38) was attached to the outside
of Type Il nanogel along with a tetrapeptide tHatwable by legumain as well as the
encapsulation into inside of the nanogel. A tewptjae linker that can be recognized
and cleaved by legumain to release the anticaneey @as attached. The results
demonstrated a enhanced bioactivity against theecarells.

Streptavidin was attached to type Ill nanogels. dggihStreptaividin can be loaded
into neural stem cells within 15 minutes which #igantly reduced the loading time

compared to other nanogels.

The future work would be focused on the streptavidanogels (type Ill), new
anticancer reagent will be encapsulated into tyipeanogel and the bioactivities will

be investigated.
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2.7 Experimental Section

Separation of PEI
A chromatographic column was packed using Seph&29D, flashed with deionized
water. 7.0 g (0.28 mmol) of PElI (MW ~25 kDa) wasgtdilved in 20 ml of deionized
water and loaded to the column. Deionized water uwsesl as eluant by gravity, no
additional pressure was applied. After 6 hours,niddle fractions were collected to
give 3.64 g (0.146 mmol) of PEI (MW ~25 kDal NMR (D;0) & 2.72 (bs, Cki),
2.68 (bs, CHN); the number of hydrogens cannot be determinaua integration due

to the overlap of two signals above.

Activation of PEG
To a solution of 2.0 g (0.25 mmol) of PEG (MW 8 RDa 7 mL of dry acetonitrile
under argon was added 0.41 g (2.5 mmol) of 1,1baayldiimidazole, and the
solution was stirred at 40 for 2 hours. The crude product was purified Bfydis
using a MWCO 3500 Dalton membrane twice with 1000 oh 10% ethanol in
deionized water at°€ for 4 hours. The solution was lyophilized toai.84 g of
activated PEG. 'H NMR (CDCk) 6 7.69 (s, 1 H, ArH), 7.11 (s, 2 H, ArH), 3.62 (s,
190 H, CHO).
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Prepar ation of nanogel PEG-PEI (28)

Nanogel PEI-PEG(1:6.8) NG
28

Nanogel (polyethyleneglycol)-(polyethylenimine) GPEG)(PEI)] (the molecular
weight of PEG is ~8 kDa and that of PEI is ~25 kides prepared by following a
similar micellar method (Vinogradov et al., 2006riing from activated polyethylene
glycol (activation with 1,1'-carbonyldiimidazole; 125 umol were used) and
polyethylenimine (PEI; ~4@umol were used) (Scheme 1). To a solution of 1.@Qy (
pmol) of PElI (MW ~25 kDa) in 300 mL of deionized watwas added dropwise a
solution of 1.0 g (125umol) of activated PEG (MW ~8 kDa) in 2 mL of
dichloromethane. The solution turned to a whitegpeuasion due to the heterogeneous
solvent system. The white suspension was sonigatadwater bath for 15 minutes;
longer sonication did not improve the quality ofnogel. The organic solvent
dicholoromethane was removed on a rotary evaporn&sulting in a transparent
solution. The solution was dialyzed with a 12K 4KIMWCO membrane in 1000
mL of 10% ethanol in deionized water for 1 day &t and lyophilized to give
nanogel PEG-PEI. This nanogel was again treatdd Wdg (125umol) of activated
PEG in 2 mL of dichloromethane and worked up asrientioned above to give 1.32

g of nanogel PEG-PEI as a white powdéH NMR (D,0) 5 3.70 (s, area 44, GB),
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3.40-2.60 (m, area 6.5, @K). Based on the weight of the product, we estntiat

the molecular weight of the nanogel is ~33 KDa @ach mole of PEI, one mole of
PEG is added). The initial treatment of PEI wittinaated PEG provided a partial
cross-linkage of PEG, in which for each mole of Ptkere is ~ 0.5 mole of PEG

attached. This partial linking PEG-PEI is toxicstem cells.

Synthesis of aceterylated nanogel PEG-PEI (27)

QJHYO\/\O/\/OYHQ

N ° l-? N

HN K/NYO%/\E?/\/OYN\)\ANH
H O n ) H g

AV I I et

H,N HN\<O HZNH HzN\)

Aceterylated Nanogel
27 Ac-NG

To a solution of 100 mg 1:4 ratio of CH2N:CH20 ngebin 1 ml acetonitrile under

argon, was added 200 pL of acetic anhydride at rmonperature. The resulting was
stirred at 56C for 12 hours, cooled to 25, dialyzed with a 12k — 14 kDa MWCO
membrane in 100 ml of 10% ethanol in deionized wateoom temperature for 1 day,

and lyophilized to give 103 mg of aceterylated rgei@s a white powder.
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Synthesis of nanogel PEG-PEI-rhodamine(29)

() R

o NH
oA0oN
)
® 0,C

Me,N
To A mixture of 15 mg (32amol) of 6-Carboxytetramethylrhodamine (TAMRA), 6.52
mg (48 pumol) of HOBT, 9.9 mg (48umol) of DCC and 4.44 mg (3fimol) of
N-hydroxysuccinimide under argon, 1 mL of dry DMFsaadded via syringe at 25.
The resulting solution was stirred at 56G5or 2.5 hours, cooled to room temperature,
and added a solution of 400 mg of nanogel PEG-REiL of dry acetonitrile. The
solution was stirred at 4G for 12 hours, cooled to 25, dialyzed with a 12k - 14kDa
MWCO membrane in 1000 ml of 10% ethanol in deiodia@ater at room temperature
for 1 day, and lyophilized to give 186 mg of PEGHAEOdamine as a pink powder.
'H NMR (D;0) 6 8.50 (s, area 0.03), 8.10 (m, area 0.015), 7.9Gea 0.015), 7.73
(m, area 0.015), 7.37 (m, area 0.06), 3.70 (s, 466a CHO), 3.20 — 2.60 (m, area
14.7, CHN). UV-vis (H0), Amax= 557 nm an@max= 1.57 x 16 M scm™ (assuming
the MW ~33 KDa).
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Inclusion of AQ10 (1%) in Nanogel PEG-PEI-rhodamine

AQ10-NG-Rh
31

To a solution of 50 mg of PEG-PEI-rhodamine in 5 afildeionized water, was added
0.5 mg (2.1umol) of AQ10 in 1 mL of acetonitrile. The resuljirsolution was
lyophilized to give 50.5 mg of PEG-PEI-rhodamine-E@as a pink powder. Inclusion
of 5% AQ10 was done by the similar method descaibeve.

TBDPS-SN38 (36)

To a suspension of 60 mg (0.15 mmol) SN38 in 1@istllled dichloromethane under
argon, were added 300 pL t-butyl-diphenylsilyl ¢ide and 300 uL triethylamine at
room temperature. The reaction was heated up toxrébr 12 hours. A greenish
solution was resulted. After cooled down to roomperature, the solution was diluted
with 20 ml dichloromethane and washed with 20 MINOHCI, 20 ml 1% sodium
bicarbonate, 20 ml water and 20 ml brine respelgtivEhe organic layer was dried
over MgSQ and concentrated. Crude product was purified ®iliea gel column
chromatography using 80:2 dichloromethane and methas eluants to give 96 mg
(100%) of compound 2.2'H NMR(400 MHz, CDCY): & (t, J=7.6Hz,3H), 1.02 (t,
J=7.4Hz, 3H), 1.18(s, 9H), 1.83-1.93(m, 2H), 2.641g7.6Hz, 2H), 3.68(s, 1H),
5.12(s, 2H), 5.26(d, J=15.6Hz, 1H), 5.71(d, J=1&.4#H), 7.08(d, J=2.5Hz, 2H),
7.35-7.49(m, 7H), 7.57(s, 1H), 7.76-7.78(m, 4HP58d, J=9.2Hz, 1H).
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TBDPS-SN38-Gly-Boc (37)

To a solution of 75 mg (0.12 mmol) of compound arl 42 mg (0.24 mmol) of
Boc-Gly-OH in 5 ml distilled dichloromethane undegon at 0/, were added 46 mg
(0.24 mmol) of N-ethyl-N'- (3-dimethylaminopropyBdbodiimide hydrochloride
(EDC) and 8 mg (0.06 mmol) of 4-Dimethylaminopynidi(DMAP). The solution was
stirred at 0! for 12 hours. After warm up to room temperature,sblution was diluted
with 20 ml of dichloromethane, and then washed \Wfh sodium bicarbonate, water,
0.1N HCI and water respectively. The organic layas washed with brine and dried
over MgSQ, concentrated and vacuum dried to give 90 mg (9&%pmpound7: *H
NMR(400 MHz, CDC}): 6 0.88 (t, J=7.8Hz, 3H), 0.96 (t, J=7.6Hz, 3H), 1.18(s, 9H)
1.40(s, 9H), 2.10-2.31(m, 2H), 2.65 (q, J=7.6Hz),23464 (s, 2H), 5.10 (d, J=1.9Hz,
2H), 5.37 (d, J=17.0Hz, 1H), 5.66(d, J=17.0Hz, 1H}8 (s, 1H), 7.12 (d, J=2.4Hz,
1H), 7.37-7.50 (m, 7H), 7.75(d, J=6.6Hz, 4H), 8(02J=9.2Hz, 1H).

TBDPS-SN38-Gly (38)

A solution of 75 mg (0.1 mmol) compoud@ in 2M HCI in dioxane under argon was
stirred at room temperature for 1 hour. Saturatpebaus sodium bicarbonate solution
was added until basic after the reaction was dbhe.aqueous solution was extracted
with dichloromethane 3 times. The organic extraetswvashed with brine, dried

(MgSQy), and concentrated to give 65 mg (99%) of comp@ddH NMR(400 MHz,
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CDCly): 50.89 (t, J=7.8Hz, 3H), 0.96 (t, J=7.6Hz, 3H), 1.17(s, 9B)15-2.31(m, 2H),
2.65 (q, J=7.6Hz, 2H), 3.64 (s, 2H), 5.10 (d, JHE.92H), 5.37 (d, J=17.0Hz, 1H),
5.66(d, J=17.0Hz, 1H), 7.08 (s, 1H), 7.12 (d, JH2,41H), 7.36-7.50 (m, 7H), 7.75(d,
J=6.6Hz, 4H), 8.02 (d, J=9.2Hz, 1H).

TBDPS-SN38-Gly-Succinyl (39)

A solution of 50 mg (0.07 mmol) of compouBf and 11 mg (0.1 mmol) of succinic
anhydride in 3 ml distilled dioxane under argon \Wwaated up to 90 for 1 hour. After
cooled down to room temperature, the solution whgedl with 20 ml of 0.1N HCI,
and then extracted with ethyl acetate 4 times. diiganic extract was washed with
brine, dried (MgS@), concentrated and column chromatographed oragjjé using
15:1 dichloromethane and methanol to give 55 m§«9&eld) of compound®9 : *H
NMR(400 MHz, CDC}): 80.89 (t, J=7.6Hz, 6H), 1.17(s, 9H), 2.19-2.38 (m, 2H),
2.60-2.70 (m, 6H), 4.07-4.20 (m, 2H), 5.11 (s, 26189 (d, J=17.1Hz, 1H), 5.60 (d,
J=17.2Hz, 1H), 7.12 (d, J=2.4Hz, 1H), 7.36-7.50 Tid), 7.75(d, J=6.8Hz, 4H), 8.12
(d, J=9.4Hz, 1H)®C NMR(200MHz, CDC}) 87.58, 13.38, 19.64, 23.14, 26.60,
30.10, 31.07, 32.12, 41.75, 49.37, 67.43, 97.10.58] 120.51, 126.70, 127.14, 128.21,
130.46, 132.07, 135.59, 144.18, 144.77, 145.46,3646149.23, 155.41, 157.36,
167.58, 168.63, 171.08, 172.33, 175.68; HRMS cfieCy4H45N30sSiNa (M+Na)
810.2822, found 810.2829.

Resin-Tetrapeptide(Ala-Ala-Asn-Leu) (41)

Ala_.Asn .NH,
O Ala Leu
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To a reaction vessel with 2.4 g (0.2mmol) of Fmda-NovaSyn TGA (resin) was
added 14 ml 20% of piperidine in DMF at room tenapere. The reaction vessel was
set down to the Discover Microwave Peptide Syn#esiSelect and run the
deprotection program (Temp=75, Power=50 W, Time=3 min) twice. After cooled
down to 50C, solvent was filtrated and the residue in reactiessel was washed with
80 ml of DMF. A freshly prepared solution of 312 fig0 mmol) of Fmoc-Ala-OH,
380 mg (1.0 mmol) of HBTU (O-Benzotriazole N,N,N-tdtramethyl uronium
hexafluoro phosphate) and 0.33 ml diisopropyledigine in 8 ml of DMF was added
to the reaction vessel with deprotected resin atamiside. Select and run the coupling
program (Temp=7%, Power=25W, Time=5min) twice. After cooled dovin3C°C,
filter off the solvent and wash the solid with 80 BIMF. Fmoc-Asn(Trt)-OH and
Fmoc-Leu-OH were attached to the resin similarlyfdipowing the same deprotection
and coupling procedure. After the final deprotettad Fmoc at the leucine end, the
solvent was removed and resin-peptide was wash#d&0i ml of dichloromethane

instead of DMF.

Tetrapeptide-SN38 (43)

To a reaction vessel with 0.05 mmol resin-peptilete added a freshly prepared
solution of 45 mg (0.06 mmol) compoufé and 190 mg (0.5 mmol) of HBTU in 10
ml DMF and 500 pL diisopropylethyl amine. The réawctvessel was put in the
microwave peptide synthesizer. Run the SN38 progifBamp=80C, Power=60 W,
Time=60 min). The yellow solution turned to browitea cooled down to 5. The

organic solution was filtered off; and the resididavas washed with 100 ml of
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dichloromethane. A freshly prepared cleavage gwiutiwith 250 pL of
triisopropylsilane and 250 pL of water in 9.5 mfltroacetic acid was added to the
reaction vessel. Run the cleavage program (Tenfii38ower=20W, Time=18 min).
After cooled down to room temperature, the cleavagkition was collected by
filtration; and the resin solid was washed with Bahdichloromethane twice which
was combined to the cleavage solution. The solwstremoved on the rota-vapor. A
silica gel column chromatography using hexane, letloetate and methanol as
solvents gave 30 mg of compoudias a yellow solid*H NMR (400 MHz, CDC}) &
0.90 (t, J=7.6Hz, 3H), 0.98 (t, J=7.4Hz, 3H), 11133 (m, 6H), 1.18 (s, 9H), 1.50-1.73
(m, 6H), 1.87 (m, 2H), 2.04-2.23 (m, 2H), 2.63 @h), 3.59 (m, 2H), 4.07 (m, 2H),
4.14-4.37 (m, 2H), 5.13 (s, 2H), 5.33 (d, J=17.1H4), 5.63 (d, J=17.2Hz, 1H), 7.12
(d, J=2.4Hz, 1H), 7.36-7.50 (m, 7H), 7.75(d, J=&3#H), 8.18 (s, 1H).

Nanogel-Tetr apeptide-SN38 (44)

a .AsN .
Y AaLeu NN/\[( >
H n
o) o) o)

To a solution of 20 mg (0.017 mmol) of peptide-SN3® mg (0.083 mmol) of
N-ethyl-N’-(3-dimethylamino- propyl) carbodiimidbydrochloride (EDC) and 16
mg (0.131 mmol) of 4-Dimethylaminopyridine (DMAR) L0 ml of dichloromethane
at OC under argon, was added 60 mg of nan@§elPEG:PEI=6.8:1, nontoxic). The
solution was stirred at°’C for 4 hours and then heated up t6@@or 12 hours. After
cooled down to room temperature, the solvent wasoved on a rota-vapor. The
residue was dissolved again in 5 ml of ethanoldialyzed in 1000 ml of 10% ethanol
in water at room temperature for 24 hours using@03Dalton molecular weight cut
off membrane. Lyophilization gave 70 mg of compodad'H NMR (400 mHz, RO)

0 0.9-1.4 (m, CH; of amino acids and SN38, t-butyl of SN38), 1.942n]l CH-C=0 of
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amino acids and SN38), 2.4-3.2 (m, £&flPEI and SN38), 3.6-3.9 (m, Gldf PEG),
6.8-6.9 (Ar-H), 7.2 (Ar-H).

Nanogel-SN38-Tetr apeptide-SN38 (45)

o N
Ala Asn N O O
eyt o),

To a solution of 60 mg compound in 15 ml of diiedzwater, was added a
suspension of 3 mg (5% by weight to nanogel) of &S N8 2 ml of ethanol. The
combined solution was stirred for 1 minute and hibped immediately to give 63 mg
of product.lH NMR (400 MHz, BO) 4 0.9-1.4 (m, CH; of amino acids and SN38,
t-butyl of SN38), 1.9-2.1 (m, CH-C=0 of amino acalsd SN38), 2.4-3.2 (m, Gldf
PEI and SN38), 3.6-3.9 (m, Gldf PEG), 6.8-6.9 (Ar-H), 7.2 (Ar-H).

Activation of Biotin (47)

O

HN NH

S ’,"/\/\[(O\/’\/\lvﬁ
(@)
(@)

To a solution of 400 mg (1.64 mmol) biotin in 12 ailDMF, 200 mg (1.74 mmol) of
DCC and 340 mg (1.65 mmol) of NHS were added amrtemperature under argon.
The mixture was stirred at room temperature foo@Grh. White precipitates came out
and was filtered off to obtain a transparent sohutil00 ml of diethyl ether was added
to the crude solution to precipitate out the adédabiotin. After dried under vacuum
for 24 hours, 390 mg (70%) of activated biotin vedgained."H NMR (200 MHz,
DMSO-Dg) 6 1.43-1.64 (m, 6H, CKHC), 2.67 (t, J=7.3Hz, 2H), 2.81 (s, 4H), 3.11 (d,
J=11.7Hz, 2H), 3.35 (s, 1H), 4.15 (d, J=4Hz, 1HR74t, J=4.8Hz, 1H), 6.39 (s, 1H,
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N-H), 6.45 (s, 1H, N-H).

Biotinylated Nanogel (48)

H H H
< s "’/\/\([)(NZQ(-NHZ )

To a solution of 100 mg nontoxic nanod@8, a solution of 3 mg (8.8 umol) of
activated biotin in 1 ml of DMF was added at rooemperature under argon. The
mixture was stirred at 8C for 24 hours, dialyzed with 1000 ml of 10% ethamol
diionized water at room temperature using a 12kBkeBh molecular weight cut off
membrane, and lyophilized to give 98 mg of biotatgd nanogel as a light green
powder.'H NMR (400 MHz, BO) 50.88 (CH), 1.09 (CH), 2.60-2.95 (CkN),
3.70-3.98 (CH-0), 7.12 (s, N-H), 7.48 (s, N-H).

Rhodamine attached Biotinylated Nanogel (49)

Rh
[

!
< Hj? /\/\gﬂ> n@ o)
52

Activated rhodamine dye was attached to the bitaiey nanogel by following a
similar procedure described above.

To A mixture of 15 mg (3umol) of 6-Carboxytetramethylrhodamine (TAMRA),
6.52 mg (48umol) of HOBT, 9.9 mg (4&mol) of DCC and 4.44 mg (3@mol) of
N-hydroxysuccinimide under argon, 1 mL of dry DMFsaadded via syringe at Z5.
The resulting solution was stirred at 56G5or 2.5 hours, cooled to room temperature,
and added a solution of 100 mg of biotinylated mh@8) in 1mL of dry acetonitrile.
The solution was stirred at 4D for 12 hours, cooled to 5, dialyzed with a 12k -

14kDa MWCO membrane in 1000 ml of 10% ethanol ilowiged water at room
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temperature for 1 day, and lyophilized to give b of PEG-PEI-rhodamine as a pink

powder.

5-(car bamimidoylthio) pentanoic acid™ (53)
NH

o)
HZNJJ\S/\/\)J\OH

To a solution of 3.0 g (16.6 mmol) of 5-bromopemtaracid in 150 ml of distilled
acetone, was added 0.6 g (7.9 mmol) of thioure@@n temperature. The solution
was heated up to reflux for 12 hours. White preéatps came out when cooled down to
room temperature. The solvent solution was filtesgand the remaining white solid
was washed with cold acetone. 1.3 g (93.5%) ofaBb@mimidoylthio) pentanoic acid
was obtained’H NMR (200MHz, DMSO-R) &1.55(t, J=3.3Hz, 4H), 2.23 {(t,
J=6.6Hz, 2H), 3.17 (t, J=6.6Hz, 2H), 8.99 (d, J3BR.3H); °C NMR & 174.34,
170.00, 33.03, 29.97, 28.00, 23.34.

5-mer captopentanoic acid (54)
o)

HSWJ\OH

To a solution of 1.2 g (6.8 mmol) of 5-(carbamimytibio) pentanoic acid in 13 ml
of water, was added 4.08 g (102 mmol) of sodiunrdwide at room temperature. The
solution was heated up to reflux for 24 hours. Aftee solution cooled down to room
temperature, 2M sulfuric acid was added until acipH=2). The solution was
extracted with dichloromethane 4 times; the comtbineganic extract was washed
with sodium thiosulfate and brine, and then driedranagnesium sulfate. The solvent
was removed on rota-vapor to give 720 mg (79%) -aieScaptopentanoic acitH
NMR (200MHz, CDC}) 6 1.32 (t, J=6.9Hz, 1H, SH), 1.60-1.80 (m, 4H, 2{12.37 (t,
J=6.9Hz, 2H, CRC=0), 2.50 (q, J=6.6Hz, 2H, GB); **C NMR &180.19, 33.64,
33.33, 24.31, 23.43.
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5-(tritylthio)pentanoic acid (55)
o)
Phsc\S/\/\)J\OH

To a solution of 80 mg (0.6 mmol) of 5-mercaptop@wic acidb4 in 10 ml distilled
ethanol at room temperature under argon, was atideang (1.8 mmol) of potassium
hydroxide. The solution was stirred at room tempeeafor 20 min. 335 mg (1.2 mmol)
of chlorotriphenyl- methane was added. The solutiais stirred at room temperature
for 12 hours and then diluted with 20 ml of wateejdified with 2M sulfuric acid,
extracted with ethyl acetate. The organic extraad washed with brine and dried over
magnesium sulfate. Solvent was removed on a rqiafrva he crude product was
applied to a silica gel column chromatography ushexane, ethyl acetate and
methanol as eluants. 100 mg (44%) of compdifiwtas obtained as ofiH NMR (400
MHz, CDCk) 6 1.40 (p, J=7.2Hz, 2H), 1.58 (p, J=7.2Hz, 2H), 2.14-2.82 @H),
7.20-7.42(m, 15H, Ar-H).

Nanogel-Thiolinker (56)

O
SUUN S
n

To a solution of 20 mg (0.05 mmol) of 5-(tritylthmentanoic acid in 3 ml of distilled
dichloromethane under argon, was added 20 mg (0.Inolyn of
N,N’-dicyclohexylcarbodiimide (DCC). The solutionaw stirred at room temperature
for 12 hours and turned to a white suspension. 50hmanogel8 (PEG: PEI=6.8:1,
nontoxic) was added to the suspension and stioedZ hours at room temperature.
Thin layer chromatography indicated the disappe=af 5-(tritylthio)pentanoic acid;
and the reaction was stopped. The solvent was rethow rota-vapor. The residue was
dissolved in 10ml of water and dialyzed in 1000ahlL0% ethanol in water at room
temperature for 24 hours using a 3500 Dalton mddecweight cut off membrane.
Lyophilization gave 35 mg of productd NMR (200 MHz, CDCJ) 5 1.32 (CH), 1.75
(CHy), 2.10-2.80 (CHN), 23.65-3.72 (CKtO), 7.25-7.40 (Ar-H).
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Nanogel-T hiolinker-Rhodamine (57)

0]
< Ph3C\S/\/\)J\NH>‘Q+Rh) No
n

To A mixture of 3 mg (Gumol) of 6-Carboxytetramethylrhodamine (TAMRA), 1.3
mg (9 umol) of HOBT, 2 mg (9umol) of DCC and 0.9 mg (8mol) of
N-hydroxysuccinimide under argon, 0.2 mL of dry DMEs added via syringe atZ5
The resulting solution was stirred at 5G5or 2.5 hours, cooled to room temperature,
and added to a solution of 35mg of compound in@MF. The mixture was stirred
for 12 hours at 46C, cooled to 2%, dialyzed with a 3500 Dalton molecular weight
cut off membrane in 1000ml of 10% ethanol in deiedi water at room temperature

for 1 day, and lyophilized to give 35 mg of PEG-RPRbdamine as a pink powder.

Nanogel-Rhodamine-T hiolinker-Streptavidin (59)

H S 0
[ @y Ky
1 - RNl
(@)

To a solution of 35 mg of compound in 8 ml of dmtdmethane at room temperature
under argon, 300 pL of trifloroacetic acid and gQ0of triisopropylsilane were added.
The color of the solution turned from pink to regon the adding. The mixture was
stirred at 28C for 2 hours, and added to a solution of 2 mgpsargdin maleimide in 2
ml of dichloromethane, stirred at room temperatarel2 hours. The mixture was then
dialyzed in 1000 ml of 10% ethanol in water usingjizal4kDa molecular weight cut

off membrane at 2& for 24 hours, and lyophilized to give 30 mg aflppowder.
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1H and 13C NMR spectra
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Normalized Intensity

[Formula ¢ H NGO 7 AW

525537 |

Acquisition Time (se] 20447

[ Comment

Sid proton Date

Dec 12 2008

Date Sramp Dec 12 2008

File Name

C:DOCUMENTS AND SETTINGSIDUY HUADESKTOPLA

BINNMRIAS4-00-3

Frequency (¥Hz) 3878

Nugleus H
Pulse Sequence slpu

128

2400

Humber of Transients
Receiver Gain

QOrigina! Points Count 13103

Points Count 18384

Solvent

CHLOROFORMd

Spectrum Offset (Hz)  2400.8074

Sweap Width (Hz) 838501

Temperature (degree C) 25,000

AS-4-90-3

0.060

0.055

0.050

0.045

0.040

0.035

0.030

0.025

0.020

0.015

0.010

0.005 3

1.37 8.38
[

10 9
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Normalized Intensity

Sweep Width (Hz) 838528

Temperazure (degree C|

.000

Acguisition Time (sec] Std proton [ Date Jun 17 2008

Date Sramp [ File Name FlAS 405 —I—F.w”ﬂ 300.75
Nucleus Mumber of Transienzs 128 | Original Poinzs Counr 13103 | Paoints Count 16384 | Pulse Sequence s2pul
Receiver Gain Solvent DEUTERIUM OXIDE | Spectrum Offser (Hz) _2460.2322

Jas-4-05
0.015
0.010
0.005
i N ) u 1
0
353 0.09 0.41
—_ — | I—
10 9 8 7 5 4 3 2 1 0
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[ comment Std proton [ Date

Jun 17 2009

002 [ File Name Cihas ThE

Freguency iMHz) 390.75

Receiver Gain

Number of Transients 128 Original Poinzs Counr 13103 | Points Count

16384

| Pulse Sequence s2pul

Solvent DEUTERIUM OXIDE [ spectrum Offser (Hz)

2460.2383

Normalized Intensity

[T (degree C) 25.000

Sweep Width (Hz)

AS-5-42

0.0030

0.0025

0.0020

0.0015

0.0010

0.0005

-0.0005

8 7 6 5 4 3
Chemical Shift (ppm)
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Std proton

[Date

Jun 17 2009

Date Szamp [ File Name Freguency iMHz)
Nugleus 128 Original Points Count 13103 | Points Count 16384 | Pulse Sequence s2pul
TERIUM OXIDE | Spectrum Offser (Hz) _2460.2303

D
[{degree C} 25.000

Sweep Width (Hz)

1AS-5-46

0.0015

0.0010 |

Normalized Intensity

0.0005 |

9 8 7 6 5

- 154 -

4 3
Chemical Shift (ppm)




- 155 -



