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ABSTRACT

Title of Document: MECHANISMS OF DENDRIMER-MEDIATED
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Oral administration of chemotherapeutics remains a challenge despite the benefits
for both the patient and health care system. To overcome the poor solubility and low oral
bioavailability of anticancer drugs, pgmeric delivery systems have been investigated.
Dendrimers, a class of highly branched polymers, have proven useful for drug delivery
because of their compact, nanoscopic size. Specifically, poly(amidoamine) (PAMAM)
dendrimers have been shown to permeageiritestinal epithelium indicating potential as
oral drug delivery carriers. While studies in our laboratory have determined the effects of
surface modification on dendrimer transport and uptake, a large gap in knowledge exists
in the transport and cytot@ity mechanisms of PAMAM dendrimers. Additionally,
alternatives to PAMAM dendrimers such as biodegradable -lpdygine (PLL)
dendrimers have yet to be investigated for use in oral delivery.

In this work we report the mechanisms of tight junction mashriaby PAMAM
dendrimers. While anionic dendrimers modudatiéght junction proteins, cationic
dendrimers opesd tight junctions through phospholipasen@diated calcium signaling
allowing for paracellular small molecule transport. In comparison, catiéhit
dendrimers also allowed for small molecule transport with similar decreases in

transepithelial electrical resistance. Small generation PAMAM and PLL dendrimers (16



and 32 surface amines) activated Cas{®ased-7 resulting in apoptosis. In contrast,
PLL dendrimers showed less long term toxicity compared to PAMAM dendrimers
illustrating the benefits of dendrimer biodegradability.

We also investigated the mechanisms of PLL dendrimer internalization and
subcellular trafficking and the impact conjugatiwed on these mechanisms. The pH and
enzymes present vary within different intracellular vesicles. Knowledge of the
environment a drug delivery system will encounter is crucial for proper drug release.
While PLL dendrimers were internalized via cholesterahd dynamimmediated
endocytosis and macropinocytosis, conjugation site impacted uptake and localization. By
conjugating a model compound to either the dendrimer core or surface, the uptake and
transport properties of the delivery system were modifiedeConjugated dendrimers
had higher uptake and localized to the lysosomes and nucleus while surface conjugation
resulted in higher transport and less accumulation in lysosomes. This research provides
important knowledge ér designing an effectivalendrimerbased oral drug delivery

system.



Mechanisms of Dendrimévlediated Oral Drug Delivery

by
Brittany Renee Avaritt

Dissertatiorsubmitted to the faculty of the Graduate School
of the University of Maryland, Baltimerin partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
2014



© Copyright by
Brittany Renee Avaritt
2014



Dedication

To the people who didndét get a chance to

keep going.



Acknowledgements

Making it to this point has been a long, grueling process that | would not have
completed without the assistance and support of many people. | would first like to thank
my advisor Dr. Peter Swaan for believing in my abilities when | did not believe in them
myself and allowing me the freedom to follow my ouwdeas, making me a better
scientist and problersolver. | would also like to thank my committee members: Dr.
Marie-Christine Daniel, Dr. Audra Stinchcomb, Dr. Hongbing Wang, and Dr. Bruce Yu.
| apprecia¢ their commitment to my education and training and the helpful suggestions
they providedalong the way.

In addition to my committee members, | had the pleasure of working with many
talented postdoctoral fellows. | am grateful foralthe insightful coversations with Dr.

Hairat Sabit, who was a sounding board for many of my experimental ideas and always
guestioned why | was doing a particular experiment. | am a better scientist because he
pushed me to always think deeper about what | was doing. DynRdbore was also
extremely helpful filling the gaps of my chemistry knowledge and the only other person
who liked to keep the lab as clean as | did. lasothankful for all the encouragement
and motivation of Dr. Abhay Andar, who may be the most eidbtis and positive
scientist | know. Hispositivity was definitelya tremendous help during the preparation of
this dissertation. | would also like to thank Dr. Paresh Chothe whose technical knowledge
is exceptional. I am comhviismpeadkrhed i s the Awe s
| would also like to acknowledge many of my fellow current and former graduate
students. Joanna Pak, Lindsay Czuba, and Matt Welch have been great additions to the

lab, and | wish them success as they conduct their graduate studies. | wouideato

iv



thank previous lab members Dr. Tatiana Claro da Silva and Lisa Bareford both of whom
were influential in my early years of graduate school. | would especially like to thank Dr.
Debbie Goldberg for her assistancehmmy research and remaininggeeat friend even

after graduating. Thanks to my fellow classmates, with many of whom | have spent
countlesslunchtime conversations commiserating about the difficulties of graduate
school. Specifically, | would like to thank Joe Stanton and Aaron Smithdoging in

here until the end with me. It makes me feel a little bit better about myself.

Finally I would like to thank my friends and family. | am so grateful that Devon
Holmes took my suggestion to come to the University of Maryland, Baltimore seriousl
and moved to Maryland. | appreciate her ability to listen to me drone on about graduate
school despite having no clue whaidtually dowhile truly caringabout how tings are
going. | am also thankful for my supportive family: Connie Taylor, Tim Waranen
Warren, John Gill, Cristi Bly, Lester Blyand Mark Taylor. Their patience and
understanding through this whole process has been extremely helpful, and | hope once |
have graduated | can spend more time with all of them. | also want to thank my
incredibly cute cousins Chip and Liam whose pictures could make me smile on the worst
days. | would also like to recognize mylaws who have become a second family to me.
They have been just as supportive as my own family even though | took my husband so
far away from them. Lastly, | would like to thank my husband Brian, although words
cannot adequately express my gratitude. He let me follow my dreams even though it
meant moving 700 miles away from our familié¢ée has taken on many additional
responsibilitis while also completing his own education. For all of his love and sypport

| will always be indebted.



Table of Contents

[ To [ o3 11 o o 1P i
ACKNOWIBAGEMENTS. ...ttt e e s v
IS 0 7= ] IX
LISt OF FIQUIES.....ceeee ettt ettt e e e e e e s e e e e eee X
List Of ADDIeVIAtioONS .....coeee e Xii
Chapter 1 INTrOJUCTION ........uuiieiiiiiii ettt e e eeeeaeaes 1
0 A {11 o o [ o o o 1 1
1.1.1 Polymer TherapeULICS. ........ccuuuuuiiieeiiiieteiii et 1
1.1.2  Oral Drug DeliVEIY.......c.uuuiiiieiiiiiie et 2

I I T I 7= T [ ] = P 3.

1.2 SPECIIC AIMS .. eeiiiiiii et ee e e e et e e e e e e e e e e e et e e e eaa e e e ean e eeannas 4
1.3  Scope and OrganiZatiQml............oeeeeruiereieeseereieeereeineeeesiseeeennsaeeeennaeeeans 5
Chapter 2 Dendrimers: Origins, Architectures, and Applications...........................l.
P22 R 1114 Yo [ o 10 o P PO 7
2.2 HISEO Y . it 7
2.3 Structure and PropPertieS.......cccuuiiiiiiieieieee et e e e e e e 9
2.4 Dendrimer SYNNESIS........ocivuiii et 11

F S R B 1V o 1= | 11
2.4.2  CONVEIGENL....cuuiiiiiiieie e ettt e e e e e enns 12
2.4.3  Mixed MetNOAS. .......coiiiiiiiiie e 13

2.5 Types Of DENAIIMELS........iciiiie e 16
2.5.1 Poly(propyleneiming) (PPL).........ccouiiriiiiii e, 16
2.5.2 Poly(amidoaming) (PAMAM)........cccouuiiieiiie e 16
2.5.3 Polyether and POIYESLEr..........coouiiiiii e 18
2.5.4 Heteroatom (Siand P).......ccoouiiiiiiiiiiiiieee e 19
2.5.5  PEPUAC... e 19
2.5.6 Notable Dendrimer Hybrids............cooiiiiiii i, 20

2.6 APPIICALIONS.......euiiiii e 22
2.6.1  TREIAPEULIC. ... ccovuiieeiie e et e e e 22
2.6.1.1  ANtIMICrobial..........ccooiiiiiiiiii e 22
2.6.1.2 NeurodegeneratiVe............oeeeeeuuiieieiiee e e eeae e 28
2.6.1.3  INflammatory........ccoouiiiiiii e 31
2.6.1.4 Tissue Repair and Wound Healing.............cccooovviiiiiniiiiiniiins 34
2.6.1.5  CaANEI.c. i 37
2.6.1.5.1 Boron Neutron Capture Therapy.........cccocviveiiiiiieeiiiiiiieeiieeens 38

Vi



2.6.1.5.2 PhotodynamiC Therapy.........cccoeeeieeumiiiiieeeeeiieiie e 39

2.6.1.5.3 Photothermal Therapy...........ccuueeuuiiiiieiieeeeei e 42
2.6.1.5.4 GeNe SIlENCING......cuiiiiiiiieieiiie e e e e e eee 44
2.6.2 Emerging Administration ROULES............uiiiiiiiiiiiiiiei e 45
2.6.2.1  OCUIAL........i i AD
2.6.2.2  OrAl.e i 47
2.6.2.3  PUIMONAIY......uiiiiiiiiiii et 48
2.6.2.4  Transdermal........cooovuuiiiiiiis e 49
2.6.3  DIAONOSHIC. ...ceutie ettt e eaee 50
2.7 Future Directions and CONCIUSIONS. ........oovveuiieiiiiieeeeei e 51

Chapter 3 Intracellular Ca?* Release Mediates Cationic but Not Anionic

Poly(amidoamine) DendrimerInduced Tight Junction Modulation ...................... 52
G 700 R |14 oY [ Tod 1o o P 52
3.2 EXperimental SECHION........cccuuuuii e 54

T R 1Y - 1 (=T = | 54
3.2.2  Cell CURUIB... e e e e e e e e e e e eees 54
3.2.3 Tight Junction Immunofluorescence............cc.coveeiivieeiii i, 55
3.2.4 Tight Junction Protein EXPreSSIiON..........uuiiiiiieiiiiieen e 56
3.2.5 Dendrimerinduced {*C]-Mannitol Permeability..............cccoveererenn.n. 57
3.2.6 Inhibition of DendrimerMediated Tight Junction Modulation.............. 58
3.2.7 Intracellular Calcium Release..........coovvuuviiiiiiieeeiiii e 58
3.2.8 PhospheMyosin Light Chain Immunofluorescence.......................... 59
3.3 RESUIS .t 60
3.3.1 Dendrimerinduced Tight Junction Modulation.................ccceeevviennn.. 60
3.3.2 Inhibition of DendrimerMediated Tight Junction Modulation.............. 65
3.3.3 Intracellular Calcium Release during Dendrimer Treatment............ 67
3.3.4 Myosin Light Chain Phosphorylation.............ccccoovviiieeeiiiiccceeees 70
I B 1Tt U 11 0] o RO 70
3.5 CONCIUSION. ...ttt e et e e e bt e e e e eaennees 75

Chapter 4 Poly-L-Lysine Dendrimers Enhance Permeability with Less Longlerm

Cytotoxicity than Poly(amidoamine) Dendrimers.........ccooeeeveiieiiiiieceeeeiin e, 17
g R 01 oo (U Tt 1 (o AU 77
4.2  EXperimental SECHION............iiiiiii e 79

4.2 MALEIIAIS.....ccieeiiiiie ettt aare 79
4.2.2 Synthesis of PLL DeNAriMErS.........ccovuuiiiiiiiiieieeeiee e 79
4.2.3  Cell CURUIE....coeti et e 80
4.2.4 Dendrimerinduced f*C]-Mannitol Permeability and TEER Monitoring0
4.2.5 Cytotoxicity of DeNdrimers........cccuiieiiiiiieiiicee e 81
4.2.6 ROS GENEIALION. .. .cciiiiiiiii ettt rrr e e e e e 82
4.2.7 Caspase ACHVALION.......ccuuiiii e e 33
4.2.8 Apoptotic Body FOrmation.............ccoeeuiiiiiiiiiiein e 84
4.3 RESUIS ...t e 85
4.3.1 Dendrimer Characterization............ocuuuuiieiiiieeneiiiie e eeeaens 85

Vil



4.3.2 DendrimerIinduced {*C]-Mannitol Transport and TEER Monitoring...85

4.3.3  Dendrimer CYLOOXICITY. ........oeeieeruriiaeeeeeieeniie e e 87
4.3.4 DendrimerStimulated ROS Generation.............ccveiiieiieeeeiiiinneeen. 90
4.3.5 Dendrimerinduced Caspase ACtIVatION.............cccuvviiieiieeeeiiiinneeee. 93
4.3.6 DendrimerTriggered APOPIOSIS.......cccvirruuuiieeiiiiiinae e e e e eeeeees 95

R I 1Yot U 11 [ 95
S T O o ] o o3 (11 T o I 103
Chapter 5 Internalization and Subcellular Trafficking of Poly-L-Lysine Dendrimers
Are Impacted by Site of Fluorophore Conjugation................cevviiiiiiiiiiiinneeeeenns 105
5.1 INTOAUCTION.....ceiiiiiti e 105
5.2 EXperimental SECHION. .......cccouuiiiiiie e 107
5.2 1 MALEIIAIS......coiiiiiie e 107
5.2.2 Synthesis of OG Dendrimer Conjugates...........ccoevevvviiiierreeeeeeninnnn. 107
5.2.3  Cell CURUIE.. ..ot 109
5.2.4 Dendrimer CYLOIOXICILY.......uuuuuieeeiiiiiiiie e eee ettt eeeeeeeens 109
5.2.5 Cellular INternaliZtion.............ccouuuiiiiiiiiii e 110
5.2.6 Transepithelial TranSPQrL...........uiiiiiiiiiiiiiee e 111
5.2.7 Intracellular TraffiCking........c.uuuiiiiiiiiii e 111

5.3 RESUIS i e 113
5.3.1 Synthesis and Characterization of-G& and G3EDA-OG................. 113
5.3.2 Cytotoxicity of DENAINMErS.......oiiviii i ee e e e 113

5.4.1 Impact of OG Conjugation Site on Dendrimer Uptake arahsport....117
5.4.2 Dendrimer Internalization in the Presence of Endocytosis Inhibitar$17
5.4.3 Intracellular Trafficking and Visualization of Dendrimers Interacting with

YT 1] = YT PPN 122

SR T I o U 1= (o P 125

Lo ST O] o ] 11 13 (o o P 129
Chapter 6 Conclusions and Future DireCtionsS...........cccceuviviiiiiiiieeeriin e, 131
6.1  CONCIUSIONS ....uuiiiiiii e e e e e e e e e e e et e e e e et e eeees 131
6.2  FULUre DIrECLIONS......uu it e e e e e e e 135
Appendix A Synthesis and Charaterization of Poly-L-Lysine Dendrimers...... 137
Appendix B Visualization of Intracellular Trafficking of Poly -L-Lysine
Dendrimers and Transferrin in Polarized Caco-2 Cells.............cccooeevviiiieviennnn.... 147
R IEIENCES. ... e e 151

viii



List of Tables

Table 5.1. Characterization of PLL dendrir@G conjugates



List of Figures

Figure 2.1. Types of dendrimerS.........uuuiiiiiiiiiiiiee e 17
Figure 2.2. Therapeutic applications of dendrimers..........cccoovveviivieeiinneeeeeeiinnnnn 23
Figure 2.3. Emerging routes of dendrirggug administration.............cccooeevevvivnnnnnn. 46
Figure 3.1. Actin, claudii, occludin, and Z€l immunofluorescence in

differentiad Cace2 MONOIAYErS............coviiiiiiiiiiiiee e 61
Figure 3.2. Tight junction protein eXpPreSSION. ..........uui it eeeeees 63

Figure 3.3. Apparent permeability dfC]-mannitol dwing and immediately
following treatment of Cac@ monolayers with dendrimers or absorption
=T = Vg o Y U 64

Figure 3.4. PL&ependent signaling pathway regulating changes in tight junction

permeability (A), and investigated sites of inhibition (B).............ccoevvvinneen. 66
Figure 3.5. Percent of apparent permeability" &€ mannitol.............cccceevveeeenenne.. 68
Figure 3.6. Relative Flud fluorescence intensity upon dendrimer and control

treatment (A), and time lapsed images during G4 treatment (B)............... 69
Figure 3.7. PhosphbLC immunofluorescence in Ca€dmonolayers...................... 71
Figure 4.1. Structures of G3 PLL (A.) and G2 PAMAM (B.) dendrimers.............. 86

Figure 4.2. Percent of apparent permegbdf [**C]-mannitol in the presence of
PLL and PAMAM dendrimers in Caed monolayers..............ccccoeeevviiienens 38

Figure 4.3. TEER in the presence of PLL (A.) and PAMAM (B.) dendrimers in
(O Tol e 221 0 (0] (0] = |V =T = PP 89

Figure 4.4. Cac@ cell viability after a zh incubation with PLL (A.) or PAMAM
(B.) dendrimers in HBSS or a 2#dincubation with PLL (C.) or PAMAM
(D.) dendrimers iN DMEM...........ooiiiiiiiii e 91

Figure 4.5. Percent increase in ROS generation over time in the presence of G3
PLL (A.), G4 PLL (B.), G2 PAMAM (C.), and G3 PAMAM (D.)
(0 =T a0 [T 1T 92

Figure 4.6. Percent increase in ROS generation in Qatonolayers....................... 94



Figure 4.7. Percent increase in Caspgasad-7 activation from 2 h to 24 h
AUIING rEALMENL. ...t et e e e s 96

Figure 4.8. Apoptotic and dead cells in live G&monolayers following 24 h

LT U TST 0 PP 97
Figure 5.1. Structures of G3G (A.) and GZEDA-OG (B.)......covveviviiiiiiiieieieiienenn, 115
Figure 5.2. Cac@ cell viability after 2 h incubation with native and conjugated

PLL deNAIIMEIS. ...ttt et eeees 116
Figure 5.3. Uptake of dendrimersCaco2 cells after 1 h treatment...................... 118
Figure 5.4. Transport of dendrimers across differentiated-2amonolayers........... 119

Figure5.5. Percent uptake of @3G (white bars) and GBEDA-OG (gray bars) in
Caca?2 cells in the presence of endocytosis inhibitors.................ccovveeeee. 121

Figure 5.6. Intracellular trafficking of GOG (A.), G3EDA-OG (B.), and

transferrinAF488 (C.) in Cace2 MoNoIayers.............cvveveviieeiiieeeeeeiieeeenns 123
Figure 5.7. Interaction of dendrimers and transferrin with differentiated-€aco

1010 aT0] =T SR 124
Figure A.1. PLL dendrimer synthesis scheme.............ccccoovivicei e, 142
Figure A.2. G30G PLL dendrimer synthesis scheme..............cccceeevvvieeceneeeennnnn. 145
Figure A.3. GBEDA-OG PLL dendrimer synthesis scheme............ccccccccvvviieees 146

Figure B.1. Visualization of G®G PLL dendrimer trafficking over time in
polarized Cace cells by cafocal miCroSCoOpY-.......ccccvveeviiiiiiiiiiieee e, 148

Figure B.2. Visualization of GEDA-OG PLL dendrimer trafficking over time in
polarized Cace cells by confocal miCroSCORY...........covevviviiieiiiiieeeeeeinnne. 149

Figure B.3. Visualization of TransferriiF488 trafficking over time in polarized
Caco2 cells by confocal MICrOSCOPY.....ccuvvuieiiiiiieeeiie e e e e e 150

Xi



List of Abbreviations

5-ALA

A23187

AD

AF

ANOVA

AuNP

AuNR

BAPTA-AM

BCS

bisMPA

BNCT

Boc

BPA

BSA

BSH

C10

CaMPKII

CarboxyH,DCFDA

COX-2

CRET

CuAAC

5-Aminolevulinic acid
Calimycin

b-Amyloid

Alexa Fluor

Analysis of variance
Gold nanoparticles

Gold nanorods

1,2-Bis(2-aminophengy)ethaneN , N, MNdtljaabehpcid

tetrakis(acetoxymethyl ester)

Biopharmaceutics classification system
2,2-Bis(methybl)propionic acid

Boron neutron capture therapy
tert-Butyloxycarbonyl

Boronophenylalanine

Bovine serum albumin

Sodium borocaptate

Sodium caprate

Calcium/calmodulin protein kinase |l
6-Carboxy2',7-dichlorodihydrofluorescein diacetate
Cyclooxygenase

Chemiluminescence resonance energy transfer

Cu(l)-catalyzed alkyne cycloaddition

Xil



Cy5
DA
DAG
DAPI
DCM
dic8
DMEM
DMF
DMSO
DNA
DOX
DPBS
DYN
EDA
EDC
EDTA
EEAl
EGFR
EGTA
FA
FBS
FDA

FIL

Indodicarbocyanine

Diels-Alder

Diacylglycerol
4',6-Diamidino-2-phenylindoé
Dichloromethane

Dioctanoylglycerol

Dulbecco's modified Eagle's medium
Dimethylformamide

Dimethyl sulfoxide

Deoxyribonucleic acid

Doxorubicin

Dulbecco's phosphate buffered saline
Dynasore

Ethylenediame
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
Ethylenediamine tetraacetic acid
Early endosome antigen 1
Epidermal growth factor receptor
Ethylene glycol tetraacetic acid

Folic acid

Fetal bovine serum

Food andl Drug Administration

Filipin

Xiii



FITC
FPLC
FRET
G

GEN
GTA
GTPase
HBSS
HEPES
HIV
HPLC
HPMA
HSV
fo[€}

IP3
JNK

KN62

LAMP1
LHRH
LPS

LY

MA

Fluorescein isothiocyanate

Fast protein liquid chromatography

Fluorescence resonance energy transfer
Generation

Genistein

Glutaraldehyde

Guanosine triphosphate hydrolytic enzyme
Hank's balanced salt solution

4-(2-Hydroxyethyl) piperazind-ethanesulfonic acid
Human immunodeficiency virus

High performance liquid chromatography
N-(2-hydroxypropyl)methacrylamide

Herpes simplex virus

ImmunoglobulinG

Inositol 1,4,5triphosphate

c-Jun Nterminal kinase
4-[(2S)-2-[(5-isoquinolinylsulfonyl)methylamineB-oxo-3-(4-

phenytl1-piperazinyl)propyl] phenyl isoquinolinesulfonic acid
ester

Lysosomalassociated membrane protein 1
Luteinizing hormoneeleasing hormone
Lipopolysaccharide

Lucifer yellow

Methacrylate

Xiv



MALDI -TOF
MAP
MDC

ML7

MLC
MLCK
MRA
MRI

Mb CD
NAC
NIR

oG
PAGE
PAMAM
PAO
Papp

PCI
PDT
PEG
PEI
PGLBA

PGLSA

Matrix-assisted laser desorption/ionizatidime of flight
Multiple antigen peptide
Monodansyl cadaverine

Hexahydrel-[(5-iodo-1-naphthalenyl)sulfonyl}1H-1,4-
diazepine

Myosin light chain

Myosin light chain kinase
Magnetic resonance angiography
Magnetic resonance imaging
Methyl-b-cyclodextrin
N-acetytL-cysteine

Near infrared

Oregon green

Polyacrylamide gel electrophoresis
Poly(amidoamine)

Phenylarsine oxide

Apparent permeability
Photochemical internalization
Photodynamic therapy
Polyethylene glycol
Poly(ethyleneimine)

Poly(glycerol Balanne)

Poly(glycerol succinic acid)

XV



PIC Polyion complex

PIP, Phophatidyl inositol (4,5bisphosphate
PKC Protein kinase C

PLC Phospholipase C

PLL Poly-L-lysine

PMMH Phenoxymethyl(methylhydrazono)
PMSF Phenylmethylsulfonyl fluoride

PPI Poly(propyleneimine)

PpIX Protoporphyrin IX

Pl Propidium iodide

PrP Prion protein

PTT Photothermal therapy

RB Rose bengal

RGD Arginylglycylaspartic acid

RI Refractive index

RIPA Radicimmunoprecipitation assay
ROS Reactive oxygen species

SD Standard devison

SDS Sodium dodecyl sulfate

SEC Size exclusion chromatography
SiRNA Small interferring ribonucleic acid
SPAAC Strainpromoted azidalkyne cycloaddition
SPION Superparamagnetic iron oxide nanoparticles

XVi



TBS

TEA

TEC

TEER

TFA

TYC

U73122

VEGF

W7

WORT

WST-1

Z0-1

Tris-buffered saline

Triethylamine

Thiol-ene coupling

Transepithelial electrical resistance
Trifluoroacetic acid

Thiol-yne coupling

1-[6-[ ( ( -B-Mdthoxyestral,3,5[10}rien-17-yl)amino]hexyl}
1H-pyrrole-2,5-dione

Vascular endothelial growth factor
N-(6-Aminohexyl}5-chloro-1-naphthalenesulfonamide
Wortmannin

Water soluble tetrazolium salt 1

Zonula occludens 1

XVil



Chapter 1 Introduction

1.1 Introduction

1.1.1 Polymer Therapeutics

Polymers can be utilized as drug delivery vehicles to enhance the optakieug
at the site of action while limiting othirget adverse effects. Specifically, wasetuble
polymerbased delivery systems can improve the solubility and therapeutic efficacy of
drugs with dosdimiting toxicities (1). The field of nanomedicine has experienced
exponential growth over the past severaladkss resulting in significant diversity in the
types of polymers utilized for drug delivery. These polymers can generally be categorized
into one of four different macromolecular architectures: linear, dialssd, branched, or
dendritic. The dendritic ahitecture can then be further divided into hyperbranched,
dendrigrafts, dendrons, and dendrimers, with each possessing unique physicochemical
propertieq2).

Successful polymeric drug delivery exploits the prapsrithat differentiate
polymers from small molecule drugs. For example, linear polymers such as HPMA can
improve chemotherapeutic accumulation at the tumor site by taking advantage of the
leaky vasculature surrounding the tumor as well as the poorly foymegthatic drainage
within the tumor (3). Hydrogels composed of crebsked polymers can provide
controlled release of drugs over an extended period of {#e Dendrimers can
solubilize insoluble drugs to increase cellular internalizat{h For all of these
polymers, drugs can either be complexed with or conjugated to the po{@ndn

addition to drugs, targeting moieties can be attached to the polymer to further enhance
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site-specific drg delivery (7). Imaging agents may also be included in polyuadrerg
delivery systems to create theranostics capable of both diagnosing dimd tiesease in
one platform(8).

Developing polymebased delivery strategies is especially propitious for
chemotherapeutic drugs. These drugs typically have poor water solubility and dose
limiting adverse reaains. By conjugating chemotherapeutics to watduble,
biocompatible polymers the therapeutic effect of the drug is enhanced by increasing drug
solubility, passively and actively targeting the drug to the tumor, enhancing accumulation
of the drug within lhe tumor, decreasing potential drug resistance, and decreasing damage

to healthy tissuefl).

1.1.2 Oral Drug Delivery

Chemotherapeutic agents are traditionally administered intravenously due to poor
solubility, permeability, or both, resulting in poor bioavailability. Intravenous
administration of chemotherapeutics w&qs recurring hospital visits which accrue
significant costs for both the patient and healthcare sy§8nmOral administration is
preferred by patients and improves medication compliance especially among people with
a fear of needlegl0). In addition to lowerirect and indirect costs, oral chemotherapy
also allows for a more flexible dosing regimen and decreases the facility and staffing
burdens of hospitald 1, 12)

Although oral delivery is the preferred adminisimatroute, several challenges
must be overcome for successful therapeutic outcomes. Drugs or delivery systems must
have appropriate solubility and stability within the many environments present within the

gastrointestinal tract, and once the site of ali&orgs reached, the ability to permeate



the intestinal epitheliun(il3). The epithelium of the gut provides a selectively permeable
barrier between the external and internal environments in the body to allow for nutrient
absorption while providing protection from toxins, bacteria, and other undesirable
products (14). This barrier can be overcome by either passive or active transport
mechanisms.

Passive diffusion of a compound across epithelial cells is governed by a set of
physicochemical propertiesollectively titled the Lipinski Rule of 5. These rules state
that for successful oral absorption, a compound must not violate more than one of the
following conditions: 1) molecular weight lower than 500 Da, 2) logP less than 5, 3) 5 or
less hydrogen bondonors, and 4) 10 or less hydrogen bond accepidis These rules
do not apply to compounds that are actively transported or transcytosed across the
intestinal barrier. Compounds can also permeate via the paracellular route, but this
pathway is generally relegated to small hydrophilic molec(€3. While polymeric
drug delivery systems can significantly impeothe therapeutic profile of chemotherapy
drugs, polymers generally do not meet the stringent requirements necessary for successful
oral drug delivery. Therefore, there is a strong unmet need to develop orally administered
polymerdrug conjugates for enheed oral bioavailability of chemotherapeutics with

targeted tumor accumulation.

1.1.3 Dendrimers

Dendrimers are a class of highly branched polymers with unique physical
properties making them amenable for drug delivery. These properties include a high
density ofsurface groups, near monodispersity, and nanoscopi¢isfizeThe abundant

number of surface groups allows for the attachment of drugs, targeting moieties, and



imaging agents to create multifunctional drug delpnplatforms(18). Because of their
compact structure and charge density, dendrimers have shown promise as oral drug
delivery vehicles.

Specifically, poly(amidoamine) or PAMAM dendrimers have been extensively
invedigated for use in oral drug delivery applications. Previous studies indicated that
within a specific size and charge window PAMAM dendrimers can cross the intestinal
epithelium and improve the permeability of poorly weteluble chemotherapeuti¢s9-

24). While promising, PAMAM dendrimers are not biodegradable, and their potential use
in applications requiring multiple dosing may be limited by toxicity.

Dendrimers with similar physicochemical properties as PAMAMddeners have
been developed to provide a biodegradable alternative for biomedical applications.
Namely, polyL-lysine (PLL) dendrimers have shown improved chemotherapeutic drug
delivery compared to free drug when administered intravend@sh28). While these
dendrimers have not yet been applied to oral administration, they possess many of the
same properties as PAMAM dendrimers. Therefore, more work is needed to establish

PLL dendrimers as safe and efficaciouallgradministrable drug delivery carriers.

1.2 Specific Aims

The research presented within this dissertation seeks to elucidate the underlying
mechanisms of transepithelial transport and internalization of PAMAM and PLL
dendrimers while establishingathanisms of dendrimer toxicity with the eventual goal
of utilizing these dendrimers to improve the oral bioavailability of chemotherapeutics. To

achieve this goal the following Specific Aims were developed:



1.

2.

3.

To elucidate the detailed mechanisms of catiomnd anionic PAMAM
dendrimermediated tight junction modulation in differentiated G&co
monolayers as a model of the intestinal epithelial barrier.

To establish PLL dendrimers as potential oral drug delivery vehicles and
compare their mechanisms of cytwitity to PAMAM dendrimers in Cac@

cells.

To investigate the mechanisms of internalization and subcellular trafficking of
PLL dendrimers and the impact of conjugation on these mechanisms in

polarized cells.

These Specific Aims are designed to test tilewing hypotheses:

1.

PAMAM dendrimers modulate tight junctions through intracellular
mechanisms unique to the dendrimer surface charge allowing for paracellular
transport of the dendrimer and small molecules.

PLL dendrimers have comparable permeation eoéent to PAMAM
dendrimers while being less cytotoxic to C&oells.

PLL dendrimers will be internalized by multiple endocytosis pathways that
will correlate with the intracellular trafficking. The site of conjugation to the

dendrimer will impact the upke and transport properties of the dendrimer.

1.3Scope and Organization

Chapter 2 of this dissertation provides background on the history and structural

characteristics of dendrimers as well as an overview of the various types of dendrimers.
A detailed liteature review details the current biomedical applications of dendrimers

with an emphasis on disease states movel administration route€hapter 3 describes
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the mechanisms of dendrimerediated tight junction modulation in differentiated Gaco

2 monolayes while emphasizing the differergdeetween anionic and cationic dendrimers
(29). In particular, Chapter 3 explores the role of calcium in dendrintrcedtight
junction opemg. In Chapter 4, PLL dendrimers are assessed for their potentiasuse
oral drug delivery vehiclesAdditionally, the mechanisms of cytotoxicity of PLL and
PAMAM dendrimers are evaluated. Chapter 5 explores the mechanisms of uptake and
subcellular trafitking of PLL dendrimergonjugated to a model compour&pecifically,

the impact of dendrimer conjugation on cytotoxicity, uptake, transport and trafficking of
the dendrimer in Caec8 monolayers is examined. Finally, Chapter 6 summarizes the
major findings presented in this dissertation and provides suggestions for the future

directions of this research.



Chapter 2 Dendrimers: Origins, Architectures, and Applications'

2.1Introduction

Dendrimers are highly branched, nanoscopic polymers. The term dendrimer is
derived fron t he Gr eek fAdendr alike stnetara iesults intuniggee . T h e
properties that are distinctly different from traditional linear polymers, many of which
can be exploited for biomedical applications. The controlled synthesis of dendrimers
allows for the size, surface chemistry, and topology to be manipulated to suit myriad
applications.

In thisreviewwe provide an overview of the history and properties of dendrimers.
The synthetic approaches and different types of dendrimer are also dedeiniadig, the
therapeutic and diagnostic applications witargeted andargeted dendrimers are
illustrated with recent results both vitro andin vivo and an emphasis cemerging

administration routes.

2.2 History

Although the theory of branched polymerssa@nceived by Flory in the 1940s
(30-32), the first published reports of dendrimers did not appear until 1978 as multiple
groups independently worked to develop new synthetic strategies to obtain monodisperse
maciomolecules. Fritz Vogtle at the University of Bonn in Germany published the first
report of the divergent synthesis of poly(propyleneimine) (PPI) dendri{@8).sQuickly
after, the sgthesis of an asymmetrical lysine dendrimer was patented by Robert

Denkewalter(34). Within seven years two more types of dendrimers, poly(amidoamine)

'Reproduced in part with permission from J CohRelease. 2018ubmittedfor publication.
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(PAMAM) and arborols, had been developed by Donald Tomalia at Dow Chemical
Company and George Newkome at Louisiana State University, resped®\36)
While V°gtleds original cascade synthesis
synthetic scheme developed in the Dow laboratories overcame these challenges and is
still the preferred methodology used foommercially available PAMAM dendrimers
today. In 1993 two groups, one at Freiburg University and the other at the Dutch
company DSM, enhanced V°gtleds original synt
for synthesizing PPI dendrimef37, 38)

Until 1990 all reported dendrimer syntheses z#ili a divergent approach. While
this type of synthesis works well for PAMAM dendrimers, many other types of
dendrimers synthesized in this manner suffer from stunted growth or structural defects. In
an effort to design a more controlled synthetic schehe)aboratory of Jean érhet at
Cornell University developed a convergent method for synthesizing dendi(iB®e44).
By growing dendrimers through bding blocks called dendroribat werelater attached
to a sindge reactive focal point, the number of novel architectures that could now be
achieved was enormous. The first dendrimers utilizing convergent synthesis were
polyethers derived from 3,8ihydroxybenzyl alcohof41).

When first introduced to the scientific community, demdr research was met
with much criticism. Tomalia reported that many scientists believed dendrimers would
crosslink and behave similarly to microgels or latex with no unique properties and that
dendrimers were not discrete chemical structures but sheuldassified as materials
(42). Publications were often delayed because reviewersl cad believe such precise

molecular control could be achieved by the syntheses described. Advancements in



characterization technologies, particularly the developmentmafrix-assisted laser
desorption/ionizationN]JALDI ) mass spectrometry, verified th&wtural precision of
dendrimers and led to the eventual acceptance of this new class of po{$d8).

Since then, the number of dendrimer publications has grown exponentially. Today
PAMAM, PPI, and phosphorwdendrimergphenoxymethyl(methylhydrazono), PMMH)

as well as polyester dendrong,Zbis(methybl)propionic acid bisMPA), are
commercially available, and a number of products containing dendrimer technology are

on the market.

2.3 Structure and Properties

Dendrimers, unlike other polymers, have a wagfined, controllable structure
consisting of three main sections: the core, branching groups emanating from the core,
and terminal groups presenting at the surfd®. The core, also known as the initiator,
can affect the eventual size and shape of tineldimer. The branches, or dendrons, are a
region of amplification that can form internal cavities, and each new level of branch
points within a dendron defines the dendrimer generation. The dendrimer periphery
consists of reactive terminal groups to whicbw branches or targeting, imaging, or
therapeutics moieties can be added. Corg @dd branch () multiplicities determine
the number of terminal groups (Z) as a function of generation (G) through the equation
Z=NNp°, allowing the surface group ampifition to be predicted mathematically. As
the generation increases, the number of terminal groups increases exponentially while the
mass and radius increases linearly. Dendrimers can be synthesized in discrete units

resulting in monodisperse structu(és).



The molecular shape of dendriraeis generatiofiependent. As the generation
increases, dendrimers go from a flat and floppy conformation to ellipsoidal to nearly
spherical(43, 5154). The generations at which these shape changes occur aee telat
the core multiplicity. For example, PAMAM dendrimers with= achieve molecular
morphogenesis a generation later than PAMAM dendrimers wit XB5). These
morphogeneses are the result of de Gennes dense pacigthrs as terminal groups
increaseexponentiallywhile the radius only increases lineaiy6). Once reached, the
densepacked state can hinder further synthesis resulting in defects in dendrimers
synthesized by divergent methods and decreaselds for dendrimers synthesized
convergently57).

In addition to precise and predictable structural control, dendrimers possess
properties that are distinctly d#rent from linear and branched polymers. Compared to
linear polymers, dendrimers have a lower glass temperature, solubility that increases with
increased molecular weight, lower viscosities that exhibit a maximum,shear
sensitivity, and no rdption (45, 5863). Dendrimers also have unique contailiee
properties(64). As the dendrimegeneration increases an accessible interior is formed
between the core and surface groups. Once de Gennes dense packing is reached, the
interior becomes inaccessible allowing for encapsulation of guest molecules. These
unique properties along with then@scale dimensions similar to many biological entities
has led to much interest in utilizing dendrimers in various biological and diagnostic

applications many of whichwill be reviewed in subsequent sections.
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2.4Dendrimer Synthesis

Dendrimers are synthestkgrimarily through two different routes: divergent or
convergent; however, both methods require an iterative approach. Unlike traditional
polymers that are polydispersed because of s
growth results in theoretdly monodispersed polymel®0, 65) This monodispersity
limits synthetic and experimental variability making dendrimers ideal for a variety of
applications. Commonly used synthetic methods are described in mizie idethe

following sections.

2.4.1 Divergent

The earliest dendrimer syntheses utilized a divergent approach. In this method,
dendrimers are constructed from the inside out where branches are attached to an initiator
core, and each new propagation of brandiessilts in a new generation. Examples of
dendri mers synt hesi zed Vi a di vergent synt h
molecules (33), Newk omeods a r (B5) ramad | the PAMAM cdendrimers
developed at Dow Chemic#B6). The divergent synthesistrategy provided the first
commercial route to dendrimers and possesses several synthetic advantages. The first
advantage is that direct growth from the core allows for a wide range of compounds and
materials to be used as cores, and a separate amclsveip, which can be sterically
hindered at larger generations, is not required. Second, divergently synthesized
dendrimers are aemable to scatep in the multikilogram range using lowost, readily
available monomers such as acrylates, acrylorsirdad alkyleneamines. Finally, this
method can be used to prepare high generation dendrihsrexceed the de Gennes

densepacked state(42). While larger dendrimers can be synthesized, defects, or
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incomplete conjugations, are obtained once generations lzegpptoach and exceed the
densepacked state. Divergent approaches, dnewever, limited in the types of

dendrimers that can be successfully synthesized.

2.4.2 Convergent

Convergent approaches to dendrimer synthesis have provided a useful alternative
to the original divergent method. Convergent synthesis is an outside in approach that
involves the synthesis of reactive dendrons which are then attached to the core. First
introduced by Hawker and érhet (39, 41) polyether dendrimers were the first type of
dendrimesto be synthesized via the convergemite. Since then the convergent method
has been used to prepare a wide variety of dendrimers with many different functionalities.
Convergent methods have several advantages over diveagprbachesUnlike the
exponential number of coupling steps requiifer each iteration of a divergent synthesis,
convergent growth only involves the coupling of two dendrons to a monomer, limiting
the amount of excess reagent needed and simplifying purificgtignDendrimers with
multiple functionalities can be synthesized by atimghdifferent dendrons to a single
focal point allowing for a versatility not afforded by the divergent mett§dd). This
method is also more amenable to creating dendrimer hybrids in which dendrons are
combined with other types of polymers or scaffol(B6-68). While convergent
approaches allow for more versdtilin the types of dendrimers that can be synthesized,
these dendrimers are limited in size due to steric hinderance at the dendron attachment

focal point.
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2.4.3 Mixed Methods

Traditional divergent and convergent dendrimer synthesis methods both require
multiple steps to achieve a single generation increase; therefore, several other methods
have been developed in an effort to accelerate dendrimer synthesis. The double stage
convergent, or hypercore, method involves attaching dendrons to a core to create a
hypercae which is then reacted with the dendrons again to obtain a higher generation
dendrimer. This method was used bgdhietet al.to obtain G7 dendrimers with different
internal and external branching groups creating a {bigark construction69). Using
this method overcomes the typical stdrindranceencountered inréditional convergent
synthesis, but no improvement in synthesis time is achieved. A similar approach utilizing
hypermonomers, or monomers with a higher than conventional number of functional
groups, has been used to create dendrimers with the same ruihsieface groups in
half the number of synthetic steps as traditional synthesis; using these monomers, a new
generation is created in each st@i®). Unfortunately, hypermonomers are typically
lower generation dendrons thereby eliminating any reduction in synthetic steps. Another
method utilizing an orthogonalgrotected monomer, known as the doedstponential
method, ha been used to synthesis a wide variety of dendsi{Tdr76). This method
requires three synthetic steps for each doubling of dendron generation which leads to a
reduced number of overall steps. While this reductiominimal for smaller generations,
the result can be significant for larger dendrimers, and this method can be used to
synthesize classical and asymmetrical dendrimers. The orthogonal coupling method
combines two different monomers with chemoselectiwecfional groups such that the

focal group on each monomer will react with the peripheral groups on the other monomer
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(77, 78) By eliminating the need for deprotection steps, dendrimer synthasidused
by half This method typically creates a layl@bck assembly because of the two different
monomers; however, Yet al.created homogeneous dendrons using orthogonal synthesis
(79). A uniqgue mdtod combining the orthogonal approach with hyperbranched
monomers termed 6l egod chemistry has been us
a onepot synthesig80-82). Through this method, dendrimers were groinom 48 to
250 terminal groups in a single reaction with-gypducts of only nitrogen and water.
Although the orthogonal approach greatly reduces the synthetic steps, the complex
synthetic requirements and limited number of surface functionalities thatbean
incorporatedarea limiting factor in the use of this method.

Another approach utilizing click chemistry, a concept first introduced by
Sharplest al. in 2001, has found many application in dendrimer syntt{88is Several
types of click chemistries have been used in dendrimer synthesis:catglyzed alkyne
cycloaddition (CuAAC)(84), Diels-Alder cycloaddition(DA) (85, 86) thiol-ene and
thiol-yne coupling (TEC and TYC, respectivelyB7, 88) and Michael addition
Combining convergent strategies with CuAAC, triazbdsed dendrimers were
successfully synthesized in aqueous conditiwite only NaCl as the major bgroduct,
and up to generation 3 was isolated without chromatographic separation in the first use of
click chemistry for dendrimer synthes{89). This approach was also used to obtain
Fréchettype dendrimers via a divergent strate(30). CuAAC has been used to
synthesize a wide range of dendrimers includingMi®A (91), PAMAM (92), and
poly(benzyether)(92), as well as to functionalize dendrimers with a variety of peptides,

carbohydrates, tgeting moieties, and imaging agen{83-96). Although CuAAC
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reactions are extremely useful for obtaining unsymmetrical and bifunctional dendrimers
that would be difficult to synthesize by other me48%), the removal of the copper
catalyst is extremely difficult. Traces of the cytotoxic copper limit the use of these
dendrimers in biomedical appsitons. To overcome this limitatiprstrainpromoted
azidealkyne cycloaddition (SPAAC) has been investigated as a synthetic ap@8ach
While CuUAAC has been the most researched clicknabtry method applied to
dendrimers, additional strategies have been investigated. DA is useful in the synthesis of
thermoresponsive dendrimers because of the reversible nature of the ré@tida0)
Thiol-baed reactions have gained interest for their potential to provide a greener
synthesis. TEC has been used to synthesize poly(thioester) aldP Aiglendrimers in
half the number of steps compared to traditional syntli@6is, 102) TYC has also been
used to synthesize G3 dendrimers with 192 terminal hydroxyl groups in six($6)s
Synthesis of G4 polyester dendrimers leeen demonstrated utilizing Michael addition
combined with chemoselective monomé¢it®4) New approaches combining multiple
types of click chemistry such as CuUAATA (105, 106) CUAAC-TEC (107), and TYG
Michael addition(108), can further accelerate dendrimer synthesis.-@eand onestep
syntheses are the ideal synthetic strategy, and several recent examples of these reactions
applied to dendrimer synthesis have achieved this goal. Pggmteidic dendrimers and
tri-block dendrimers with 1;Bropanediol dendrons have been successfully synthesized
utilizing a multicomponent approacfil09, 110) Although many techniques for
synthesizing dendrimers already ex{@l1) the field of dendrimer chemistry will

continue to grow as the applications for dendrimers become more advanced.
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2.5Types of Dendrimers

With advances in dendrimer chemistry, the types of dendrimers have grown
exponentially. We will briefly relew commonly used dendrimer$igure 2.1) and
notable dendrimer hybrids. Biological applications of these dendrimers will be reviewed

in-depth in later sections.

2.5.1 Poly(propylenamine) (PPI)

First developed by Vogtle in 19783), PPI dendrimers had little success until
researchers at Freiberg University and DSM modified the original approach to obtain
higher generations in large quantit{@3, 38) PPl dendrimers are synthesized by a-two
step itertive approach in which Mhael additionof acrylonitrile is followed by
heterogeneous hydrogenation of the terminal nitrile groups resulting in an-amine
terminated dendrimer. Typically, Idiaminolutane is used as the corehebe
dendrimers are marketeds HAB-AM and sold up to generation 5 with 64 terminal
amines. Because the surface groups are primary amines, PPl dendrimers are water
soluble, basic compounds with properties similar to PAMAM dendri(dé2). PPI
dendrimers have been used in a variety of applications including as drug med ge

delivery vehicles as well as antimicrobial aggitk3).

2.5.2 Poly(amidoamine) (PAMAM)

PAMAM dendrimers were first developed by Tomadiaal. at Dow Chemical in
1984 and have become the most widely usedldemers today36). Using a divergent
approach, PAMAM dendrimers have been synthesized up to generation 12. Similar to
PPI dendrimers, PAMAM dendrimers are synthesized in astep iterative process

involving alkylation wth methylacrylate followed by amidation with ethylenediamine.
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Figure 2.1. Types of dendrimersDendrimers can be synthesized with a variety of
chemistries for use in myriad biological applications. Stmes of G2
poly(propyleneimine) (PPI) (A.). G2 poly(amidoamine) (B.), G2 polyester (C.), G2
poly(benzylether) (D.), G2 poli-lysine (E.), G1.5 phenoxymethyl(methylhydrazono)
(PMMH) (F.), and G1.5 carbosilane (G.) dendrimers are shown.
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Stopping the syn#sis after the alkylation produces egenminated dendrimers termed

half generations. PAMAM dendrimers can be synthesized with a varietyes bat are
traditionally alkyldiamines of various lengths. Commercially produced by Dendritech as
Starburst® éndrimers, PAMAM dendrimers are available with five different cores and
ten different surface functionalities in generationd00 Amineterminated PAMAM
dendrimers have similar properties as PPI dendrimers, and, therefore, can be used in
similar applicatons (113). Additional surface functionalities have made PAMAM

dendrimers a versatile polymer for both biological and physical applicqtidrsL16).

2.5.3 Polyether andPolyester

Introduced in 1989, polyether, or éhettype, dendrimers were the first
dendrimers to be synthesized using a convergent app(daghThe original polyether
dendrimers were synthesized by creating dendrons based-dingfsoxybenzyl alcohol
using an actividon/coupling iteration. Once the dendrons were synthesized, the same
coupling method, Williamson ether synthesis, was used to attach the dendrons to a
polyfunctional core to obtain polyether dendrimers up to G6. Polyester dendrimers,
developed by lhreet al. are based on BNBIPA and synthesized via double stage
convergence in which the acetonidetected fourth generation dendrons are coupled to
a core, deprotected, and coupled to various acid chlorides to obtain dendfitiérs
Bis-MPA dendrons are commercially available up to generation 5 with a variety of focal
group functionalities. Polyether and polyester dendrimers have different properties
making them useful for different applications. The chemicabilitta of polyether

dendrimers makes them more applicable for use in nanod€@itsvhereas the readily
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hydrolyzed polyestedendrimers are more biocompatible with potential use in medical

applicationg118).

2.5.4 Heteroatom (Si and P)

Heteroatorrbased dendrimers offer unique properties when compared to their
traditional organic counterp@. Silicorbased dendrimers were the first heteroatom
containing dendrimers synthesized. These dendrimers can have siloxane, carbosilane, or
silane groups at branching points with the carbosilane dendrimers being the most utilized
silicon dendrimer(119). These dendrimsrare synthesized by alternatirdkenylation
with Grignard reagentsand hydrosilylation producing high yields(120). Silicon
dendrimers hae primarily been used for catalyqi$21) but are finding more uses in
biological applicationg122, 123) Phosphorus dendrimers were first reported by Rengan
and Engal inl990(124) using phosphonium ions as branching points and popularized by
Majoral and Caminadg119) The most common synthesis involves nucleophilic
substitution of Cl with 4hydroxybenzaldehyde followed by atensation with a
phosphohydrazide. This process is repeated until the desired generation is obtained, and
phosphorus dendrimers have been synthesized up to generation 12. Commercially
available,PMMH have either thiophosphoryl chloride or hexachlorocybtisphazene
cores with aldyhyde or dichlorophosphinothioyl surface groups. With high thermal
stability and large dipole moments, phosphorus dendrimers are finding use in chemical,

biological, and materials science applicati¢h5).

2.5.5 Peptide
While PPl and PAMAM dendrimers are commonly decorated with proteins and

peptides, these moieties, along with the amino acid building blocks, can also be used to
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form dendrimers. Peptide dendrimers can be dividedtim®e main architectures. The

first are branching polyamino acids. Denkewalter first patented what are now known as
poly-L-lysine dendrimers in 197934). Although polyL-lysine dendrimers are
asymetrically branched, molecular dynamics simulations suggest that all the terminal
groups are still acceible by water and the general structural characteristics of traditional
symmetric dendrimers are still retain€t6). In addition topoly-L-lysine dendrimers,

lysine can be used as a branching core decorated with other amino (b2i)s
Polyamide dendrimers are typically the smallest of the peptide dendrimers. The other two
types of peptidéased dendrimers are grafted and peptide dendrimers. Grafted peptide
dendimers contain an organic core, such as a PAMAM dendrimer, conjugated at the
surface with amino acidd.28), peptideq129), or sugarg130). True peptide dendrimers
contain an amino acid core wigheptidyl chais at tke surface such as multiple antigen
peptides (MAPs)(131). In addition to traditional divergent and convergent synthetic
approaches, peptide dendrimers can also be synthesized through solid phase synthesis.
Both methods utilize protected amino acids; therefore, each generation requires
conjugaton and deprotection. Peptide dendrimers have many applications and are used as

transfection reagents, in immunoassays, as protein/DNA mimetics, and as vécL8)es

2.5.6 Notable Dendrimer Hybrids

In addition to the types of dendrimers described above, many different dendrimer
hybrids have been investigated for bidkaj uses. Dendriticlendritic block copolymers
can be composed of dendrons of either different generations or different functionalities.
Bow-tie dendrimers utilizing polyester or polyether dendrons of different generations

have been investigated for cheimerapeutic applicationg133). By orthogonally
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protecting the dendrons, one side can be selectively PEGylated, and altering the
generation of the dendron to be PEGylated affects the number of PEG groups tleat can b
attached134). Using dendrons with different functionalities results in Janus dendrimers,
which provide even more options for functionalizati¢h35). Amphiphilic Janus
dendrimers can setissemble into dendrimersomes with uniform size as well as other
complex architecture§136). These dendrimers can be used to mimic biological
membranes. In addition to comimg different types of dendrons, dendrons can also be
combined with different types of polymers. Dendronized polymers consist of a linear
polymer backbone with dendrons attached at every monmmapeat, creating a rigicbd
architecture. A the dendron geration increases, the rigidity of the structure also
increaseq137). Dendronized polymers investigated for drug delivery have shown that
adding dendrons to the linear polymer increased the drug loading capacity while
maintaining a long circulation timél38). Dendrimers caralso be attached to other
dendrimers to create teettendrimers. By attaching smaller generation dendrimers to the
periphery of a larger generation dendrimer the synthetic drawbacks of high generation
dendrimers can be overcor(ie39). Like the other dendrimer hybrids, tedendrimers

are finding use in biological applicatiori$40). Dendrimers and dendrons can also be
used to encapsulate or coat inorganic nanoparticlds asigold and superparamagnetic
iron oxide which improves the stability, biocompatibility, and cellular delivery of the
nanoparticles (141, 142) Dendrimefnanoparticle hybrids are capable of further

increasing theherapeutic applications of dendrimers.
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2.6 Applications

Dendrimers have been extensively investigated for a wide variety of biomedical
applications (143). This review will focus primarily on the use of dendrimers in
therapeutic applicationdlustrated inFigure 2.2 and the emerging administratiooutes
for which dendrimers are being investigated. Wit also provide &rief ovewview of the
current clinical uses of dendrimers as diagnostic tools for disease. While dendrimers can
have therapeutic activity on their own, they are commonly used in conjunction with other
therapeutic agen{d 7). Drugs can be encapsulated, complexed, or conjugated to
dendrimerg6). Additionally, targeting moietie€Ll44) and imagingagenty145) can also
be incorporated. Each of these dendrimer constructs will be addressed for each

therapeutic and diagnostic application where applicable.

2.6.1 Therapeutic

2.6.1.1Antimicrobial

The multivalency of dendrimemakes them ideal candidates for the treatment of
infectious diseases. Dendrimers have been shown to have both antibacterial and antiviral
properties. For the treatment of bacterial infections, dendrimers can serve as antibacterial
agentspacteriophobic catings, or as antibacterial drug delivery systd#6). Cationic
dendrimers act as antibacterial agents by disrupting and permeating bacterial cell
membrane$147). Quaternized PPI denisners have showpotency againgE. coli, with
activity dependent on dendrimer generation #redength of a single hydrophobic chain
conjugated to the dendrimefl48) G5 PAMAM dendrimers with and without
polyetylene glycol(PEG) chains were investigated for antibacterial activity against

laboratory and clinical strains & aeruginosg149). Optimization of G3 PAMAM
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dendrimes with 6% PEG led to more potent activity agaiRstaeruginosavith minimal
cytotoxicity against other cell€L50). An in vivo guinea pig model of chorioamnionitis
was used to illustrate the ability of hydrostgrminated @ PAMAM dendrimers to
preventE. coli contamination of the amniotic fluidl51). Cytokine levels in the animals
were shown to be similar between the dendritneated and infecticfree control
animals indicatinghat the dendrimers did not cause an immune response. A recent study
also displayed the effectiveness of low generation cationic PAMAM dendrimers against
Gramnegative and Graspositive bacteria including drug resistant strafis2) G2
PAMAM dendrimers were effective antibacterial agents without inducing drug resistance
or causing toxicity. While anionic dendrimers have shown activity comparable to
gentamycin in Granpositive and Granmegative bacteria, cationic ddnimers were more
potent against both bacterifl53). Additionally, viologenconjugated phosphorus
dendrimers have shown promising preliminary results ag&nsiureusk. coli, andP.
vulgaris (154).

Dendrimers decorated with carbohydrates have shown eanaptntibacterial
properties through either blocking uptake of bacterial toxins into eukaryotic cells or
preventing bacterial cells from binding to human erythrocftd§). Bacterial cells attach
to eukaryotic cells via carbohydrapeotein interactions, and bacterial toxins are
internalized though the same interactighS5). Glycodendrimers can have sugar groups
specific to either the bacterium or the toxin, preventing binding and uptake. BothdPPI a
PAMAM dendrimers with a specific ganglioside attached have been used to inhibit
cholera toxin B and hedabile enterotoxinfrom binding to cells(156). Because of

multivalency, toxins bind to the dendrimers at over a #fo@lower concentration than
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is needed for binding to the free glycoprotein. To prévea binding of bacterial cells to
human erythrocytes, glycodendrimers containing galabiose were designed to inhibit the
meningitiscausingS. sueg157). Octavalent dendrimers were able to achieve minimum
inhibitory concentrationgn the nane and picomolar range. Therefore, glycodendrimers
have the potential to serve as antibacterial agents with high specificity.

Another type of dendrimer designed for antibacterial activity is a peptide
dendrimer. Dendrimers am@ecorated with peptides that mimic antimicrobial peptides
that participate in innate immune respondéb8) Tam et al. attached tetraor
octapeptides to the surface of small PLL dendrimers and evaluated the iaitiatic
activity of the construct§159) The peptide dendrimers had bresggbctrum activity
comparable to the linear peptide but with better solubility and stability and less toxicity to
human cells. Other PLL derithers with tetrapeptides have been shown to display
activity against multidrug resistant strainseafcoli and S. aureusliciting lower levels
of resistance compared to traditional antibiotiks ciprofloxacin and gentamicif160).

In addition to servings antibacterial agents, dendrimers can also act as delivery
vehicles for other antibacterial drugs. G4 PAMAM dendrimers have been used to
solubilize nadifloxacin and prulifloxacin, poorly soluble quinolones, to improve the
potency againsk. coli (161) PAMAM dendrimers with anionic termini can complex
silver ions and form silver nanoparticles resulting in complexes with potency comparable
to silver nitrate agains$. aureusP. aeruginosaandE. coli(162) These complexes also
had improved solubility andtability compared to silver nitrate. Mannosylated PAMAM

dendrimers and PEGylated PPI dendrimers both containing rifampicin were investigated
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for the treatment of tuberculogi$63, 164) Studies found that dendrénencapsulation
improved biocompatibility and resulted in controlled drug release.

Dendrimers can also be used to treat and prevent biofilms, a group of bacterial
cells often resistant to antibiosicGlycodendrimes with fucose groups, a ligand for LecB
on P. aeruginosa displayed complete inhibition of biofilm formation and complete
dispersion of established biofiln{465). Altering the dendrimer to have-&8mino acids
instead of the originaldamino acids resultemh retained inhibition of biofilm formation
with higher stability against proteolys{&66). A tetravalent peptide dendrimer has also
shown promise in treating biofilms by killing. coli persister cells that arelerant to
antibiotic stresg167). Dendrimers can also be used to coat metal implants to prevent
biofilm formation. PLL dendrimers were appended with titanioinding peptides and a
single PEG chain and used to td#anium beadgq168) Coated beads had a 90%
reduction inS. aureusbiofilm formation compared to uncoated beads, indicating the
potential of dendrimers to inhibit infections from orthopedic implants.

In additbn to potent antibacterial potential, dendrimers also possess antiviral
activity. While cationic dendrimers are more potent for antibacterial activity, anionic
surface groups are more effective against viruses. Dendrimers interact with the virus
preventingbinding to the target ce({l169). Dendrimers have been investigated for use
against influenz170), respiratory syncytial virugl71), and herpes simplex virus (HSV)
(172), however, activity against human immunodeficiency virus (HIV) has been the most
reported. Dendrimers that have been evaluated for HIV prevention include anionic
dendrimers, glycodendrimers, and targeted dendringy complexeg173). The first

dendrimer product to enter clinical trials wa®lLS013, or VivaGel®, a G4 PLL
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dendrimer with terminal naphthalene sulfonic acid groups designed for vaginal delivery.
SPL7013 had broad spectrum antiviral activity against HIV, HSV, and human
papillomavirus(172). After showing efficacy and safety in preclinical stud{@34),

Phase | clinical trials were performed to establish the tolerability of VivaGel® in women
(175), and studies found that SPL7013 doesamder systemic circulatiofl176). Phase I
studies also displayed the effectiveness of SPL7013 in the prevention of HIV an@ HSV
transmissior(177). Although Phase Il dhical trials with VivaGel® for the treatment of
bacterial vaginosis failed to meet the clinical cure endpoint, the success of SPL7013 as an
antiviral led to the approval of VivaGel@oated condoms in Japan and Austrélia).

Glycodendrimers can also possess antiviral ptgse Mannose&onjugated
dendrimers inhibited the interaction of HIV with dendritic ce(s79) and PPI
dendrimes with sulfated galactose terminal groups also prevented HIV infe¢1ié).

G3 PLL dendrimers have been decorated with sdfatellobiose and shown similar
potency as a nucleosidereverse transcriptase inh{di8dy). Carbosilane dendrimers with
anionic sulfonate groups have also been investigated for HIV inhibition gA#B8)

While native and glycodendrimers have shown the nsosicess in antiviral
treatment, dendrimers have also been used as vehicles for the encapsulation of
antiretroviral agents. PPl dendrimers loaded with efavirenz and targeted to macrophages
by conjugating tuftsin to the dendrimer surface exhibited enhamuedealin phagocytic
cells with antiHIV activity (182) The same group also used manrceseped PPI
dendrimersto deliver lamivudine with increased macrophage uptake and antiretroviral

activity and decreased cytotoxicity compared to the free @i88) With extensive
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research explicating potent antimicrobial activity, dendrimers posed to make a

significant impact in the treatment of infectious diseases.

2.6.1.2Neurodegenerative

The cationic nature of dendrimers can be exploited for the prevention and
treatment of neurodegenerative diseases. Many neurodegenerative diseases aré the resul
of protein aggregation. In prion diseases, conformational changes in the prion protein
(PrP) can result in an aggregatigmone, proteaseesistant scrapie protein (PfPthat
causs spongiform encephalopath(yt84) While prion diseases affect sevedifferent
species, the human form is called Cruetztdktob disease. The ability of dendrimers to
treat prioninfected cells was serendipitously discovered by Supattapored. after
attempting to transfect scragigfected ScN2a neuroblastoma cellswi Super fect E,
PAMAM dendrimerbased transfection age(it85). After transfection, the cells were
cleared of all Pr® proteins. Other cationic dendrimers such as PPl and
poly(ethyleneimine)PEI) have also been shown to clear scrapfected cells without
being cytotoxiq186, 187) Typical treatments for prion diseases only stop the conversion
of PrP" to PrP% however, dendrimers are the first compounds to result in the removal of
previously formed Pr¥® which cannot be efficiently removed by endogenous
mechanismg185). Phosphorous dendrimers haadso been investigated for use against
prion diseases and displayed the ability to clearFrBm the spleen of mice injected
with the protein(188). Interestingly, the spectrum of prion strains susceptible to PPI or
phosphorus dendrimers is unique for each dendr{i®r, 188) Guanidine and urea
modified G2 PPI dendrimers wenevestigated for prion clearing ability also, and while

the charged dendrimers were more potent, the neutrahuwddied dendrimers were still
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able to clear the infectiowhile causing less cytotoxicit{l89). With the ability to treat
prion diseases by both preventing Prddnversion and solubilizing preexisting PTP
aggregates, dendrimers are promising candidates for the treatment of prion dE@@ses
191).

The ability of dendrimers to disaggregate ¥rPy i nt errupting the
sheets has led to the investigation of their use in another neurodegenerative disease
caused by protein aggr(¥p d33) Therdeveldpmenhad mer 6 s
onset of Alzhe mer 6 s di sease is believed-amylbid be r el a
(Ab) peptides as described9i nThkee Abmpkpt ddes
form soluble, neurotoxic oligomers before forming insoluble, nontoxic fibrils that lead to
plagues. Therefore, treatments can prevemt Af r om aggregating, br eal
formed aggregates, or accelerate formation of the nontoxic fibrils. Early work showed
t hat G3 PAMAM dendri mer s w28 peptide aggredatioe of mo
low concentrations affected the fibril nucleaticate increasing nontoxic fibril formation
and high concentrations affected the elongation rate of fibrils preventing aggregate
formation(193). Phosphorus and gallic aeidethylene glycol dendrims conjugated to
morpholine as well adysine dendrimesal so reduced t ha8 byt oxi ci ty
modifying peptide aggregation in a similar manner while decreasing the cytotoxicity
caused by the peptid@95197). In a study utilizing elecbn paramagnetic resonanie
investigate dendrimgpeptide interactiongesearchers found that the dipolar interactions
bet ween the dendri mer a n 28 weleestrodgerzthare theme r 6 s
hydrophilichydrophobic interactions between the dendrimer and the prion peptide PrP

185208 (198) PAMAM dendrimers also showed a stronger interaction than both PPI
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and phosphomu dendrimers and are, therefore, suspected to have better peptide
aggregation scavenging abilities. The abilty of PAMAM dendrimers to influence
amyloid aggregation is generation dependent, with G5 PAMAM dendrimers showing a
larger degree of aggregatiorhibition and more effective disruption of preexisting fibrils
than G3 and G4199). G2-4 PAMAM dendrimers decorated with sialic acid, a molecule
on cell surface glycoproteins with which AbDb
to attenuate AD toxicity at mu c h (200)p we r cor
however, the mechanisms of this attenuation couldbeatonclusively defied (201).
More recent stdies utilizingmadtoseconjugated PPI dendrimehsve shown promise in
t he amel i otoxiaity asdhese dehdrimebs also caused amyloid fibrils to clump
and become nontoxi€202). In vivo studies conducted in a transgenic mouse model of
Al zhei mer 6s di sease snaloseaddndrimdéravwere napable ofa | G4
reaching the brain and increasing (203ye ADb fi
Unfortunately these dendrimers did not improve the memory impairment of the mice,
emphasizing the difficulty of translating molecular events to clinicafiganingful
outcomes. PPI dendrimers with maltotriose have also been shown to modestly cross the
blood brain barrier after intraperitoneal administration, taking dendrimers one step closer
to realizing their potential in neurodegenerative disegX&s).

I n addition to impacting Ab fibrillation
for the ability to inhibit the aggregation dfsynuclein. As the primary component of
Lewy bodies, Usynuclein fibril formation and aggregation is implicated in several
neuralegener ati ve di s e as e s(20%ulmtial stadees cBralucted nson 6 s

with G35 PAMAM dendrimers indicated the ability tfese dendrimers to both inhibit
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fibril formation and disassociate preexisting fibrils in a concentrato generation
dependent manngR06). The dfects of cationic and anionic PAMAM dendrimers &h
synuclein aggregation have also been compé&zéd). While G4 PAMAM dendrimers
directly interacted with the protein to prewdibrillation, the anionic dendrimer had no
interaction or effect on aggregation. Fibril formation was also shown to be inhibited by
low concentrations of native and viologeonjugated phosphorus dendrimé68, 209).

Taken together, studies on the ability of dendrimers to impact protein aggregation, an
important process in neurodegenerative diseases, exemplify the unique ways in which

dendrimers may impact the treatment of a multitude of diseases.

2.6.1.3Inflammatory

Inflammation underlies many chronic conditions including arthritis, asthma,
retinal degeneration, and neurodegenerative disorders. While dendrimers have shown use
in the solubilization, and in some cases improved the permeability, of several anti
inflammatay drugs, dendrimers also have intrinsic anfiammatory propertie$210).
Testing the antinflammatory properties of PAMAM dendrimémdomethacin
conjugates in an arthritic rat model, Chetnal. discovered that although the conjugates
preferentially accumulated withinghnflamed regions to a greater extent than free drug,
the dendrimer alone also exhibited an -amiammatory effect(211) Therefore, the
researchers investigated the use of PAMAM dendrimetis different surface charge
(G4, G40H, G4.5) in multiple models of inflammation in rats. After intraperitoneal
injection, the dendrimers displayed higher activity than indomethadtim G4 exhibiting
the highest activity(212). The antiinflammatory actiiy of G4 and G4OHPAMAM

dendrimerswas determined to be through the selective inhibition of cyclooxygeéhase
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(COX-2). Other enzyme inhibitor and molecular modeling studies have also indicated
that smaller hydroxyterminated dendrimers are also capablentéracting with and
inhibiting COX-2 and inducible nitric oxide synthag213) To specifically act upon
arthritisassociated inflammation, targeting dendrimers to monocytega@ah of which

is responsible for inflammation and eventual bone erosion, is one potential therapeutic
strategy(214). Phosphorus dendrimers capped with azabisphosphonate were shown to
target monocytes and direct them towards an-iaflammatory responsé215). In a
rheumatoid arthritis mouse model tdendrimers reduced inflammatory cytokines and
prevented cartilage damage and bone erosion after intravenous administration. -The anti
osteoclastic activity of the phosphorus dendrimers was further corroboraiadvibso
results. Building uporthe intrinsc anttinflammatory properties of dendrimers, folate
targeted, methotrexatmnjugated dendrimers were used to target macrophages to
successfully reduce arthritisduced parameters of inflammation in a collagetuced
arthritis rat mode{216). Arthritis can also be caused by infection, and PAMAMGKc

acid (FA) conjugates were again capable of targeting inflammatory sites in Chlamydia
induced reactive arthritis in mi¢@17).

Pulmonary inflammation has beenadher area of interest for dendrirtargeted
delivery. G4AOHPAMAM -methylprednisolone conjugates have been shown to decrease
the number of eosinophils in the lung to a greater extent than free methylprednisolone
after transnasalelivery in a mouse modalf inhaled ovalbumirinduced pulmonary
inflammation (218). The improved treatment compared to free drug was due to the
increased residence time of the dendrimhergy conjugate in the lungs. Additionally,

mannoseyrafted  polyphosphorhydrazone) dendrimers were tested in a
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lipopolysaccharide (LPS) inhalatianduced murine inflammation mode(219).
Dendrimer treatment was discovered to reduce neutrophil influx to the lungs after LPS
inhalatin, and proinflammatory cytokirgctivation was shown to be preventadiitro.

In anotherin vitro study, G4AOHPAMAM dendrimers complexed with celastrol, a
potent antinflammatory compound, improved the solubility of the drug and suppressed
the LPSmediated release of proinflammatory mediators without decreasing viability in
microglial cells(220). G4AOHPAMAM dendrimersconjugated to fluocinalone acetonide
was shown to accumulate in retinal microglia after intravitreal injection in two different
rat models of retinal degeneration but not in healthytrobmats (221) Dendrimerdrug
conjugates were able to arrest the retinal degeneration and preserve photoreceptor outer
nuclear cell counts thereby showing promise in the treatment of retinal degeneration.

Hydroxylterminated PAMAM dendrimers were also shown tdudié through
the brain after subarachnoid administration and localize in the cells responsible for
neuroinflammation, activated microglia and astrocytes, in a cerebral palsy rabbit model
(222). This study highlighted the intrinsic ability of dendrimers to target inflammatory
cells. Additional studies havshown similar results for GRAMAM dendrimersafter
intracereboventricular administration in mic€23) To further invesgate the
applications of dendrimers in neuroinflammatory diseases, GRAMAM dendrimers
were conjugated to JfdcetytL-cysteine (NAC) for the postnatal treatment of cerebral
palsy (224). In a rabbit modelkits were administered dendrirfIAC conjugates
intravenously on day one of life. The conjugates were shown to target the activated
microglia and astrocytes, and treated kits developed normally with no differences in

neuron counts or inflammation compartedhealthy kits. Treatment with NAC alone did

33



not provide the same rescue function. More recently, NAC conjugates have been
coadministered with valproic acid conjugates for the treatment of hypothermic circulatory
arrestinduced brain injury(225). After intravenous administration in a canine model,
dendrimer conjugates latized to the injured neurons and microglia in the brain resulting

in improved neurological deficit scores. The conjugates also significantly reduced
adverse side effecthat were seen with free drug treatmertte ability of dendrimers to
specifically taget damaged areas of the brain is encouraging for the future treatment of

neuroinflammatory diseases.

2.6.1.4Tissue Repair and Wound Healing

Collagen is an integral component of fibrous tissues, and an important scaffold for
tissue engineering. Unfortunately the&veak mechanical properties and rapid
biodegradation limit the usef natural collagen. Therefore, dendrimers have been
investigated for use as collagen mimetics. Small anionic PAMAM dendrimers conjugated
to peptides have been shown to achieve a tripliediedtructure similar to collagen but
with better mechanical properti€826). By adding additional peptides to mediate cell
adhesion and enzymatic crosslinkifRAMAM dendrimer collagen mimetics could form
focal adhesions with cells comparable to natural collg@2). In the body, ollagen
triple helices are craslinked to form tissues. For tissue engineering collagen is
commonly crosstiked with tethyt3-(3-dimethybminopropyl) carbodiimide (EDC) or
glutaraldehyde (GTA); howevethe gels formed do not have sufficient crosslinking to
provide proper mechanicatrength and residual crslinking agent can be toxlamiting
biocompatibility (228). Both PAMAM and PPI dendrimers have been investigated as

collagen crosslinkers. Cholecyderived extracellular matrix crosslinked with G1
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PAMAM dendrimershad improved mechanicand degradation properties compared to
traditionally crosslinked matrice229). Using G2 PAMAM dendrimersin conjunction

with EDC or GTA crosslinking resulteth more biologically stable gels compared to the
crosslinking agents alone, and inclusmidendrimer with EDC resulted in a significant
increase in fibroblast proliferatiof228). G2 and G3PPI dendrimers both successfully
crosslinked collagen to provide more stable gels as a result of a higher amount of
crosslinking compared to EDC and GT230). G2 PPI dendrimecrosslinked collagen

was further studied as a corneal tissue engineering sc§#1d The gel was found to

have better optical transparency and glucose permeability than traditional collagen
scaffolds with no toxicity, and scaffolds supported human corneal epithelial cell adhesion
and growth. Utilizingthe excess amines present from dendrimer crosslinking, &tuan
conjugated a cell adhesion peptide to the scaff@82). The stable scaffold promoted
human corneal epithelial cell adhesion and proliferation as well as neurite extension from
dorsal root ganglia.

In addition to dendrimers as collagen mimetics and crosslinking agents; linear
dendritic block copolymers have foundse as sealants in corneal tissue repair.
Poly(glycerol succinic acid) (PGLSA) functionalized with methacrylate (MA) groups
attached to a PEG core form a photocrosslinkable polymer containing polytster
bonds with properties amenable to ocular appitims(233). Grinstaffet al. have shown
that (PGLSAMA),-PEG dendrimers can seal corneal lacerations with higher leaking
pressures compared to sutu(@84, 235) Additionally, the gel formed has a eother
texture than currently used adhesives, and may be better at preventing postoperative

infections compared to sutures because the wound is completely $2a@dIin a
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chicken model, corneal lacerations were repaired with either the polymer adhesive or
sutures(237). Comparing the two methods, the adhesive was five times faster to apply
than sutures, and, after 28 days of healing, adhesive use resulted in less inflammation and
scarring. While the dendrimérased adhesive showed promising results, the argon laser
needed to cure the gel prompted researchers to develop acweiy gel to make
applicationeasier. Replacing the PGLSA dendrons with lysine dendrons capped with
cysteine resulted in a sajklling polymer when mixed with PEG functionalized with
dialdehyde(238). The polymer formed hydrogel within minutes and was capable of
increasing the leaking pressure that could be withstood with su{28&3 Used in
conjunction with sutures, the adhesive could reduce the number of sutures required for
corneal trasplant while still meeting the demands of intraocular pressure. In enucleated
human eyes, the lysifdgased adhesive showed wound sealing sufficient to prevent
leakage both out of and into the corneal wo(24D). By modifying the PEG functional
groups, Oelkeet al. created an adhesive able to se@x@ivorabbit corneal wounds and
withstand greater intraocular pressure than sut(2d4) The preclinical success of
dendrimerbased sdants for corneal wounds has translated to Oc®seal PEIPEG

based liquid ocular bandage marketed in Europe. In patients, use of (RuSadted in

lower rates of surgicahduced astigmatism and foreipody sensation compared to
sutures while promatg wound closure better than unsutured incisi@4®). The same
platform has been used to create the dural sealant AdherbiEh provides a watertight
closure with antibacterial properties and no neurotoxi(43). Marketed in Europe,
Adheru® recently completed a Phase lll clinical trial in the U.S. to test safety and

effectiveness.
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PGLSA dendrimebased hydrogels have also been investigated for use as a
scaffold for cartilage repa(244). The hydrogel wasapable of filling irregularlyshaped
defects, and after photocrosslinking the hydrogel was mechanically stable and well
hydrated without swelling. The scaftbbupported chondrocytes andboldrogenesisin
vitro, chondrocyte encapsulation within the schaffoesulted in significant synthesis of
neocartilaginous materi al . -al@yneintagdermrons,ng t he
more hydrolytically stable carbamate bonds could be formed. The (PGLBA-PEG
polymers were used to treat osteochondria¢cksfin rabbit§245). The dendrimebased
hydrogel had good attachment at the application site and supported the production of
collagen Il and glycosaminoglycan within the defect to mtenhealing; thereforén situ
photocrosslinked dendrimdésased hydrogels may serve as a potential treatment for

osteoarthritis.

2.6.1.5Cancer

Dendrimers are welestablished as drug delivery carriers for the treatment of
cancer, and the use of dendrirtitug conjugates and complexes has been previously
reviewed (246). Recently Starphar maos DsEdhteredd r u g d e
clinical trials in Australia (starpharma.com). Conjugated to docetaxel, preclinical studies
have indicated significantly improved efficacy compared to the currently marketed
docetaxel formulation. In addition to successful drug delivery, dendsihee/e also been
studied as anticancer vaccings17). By creating glycopeptide dendrimers presenting
tumorassociated peptides and an immuntiensilating T cell epitope, the immune system
can be activated to detect and destroy tumor cells. In this review we widnily focus

on the use of dendrimers in novel therapeutic strategies.
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2.6.1.5.1 Boron Neutron Capture Therapy

Boron neutron capture therapy (BNCT) is a highly selective form of radiation
therapy utilizing epithermal neutrons to irradiate bet@nto yield high engy U
particles and lithius¥ (248). The ionization energy produced from the reaction occurs in
an area approximately equal to the diameter of a single cell; therefore, therapy only
damages cells containing boron. BNCT has completed clinical trials for the treatment of
high grade gliomas anrecurrent head and neck tumors resistant to conventional therapy
(249-251) For BNCT to be effective, a boraontaining agent must preferentially
localize in tumor tissue. To deliver the boron, boronophenylaga(®PA) and sodium
borocaptate (BSH) are currently used. Unfortunately neither of these compounds
achieves sufficient targeting to realize the full potential of BNCT. Dendrimers have been
investigatedas boron delivery vehicles to atease the normal tissmwumor ratio.
Boronated dendrimers conjugated to a monoclonal antibodgtet to melanoma have
shownpromising tumor accumulation but also accumulated in the liver and gj282n
Utilizing antrEGFR €pidermal growth factor receptor), boronated GAMAM
dendrimershave been used to target glioblastorf2i3). When used in combination with
BPA or with a mixture of monoclonal antibodies towards wjide EGFR and mutant
EGFRUVIII, a significant increase in mean survival time was achieved compared to
traditional radiation therapy in et glioma model254). Vascular endothelial growth
factor (VEGF)containing boronated dendrimers have also been investigated for targeting
the tumor neovasculature of solid tum¢255). In addition to PAMAM dendrimers, bis
MPA dendrons have been investigated for use in BNCT. Conjugating galactose groups to
the dendron focal point resulted in improved cellular uptake and killing in Hep@arhn

liver carcinoma cells compared to B$2b6). While BNCT has shown promising results
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for the treatment of unresectable malignancies with no other effective treatment, the
limited number of facilities wh an appropriate neutron source is both location and cost

prohibitive.

2.6.1.5.2 Photodynamic Therapy

Photodynamic therapy (PDT) is another potentially selective therapy for the
treatment of cancer. PDT uses a photosensitizer that, when exposed to a specific
wavekngth of light, produces a highly reactive singlet oxygen and induces cell death
(257). By illuminating a tumor in which a photosensitizer has accumulated, the damage
to healthy cells can be minimized. Currently, porfimer sodium (PhotofrisRfDA
approved for the treatment of esophageal andsmaall cell lung cancers. Because the
wavelength of light needed for currently used photosensitizers can only penetrate less
than 1 cm through tissue, PDT is limited to small tumors near the surftiee sKin such
as melanoma or accessible by endoscopy such as lung ¢258grTo advance PDT as
an effective treatment option, turatargeted photosensitizers activated by light capable
of deeper penetration must be developed. Dendrimers have been used as carriers of
photosensitizers to achieve one or both o$¢hgoals. The first dendrimer constructed for
PDT contained faminolevulinic acid (BALA), a commonly used precursor of
protopophyrin IX (PplIX) (259). Dendritic 5ALA displayed improved uptaken
keratinocytes and epidermoid carcinoma cells and had more efficient porphyrin synthesis
compared to free -BLA (260) In a mouse mammary adenocarcinoma xenograft,
attaching 5ALA to the dendrimermprolonged porphyrin production in the tumor which
could eventually allow for low level, extended irradiation and apoptosis of target cells

instead of necrosig261) In addition to BALA-containing dendrimersPEGylated
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PAMAM and PPI dendrimers have both been used to encapsulate other photosensitizers.
PpIX and rose bengal (RB) were encapsulated in either PEGylated PAMAM or PPI
dendrimers(262). While fewer PplX molecules were encapsulated than RB, the-PpIX
containingdendrimers were more stable, and both PPI dendrimers were more stable than
the PAMAM dendrimers. PPPpIX dendrimers were shown to have more efficient
toxicity after irradiation than both free PpIX and PAMARPIX in vitro.

Poly(benzygther) dendrimers havalso been extensively studied for use in PDT.
Zinc porphyrincore dendrimers were encapsulated in REs@artic acid263) or PEG
PLL (264) block copolymers to form micellar polyion complexes (PICs). Incorporation
of the porphyrin into the dendrimer prevented aggregation and inactivation and increased
uptake into cellsvhile exhibiting no dark toxicity. These dendrimer porphyrin micelles
were then used to successfully treat corneal neovascularization caused by suturing in
mice with minimal recanalization two months after treatnf@66). Although dendrimer
porphyrin micelles were effective, the wavelength for activation was 430 nm, limiting
therr use in PDT. Relacing the porphyrin with zinc phthalocyanine, a PIC activated by
650 nm light was obtaine®66). In vivo, the PIC had significantly higher efficacy than
Photofrin® while eliminatig the phototoxicity exhibited by the control compoBé7).
The use of these complexes DT has previously been reviewed more in d¢pgg8).
More recently, introducing disulfide crosslinking into the micellar core of the PIC has
been shown to decrease photobleaching of the photosensitizer and increase reactive
oxygen species productio creating more efficient toxicity(269) Phthalocyanine
dendrimermicelles have also been used in combamawvith doxorubicin (DOX) to kcit

photochemical internalization (PClof the drug in drug resistantells (270) By
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administering the PIC and irradiating with lightsty DOX was delivered to the cell
nucleus overcoming drug resist®. In a murine drug resistaMCF-7 xenogratft, the
combination treatment was more effective than eithesBr@OX alone. In addition to
overcoming drug resistance, the use of $2@Ilso oercamethe tumor penetration
problem inherent in PDT.

Dendrimers have also been explored in applications combining PDT and imaging.
Phthalocyanine was encapsulated in PEGylatedPBUdendrimerdunctionalized with
luteinizing hormoneaeleasing hormoné@_HRH) for targeted tumor deliver{271). The
complex showed minimal dark toxicity with efficient cell death after photoirradiation.
The complex was then used for fluorescence imamirgn ovarian carcinoma xenograft
in mice using the phtalocyanine fluorescence to verify tumor taggePorphyrincore
poly(benzykther) dendrimers have also been used in conjunction with superparamagnetic
iron oxide nanoparticles (SPION) for magnetisaeance imaging (MRI) and POY272).
Coating the SPION with dendrimers and RBGL chains resulted in aidcompatible
photosensitizer detectible by MRI but still capable of ROS generation and toxicity after
light irradiation. Both of these constructs show promise for image guided PDT.

Recently, dendrimers have been combined with other nanomaterials to create
targeted photosensitizers with long wavelength activation. ModifyiAdLA containing
multi-walled carbon nanotubes with PAMAM dendrimers allowed for a significant
increase in BALA tumor accumulation(273) PAMAM-grafted porous hollow silica
nanoparticls loaded with a phthalocyanit@sed photosensitizer could be activated with
670 nm light and displayed better light toxicity than free photosensi{Zz&t). Folic

acid-conjugated hydroxyl PAMAM dendrimers bound to graphene oxide were activated

41



by 780 nm and showed minimal dark toxjcivith ROS generation afterear infrared

(NIR) irradiation (275). Additionally, Zhanget al. have created se#ctivating polymer

dots for targeted PDT and imagi(®j’6). The polymer dots consisted of a photosensitizer
with a fluorescent, semiconducting polymer coated by Janudridesrs conjugated to

FA and horseradish peroxidase. The polymer dots were shown to preferentially
accumulate in cancerous cell linegh minimal uptake in a noncancerous cell line, and
toxicity was observed after photoirradiation. Interestingly, in the presence of
chemiluminescence substrates the photosensitizer can be activated through both
chemiluminescence resonance energy trangfeRET) directly and fluorescence
resonance energy transfer (FRET) initiated by CRET. Therefore, no light source is
needed to initiate photodamage. This platform has the potential to overcome the
limitations inherent with needing an external light sourcdengimultaneously allowing

for tumor imaging.

2.6.1.5.3 Photothermal Therapy

Photothermal therapy (PTT) involves heating a tumor to temperatures greater than
45°C to kill cellsdirectly or to 3942°C in combination with other therapeutic strategies
(277). PTT & traditionally an invasive technique with nonuniform results. The advent of
inorganic nanomaterials efficient at converting an extrinsic energy source into heat has
made PTT a more viable therapeutidiop. Various nanomaterials are capable of using
magnetic, light, radiofrequency, microwave, or other energy sources to generate heat. In
combination with tumor targeting and cellular internalization, these nanomaterials are
capable of inducing hypertheranifrom within the tumor to provide more a targeted

therapy. Dendrimers cdmmed with gold nanoparticles (NPs)for PTT area recent
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addition to the antcancer arsenal. AUNPs have been entrapped in PAMAM uegicdr
conjugated to FAand fluorescein isoth@yanate (FITC)278) The constructs were water
soluble, stable, biocompatible, and exhibited specific binding and internalization in cells
that overexpresl the FA receptor. Comparing acetylated -Fénd FITGconjugated
dendrimers with and with@atAuNP entrapped, Skt al. discovered that the AuNPs had

no effect on the targeting and internalization kinetics of the conju¢2i€3 By adding

PEG groups to the dendrimer, cadlal stability and solubility were improvedspecially

after freezedrying (280). After irradiation with visible light, the complexes generated
heat comparable to AuNPs alone. RGD, a peptide used to target the overexpressed
integrin on tumor neovasculature, has also been studied as a targetiety for
dendrimerAuNP complexes. RGIgonjugated PAMAM dendrimers containing AuNPs
were shown to only bind and internalize in integgkpressing endothelial cel(281).

The peptide has also been used as a targeting moiety for PAMAM dendoated gold
nanorods (AuNRs[282). The conjugates had significant tumor accumulation in a mouse
model of melanoma, and after NIR irradiation tumor growth was significantly slowed.
RGD-targeting improved the efficacy of the conjugates, and researchers saw complete
tumor regression in 4 out of 10 mice. PAMAMINR complexes have also been
conjugated to DOX via an acidbile linker for combined thermohemotherapy283). In

vitro, the conjugates showed DOX release within the cell lysosdmesvo, significant
tumor accumulation occurred in mouse cot@mcinoma xenografts, and the conjugates
were more potent #n either DOX oPAMAM-AuUNRs alone. More recently efforts have
been made to synthesize PAMAREG AuNR complexes with the AuNRs within the

dendrimer corg284). The comjexes had no cytotoxicity in Helcells and displayed
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excellent heageneration after NIR irradiation. Advances in dendrif@NP constructs

show promise in the noninvasive thermal treatment of cancer.

2.6.1.54 Gene Silencing

Dendrimers have already been established as efficient transfection iagatts
with a marketed produc{Superfect®). While efficientin vivo gene delivery is
challenging to accomplish, recent works have achieved promising results in the treatment
of cancer in animal models. One of the challenges of dendrimer gene delivery is the
accumulation in organs oli¢ reticuloendothelial system such as the liver; therefore, one
of the first successful dendrimeaucleic acid complexes, or dendriplexes, was targeted to
the liver by attaching galactose residues to PPI dendri(@8&). Liver targeting was
confirmed by doselependent decreas in liver luciferase expression after a ligand for
the glycoprotein was also injected in mice. More recently, the preferential liver
accumulation of dendriplexes has been exploited to deliver-ahtivating RNAs for the
enhancement of albumin produgtian cirrhotic rat livers while reducing hepatocellular
carcinoma tumor growth(286) Lactosebearing PAMAM dendrimers withU-
cyclodextrin have also been shown to induce high gene transfer activity within the liver
with lower splenic activity than netargeted dendrimg{287). By attaching mannose to
the PAMAM-U-cyclodextin constructs, targeting wakifted to the kidneyg88).

Targeting strategies have also been developed for gene delivery across the blood
brain barrier. PAMAMPEG dendriplexes have shown successfainbtargeting with
both transferrinf289) and rabies virus glycoprotein (RVG29) conjugaf2d0). In both
cases, targeting ligands provided for more efficient gene dgleamnpared to untargeted

dendriplexes. Angiopeponjugated PAMAMPEG dendriplexes have also been shown to
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successfully cross the blodmain barrier. The conjugates showed parenchymal
accumulation and high efficiency gene expression in mice bf2@1is.

Dendriplexes can also be used in combination with chemotherapeutic drugs to
achieve greater reduction in tumor burden. PAMAREG dendrimers have been used to
co-deliver a gene for human tumor necrosis facatated apoptosisnducing ligand and
DOX (292) Dendriplexdrug conjugates displayed efficient tumor accumulation in a
liver cancer xenograft with a significant reduction in tumor volume. PPl dendriplexes
with paclitaxeé have been investigated for the treatment of ovarian ca@8s). By
targeting the conjugates with a LHRH peptide analog, siRNA for CD44 and paclitaxel
were successfully delivered to human ovarian camaaenografts in mice resulting in
suppression of CD44 expression and decreased tumor volume. Triethanolamine cored
PAMAM dendrimers have also been studied for the treatment of ovarian ¢a@drin
conjunction with paclitaxel, Akt sSIRNA was delivered to ovarian cancer xenografts and
was capable of reducing the tumor volutnetter than dendrimeirug conjugates or

dendriplexes alone.

2.6.2 Emerging Administration Routes

In addition to traditional intravenous administratiotlendrimers have been
extensively investigated for their ability to traverse barriers that drugs alone cansmt
In this review we will focus on the use of dendrimers in ocular, oral, pulmonary, and

transdermal deliver{fFigure2.3).

2.6.2.10cular
Delivery of drugs to the posterior segment of the eye is challenging but necessary

for the treatment of ocular diseases such as glaucoma. Dendrimers have been used in
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Figure2.3. Emerging routes of dendrimdrug administration.
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combination with drugs for the treatment of glaucoma. Encapsulatiogarpine and
tropicamide resulted in sustained drug release at the site of action and improved miotic
and mydriatic activity in rabbits after administration via eye dr%®5). Conjugating
glucosamine and glusamine 6€sulfate to G3.5PAMAM dendrimers prevented
inflammation and neoangiogenesis in rabbits after glaucoma filtration s&g&)y
Subconjunctival injection of the dendrimer conjugates also prevented scar tissue
formation. Carteoletomplexes with phosphorus dendrimersr fthe treatment of
glaucoma wereshown to release the aifitypertensive drug into thequeous humor of
rabbits in concentrations greater than those achieved with free drug while causing no
irritation (297). Incorporation of antiglaucoma drugs dendrimerbased hydrogels
allowed for increased drug piake and transpor{298) Additionally the hydrogel
formulation was capable of achieving a sustained reduction in intraocular pressure in

rabbits(299).

2.6.2.20ral

First studied by Wiwattanapatapee al, PAMAM dendrimers wereshown to
translocate across inverted rat intestinal sacs showing potential as oral drug delivery
carriers(300). Sirce then, PAMAM dendrimers have been extensively investigated for
their ability to traverse the gut epithelium. Propran®idMAM conjugates increased the
flux of the drug across Caed monolayersand successfully preventedgB/coprotein
efflux of proprantol (5). NaproxeAPAMAM conjugates also displayed a significant
enhancement in solubility and permeability compared to free Q) Dendrimer
chemotherapy conjugatesveaalso been studied for their ability to improve the transport

of poorly soluble drug with low bioavailability. PAMAM-SN38 complexeg23) and
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conjugateg24) have both ben shown to increase the solubility, transport, and uptake of
the drugregardless of dendrimer surface charBAMAM-DOX complexes exhibited
significantly improved oral bioavailability in rat intestinal sections compared to free
DOX (302), further suggesting the potential of dendrimers as oral drug delivery carriers.
More recently dendrimers have been investigatadvo for the ability to increase
drug oral bioavailability. Complexation fosilybin with G2 PAMAM dendrimers
increased the bioavailability of the drugfdd after oral gavage in rat803). Both
anionic and cationic PAMAM dendrimers have also been shown to increase the oral
absorption of camptothecin2fold when ceadministered in micé304). As morein vivo
studies are condted, dendrimedrug constructs can be optimized to achieve improved

oral bioavailability.

2.6.2.3Pulmonary

In addition to thepulmonary delivery for inflammation previously discussed,
dendrimers can also be utilized for other pulmonary applications. For exdPANeAM
dendrimerenoxaparin complexes were shown to be effective at preventing deep vein
thrombosis in the lungs of rats after pulmonary administra@@®d). Dendrimers have
also shown promise for the delivery of a poorly soluble asthma drug via nebulization
(306). PEGylated PLL dendrimers have been investigated for use in both local delivery to
the lungs and systemic delivery. Theesiof PLL-PEG conjugates impactexbsorption
from the lungs with larger conjugates beintaneed in the lungs and smaller conjugates
being absorbed into systemic circulatid®7). DOX was conjugated to PEGylated PLL
dendrimers for the treatment of breasincer metastases in the Iufg). In a mouse

model, dendrimeDOX conjugates were administered via intratracheal instillation or
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intravenously. Pulmonary administration of the conjugates significantly reducegd lun
tumor burden compared to conjugates administered intravenously, and free drug caused
extensive toxicity. Therefore, dendrimers have the potential to provide both local and

systemic delivery of drugs for the noninvasive treatment of cancer and othaedisea

2.6.2.4Transdermal

Skin, being the largest organ in the human body, is an attractive route for drug
delivery due tancreasedaccessibility, ability to bypass firgtass metabolism, and ease
of therapy termination(308). For transdermal delivery systems, dendrimers provide
extensive benefits including improved drug solubilization and controlled drug release,
properties that can increase the permeation and bioavailability of drug®redliv
transdermally(309). Dendrimers have demonstrated usefulness for the topical delivery of
nonsteroidal antinflammatory dugs Ketoprofen and diflunisal have both shown
improved transdermal permeation whenadminstered with PAMAM dendrimers
compared to formulations without PAMAM dendrimdf&L0). In vivo studies in mice
have showrthat dendrimedrug complexes he prolonged antnociceptive properties
after transdermal administration with improved permeation and higher bioavajlabilit
than free drug in suspensiofinother study utilizing PAMAM dendrimeindomethacin
complexeshas shownimproved transport through intact skin vitro and increased
inhibition of carrageenaimduced rat paw edenia vivo compared to free dru¢811).
The bioavailability of indomethacin was higst when formulated with cationic G4
PAMAM dendrimers.Molecular diffusion through intact skin is difficult and highly

dependent on the molecular weight, solubility and lipoghyl of compounds(309);
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therefore, more work is needed to determine appropriate dendrimer chemistries for

improved transdermal delivery.

2.6.3 Diagnostic

In addition to many therapeutic applications dendrimalso provide an
opportunity to create improved disease diagnosic tools. Dendrimers have been
investigated for use in immunoassays, as contrast agents, and as molecular probes. The
first marketed dendrimebased product, Stratus® CS, is a solid phase immunoassay used
to diagnose myocardial ischemial2) G5 PAMAM dendrimers are used as a linking
agent between a glass fiber matrix and antibodies that detect skegralnalytes,
including troponin |, used for the diagnosis of cardiac disorders. Stratus® CS is currently
used in emergency medical settings to rapidly diagnose adverse cardiovascular events
such as heart attacks. Dendrimers have also been tested ial dinidies as blood pool
agents for magnetic resonance angiography (MRA). Current MRI agents quickly
extravasate due to their low molecular weights resulting in rapid clearance and decreased
utility in time-dependent applications such as angiogrdBa®). Larger doses must also
be used to achieve sufficient signaisulting intoxicity concerns(314). Gadomer, a
lysine-based dendrimer with 24 gadolinium chelates, has been shown to improve the
detection of coronary artery disease and collateral arteries & doger than traditional
gadoliniumcontrast agentg315, 316) In addition to applications in immunoassays and
MRI, dendrimers can also be used as molecular probes to diagnose dlisease.
Recently, a lysineore peptide dendrimer decorated with a peptide targeted to activated
macrophages and®4Cu chelator was used for the detection of atherosclerotic plaques by

positron emission tomograph{B17). Preferental accumulation in plagqueontaining
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areas waslemonstratedsuggesting that this platform may aid in the early detection of

atherosclerosis, a process that can result in several different cardiovascular diseases.

2.7 Future Directions and Conclusions

Dendrimes have shown great promise in the treatment of many disease states.
With advances in dendrimer chemistry, more dendrimer architectures can be achieved
with shorter synthesis times. Within a relatively short time, dendrimers have emerged in
marketed produs for clinical applications as a wound sealant as welfoasdisease
diagnosis and detection. Dendrimers are also moving forward in the clinic as Starpharma
conducts clinical trials for the prevention of bacterial vaginosis and the treatment of solid
tumors. To improve upon the already diverse dendrimer applications, researchers can
continue to search for unmet clinical needs in which dendrimers may create a new
therapy or improve upon existing therapies. The application of dendrimers to non
invasive roues of administration is one such way dendrimers can improve upon the
current therapies for many diseases, but especially cancer. Asiimaike® studies are
conducted, mechanistic studies still remain critical to establishing the impact of
dendrimer desigron safety and efficacy. With the scientific foundation already laid,

dendrimers are poised to make a significant impact on human health.
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Chapter 3 Intracellular Ca** Release Mediates Cationic but Not Anionic

Poly(amidoamine)Dendrimer-Induced Tight Junction Modulation?

3.1Introduction

Poly(amidoamine) (PAMAM) dendrimers have been extensively investigated as
potential drug delivery vehicles because they possess unique properties when compared
to traditional polymers. Many of these properties result from theratad synthesis of
dendrimers leading to wetlefined sizes, near monodispersity, and a controllable number
of surface group§l14). The surface groups can be conjugated to drugs, imaging agents,
and targeting moieties to create multifunctional nanocar(i8s 318) In addition b
intravenous administration, several reports have suggested that PAMAM dendrimers can
cross Cace2 monolayers, a model of the intestinal epitheligh®, 20, 319, 320)
Conjugation or complexation of drugs with pdooavailability to PAMAM dendrimers
has successfully improved the permeability of these dimugstro (23, 24, 304, 321)
thus, PAMAM dendrimers show potential for oral drug delivery, which has many
benefits overintravenous administration including a more flexible dosing regimen,
increased convenience, better patient compliance, and loweredqlf®sts

Mechanistically, dendrimers are transported across the epitheli@rbayrboth
transcellular and paracellular pathways. We have previously shown that transport is
energy dependent and reduced in the presence of both clathdncaveolirmediated
endocytosis inhibitorg322, 323) Additionally, we showed that PAMAM dendrimers

colocalize with markers for clathrin, early endosomes, and lysosomes, further

2 Reproduced with permission from Avaritt BR and Swaan PW. PharnPBe4;31(9):2422438
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establishing the mechanisms of dendrimer internalization and transc{@@gis 324)
Dendrimers have also been shown to alter tight junction immunofluorescence and cause
transient decreases in transepithelial electrical resistance (TEER) leading to suspected
paracellular transporf20, 322, 325) While mechanisms of internalization are well
established, the mechanisms leading to tight junction modulation are largely unknown.

To elucidate possible mechanisms of tight junction modulation by dendrimers we
can contrast their effects to the established pation enhancers sodium caprate (C10)
and ethylene glycol tetraacetic acid (EGTA), each with distinct mechanisms. C10 is a
mediumchain fatty acid capable of increasing permeability through the phospholipase C
(PLC)dependent signaling pathwd$26-328). In this pathway, phosphatidyl inositol
(4,5)bisphosphate (PHp is cleaved by PLC into inositol 1,4tBphosphate (IF) and
diacylglycerol (DAG)(329, 330) IP; then causesalcium release from the endoplasmic
reticulum, and the resulting increase in intracellular calcium activates protein kinase C
(PKC) and calcium/calmodulin protein kinase Il (CaMPKBB1, 332) Once activated,
the protein kinases alter the activity of myosin light chain kinase (MLCK) leading to the
phosphorylation of myosin light chain (ML@333). Incubation in calciunfree solutions
with EGTA, a calcium chelator, alsedds to increased MLCK activi{g34). Changes in
phosphorylation result in contraction of the perijunctional actomyosin ring and alteration
of tight junction permeability335).

For this study, we investigated the impact of both cationic and anionic PAMAM
dendrimers on tight junctional assembly and function as weha transport of the small
paracellular permeability marker mannitol in fully differentiated Gacmonolayers.

Additionally, a panel of inhibitors of the PL@ependent signaling pathway was utilized
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in conjunction with calcium and MLC imaging to detenmiif dendrimers directly impact
the pathway resulting in tight junction modulatidrne results of this work will enhance
the knowledgerequiredfor selectingdendrimerswith appropriate charge and size for

enhancingpral drug delivery.

3.2Experimental Sedion

3.2.1 Materials

G3.5 and G4 PAMAM dendrimers, C10, EGTA, ML7, U73122, W7, and
dynasore were purchased from Sigma Aldrich (St. Louis, MO). KN62, BARVA and
dioctanoylglycerol (diC8) were purchased from EMD Millipore (Billerica, MA). All cell
culture suppés and antibodies were obtained from Life Technologies (Grand Island,

NY) unless otherwise noted.

3.2.2 Cell Culture

The human colorectal adenocarcinoma cell line €aswas obtained from the
American Type Culture Collection (Manassas, VA). Cells (passagdf)2@ere grown
at 37°C with 5%CO, and 95% relative humidityCellswer e cul tured i n Du
modi fied Eaglebébs medium (DMEM) suppl-emented
essential amino acids, 100 U/mL penicillin, and 10,000 pg/mL streptomycin. Media
changed every other day, and cells were passaged-2@%0confluency using 0.25%
trypsin/ethylene diamine tetraacetic acid (EDTA). For experiments, cells were seeded at
80,000 cells/well in 12vell polycarbonate Corning Transwell inserts with a 0.4mean

pore size (Corning, NY) and used after2d days of growth. TEER was measured using
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a voltohmmeter (World Precision Instruments, Sarasota, FL) to assure proper monolayer

formation, and monol a%were ssedorexgermeiSER > 500 qlL

3.2.3 Tight Junctionimmunofluorescence

Cacc2 monol ayers were treated with Hanko&s
buffered with 10 mM4-(2-Hydroxyethyl) piperazinel-ethanesulfonic aciqHEPES),
0.01 or 0.1 mM G3.5, or 0.01 mM G4, since we have previously shown these
concentrations to be naytotoxic (20, 323) C10 and EGTA were also used at charge
equivalent concentrations (0.64 mM and 0.16 mM, respectively) for comparison.
Monolayers were treated for 2 h (30 min for EGTAJter treatment, the monolayers
were washed twice in ieeold HBSS, fixed for 30 min at 4°C with ethanol, and
permeabilized with either 0.2% v/v Triton-X00 for 20 min at room temperature (actin,
claudinl, and ZQ1) or acetone for 1 min a0°C (occludn). After blocking for 30 min
at room temperature in 3% w/v bovine serum
buffered saline (DPBS), monolayers were incubated with either rabbitlantinl (8
pHg/mL), rabbit antiZO-1 (2.5 pg/mL), or mouse anbiccludn (3 pg/mL) overnight at
4°C. The next morning, cells were washed with BSA solution and blocked for 30 min at
room temperature. Alexa Fluor 568 goat aabbit or antimouse IgG (1:400) was added
to the monolayers for 1 h at room temperature. Monolagtamed for actin were
incubated with rhodamine phalloidin for 20 min at room temperature. Once staining was
complete, cells were washed with DPBS, and membranes were excised from the insert
support. Membranes were mounted on glass slides with Pr6L&ud mounting
medium containing DAPI. After curing at room temperature for 24 h, slides were sealed

with clear nail polish and stored at 4°C until visualization.
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Images were acquired using a Nikon Al laser scanning confocal microscope.
DAPI and AF568 were exted with 404 nm and 561 nm lasers, respectively, and 450/50
and 595/50 filter blocks were used for detection. Featazks were acquired for each
monolayer using the following parameters: Plan apo VC 60X oil objective, 33.33 uM
pinhole, 4.6 us pixel dwk 2x line average, 2x optical zoom, 0.5 pMstep size, and 512
x 512 image size. Images were then processed in Volocity 3D Image Analysis software
v6.3 (PerkinElmer, Waltham, MA). Red voxels, corresponding to tight junction staining,
were quantified byhresholding the signal intensity between 20% and 100%. The number
of red voxels for each treatment is compared to the HBSS control, and results are
reported as the percentage increase invieekls + standard deviation ($DStatistical
significance was etermined by using oneay analysis of variance (ANOVA) with

Dunnettdés test for multiple comparisons.

3.2.4 Tight Junction Protein Expression

Western blotting was used to measure claddinccludin, and Z€1 expression
in Cace2 monolayers after treatment faror 2 h with 0.01 mM G4 and 0.01 mM, 0.1
mM, or 1 mM G3.5. After dendrimer treatment cells were washed twice witboice
HBSS buffer and lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NacCl, 1.0%0{P
0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, M lBGTA, 1 mM PMSF,
protease inhibitor cocktail [Roche Applied Sciences, Indianapolis, IN]) for 30 min with
gentle shaking at 4°C. Lysates were transferred to microcentrifuge tubes and cell debris
was pelleted by centrifugation at 4°C for 2 min at 10,000xgal protein content of the
supernatant was quantified by Bradford assay. Samples were prepared in Laemmli buffer

(4% SDS, 20% glycerol, 10%-r2ercaptoethanol, 0.004% bromophenol blue, and 125
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mM Tris HCI) to be 2 mg/mL total protein, and boiled for Shrprrior to separation by
SDSPAGE. Protein was loaded at 20 pg per well and separated usii§% 4 risHCI

gel (Bio-Rad, Hercules, CA) followed by overnight transfer to an ImmobiHan
membrane (EMD Millipore). After transfer, the membrane was blockéd 206 nonfat

dry milk in Tris-buffered saline (TBS) for 1 h at 4°C. Membranes were then rinsed with
TBS and incubated at 4°C overnight with primary antibody (1 pg/mL rabbickntdin

1, 3 pg/mL rabbit antoccludin, 3 pg/mL rabbit anzO-1, 1 pg/mL nouse anti
calnexin) in TBS with 0.1% Twee20 (TBST). Membranes were washed four times for

5 min each with TBST prior to incubation with secondary antibody (1:10,000 goat anti
rabbit IgG Dylight 800 and goat astiouse IgG Dylight 680 [KPL, GaithersburglD])

in TBST for 45 min at room temperature. After incubation, the membrane was washed
twice with TBST, followed by two TBS washes. Blots were imaged using an Odyssey
infrared imaging system (Licor, Lincoln, NE), and densitometry analyses were performed

using the Licor Image Studio software.

3.2.5 DendrimerInduced]**C]-Mannitol Permeability

Transepithelial transport of*fC]-mannitol was monitored in the apical to
basolateral direction in differentiated Ca2anonolayers in the presence or absence of
0.01 mMor 0.1 mM G3.5, 0.01 mM G4, 0.64 mM C10, or 0.16 mM EGTA. Cells were
washed with HBSS supplemented with 10 mM HEPES, followed by treatment with
dendrimers or permeation enhanc&amples were taken at 1 andh Buring treatment,
and 1 and 2 after treatrent removal (3 and A, respectivelyfrom both the apical and
basolateral compartmentét each time point, inserts were transferred to new wells

containing fresh HBSSTransport was quantified by scintillation countingannitol
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permeability was measureggain for 2 h without dendrimers 24 h after the initial

treatment to monitor recovery.

3.2.6 Inhibition of DendrimesMediated Tight Junction Modulation

Dendrimerinduced mannitol transport was again monitored in the apical to
basolateral direction in differeated Cace?2 monolayers with or without PLC signaling
pathway inhibitors['*C]-mannitol permeability induced by either 1 mM G3.5 or 0.05
mM G4 was monitored in the presencel6fiM U73122 10 uM BAPTA-AM, 500 puM
diC8, 40uM W7,10 uM KN62, 50 uM ML7, or 80M dynasore Cells were pretreated
with the inhibitors for 20 min at 37°C prior to the experiment. Samples were taken after a
2-h cotreatment of inhibitors and dendrimers. Mannitol permeability was also monitored
with the inhibitors alone or with C10 agasitive control to insure the inhibitors did not
interfere with marker permeability and were effective. Cytotoxicity studies were also
performed using the WST assay to ensure the inhibitors were nontoxic at the
concentrations usedPermeability was detmined by scintillation counting, and
permeability in the presence of inhibitors was compared to standard dendrimer treatment
contrd s . Results wer e analyzed using ANOVA

comparisons

3.2.7 Intracellular Calcium Release

Caco?2 cels were seeded onto collageoated chambered cover glass slides and
grown for 21 days to form monolayers. Prior to treatment, cells were washed twice with
HBSS buffer and incubated for 1 h at 37°C with dye loading buffer (2 uM-&1Adv,
2.5 mM probenecidand 20 mM HEPES in HBSS). After dye loading, cells were washed

twice with wash solution (2.5 mM probenecid and 20 mM HEPES in HBSS) and then
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incubated at room temperature with either wash solution or wash solution containing 10
MM U73122 for 30 min. Dedrimer (0.01 mM G4; 0.01 mM, 0.1 mM, 1 mM G3.5) or
calcium ionophore A23187 (2uM) was added to cells during imaging. Live cells were
imaged using a Nikon Al confocal microscope fitted with an Okolab (Ottaviano, NA,
Italy) Top Stage Incubator to maintainniperature and air/COratio. Images were
acquired using a 488 nm argon laser and a 525/50 filter with a 20X objective every 3
seconds for 10 min with a pixel dwell of 1 frame/s, a 22.8 uM pinhole, and a 512x512
image size. The Nikon Perfect Focus Systens wsed to compensate for focus drift.
Fluorescence intensities for each time point were normalized to the baseline intensity
obtained for each well before treatment addition and plotted versus time for comparison

between treatments.

3.2.8 PhospheMyosin Light Clin Immunofluorescence

Caco2 monolayers were treated with either HBSS, 0.01 mM G4, 0.01 mM G3.5,
or 0.1 mM G3.5 for 2 h or 1 mM EGTA for 15 min. After treatment, the monolayers were
washed twice in iceold HBSS, fixed for 20 min at room temperature wibo
paraformaldehyde/4% sucrose in DPBS, washed twice with 25 mM glycine in DPBS,
washed once with DBPS, and permeabilized with 0.2% v/v Tritek©X for 20 min at
room temperature. After rinsing three times with DBPS, cells were blocked for 30 min at
roomtemperature in 3% BSA in DPBS. Monolayers were then incubated with 1:50 rabbit
antiphosphemyosin light chain 2 (Serl19) (Cell Signaling, Danvers, MA) overnight at
4°C. The next morning, cells were washed with the BSA solution and blocked for 30 min
at roan temperature. Alexa Fluor 488 goat amtibbit (1:500) was added to the

monolayers for 1 h at room temperature. After washing three times with DBPS,
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monolayers were stained with rhodamine phalloidin (1:40) for 20 min at room
temperature. Once staining wasmplete, cells were washed with DPBS, and membranes
were excised from the insert support. Membranes were mounted on glass slides with
ProLong Gol® mounting medium containing DAPI. After curing at room temperature
for 24 h, slides were sealed with cleail polish and stored at 4°C until visualization.

Images were acquired similarly as described above for tight junction
immunofluorescence. DAPI, AF488, and rhodamine were excited with 404 nm, 488 nm,
and 561 nm lasers, respectively, and 450/50, 525/80686/50 filter blocks were used
for detection. Four -stacks were acquired for each monolayer using the following
parameters: Plan apo VC 60X oil objective, 33.33 uM pinhole, 4.6 ps pixel dwell, 2x line

average, 3.5x optical zoom, 0.5 uMstep size, an812 x 512 image size.

3.3Results

3.3.1 Dendrimerinduced Tight Junction Modulation

While the effect on actin and occludin staining in G&cmonolayers has been
previously investigated for PAMAM dendrimef0, 322) we ained to establish a
comprehensive representation of tight junctional assembly by complementing these data
with claudinl and ZQ1 staining; therefore, we assessed all four tight junction proteins
upon treatment with dendrimers or absorption enhancers andpacedn the
immunofluorescence to untreated celsgre 3.1). For G4, no difference in staining
occurred for actin, claudifi, or occludin compared to the control; however, a slight
increase was seen for ZDstaining indicatinghat tight junction modulation may have

occurred. G3.5 also caused minimal differences in staining compared to control, with
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Figure 3.1. Actin, claudinl, occludin, and Z€ immunofluorescence in differentgl

Caco2 monolayersProtein staimg was visualized after al2 treatment (30 mirfor

EGTA) with HBSS (A), 0.01 mM G4 (B), 01 mM G3.5 (C), 0.1 mM G3.5 (D), 0.16

mM EGTA (E), or 0.64 mM C10 (F). Quantification of tight junction staining is overlaid.
Results are reported as the percentage of red voxels per region as compared to the
untreated control £ stalard deviation (B) (n=3). *, **, and *** denote a statistically
significant increase in voxel count relative to the HBSS control with p<0.05, p<dhdl
p<0.001, respectively. Scale baG-pM.
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actin staining slightly decreased. In contrast, the higher concentration of G3.5
significantly increased staining of all proteins investigated. This effect has previously
been associated with tight junctimpening (20, 322, 325) For comparison, EGTA
significantly increased staining and caused obvious retraction and redistribution of the
tight junction proteins whereas C10 displayed no effect on the tight junctiotie at
concentration used.

To determine if the changes in tight junction staining with the dendrimers was
caused by changes in protein expression, we used western blotting to quantify the
proteins.Figure 3.2 shows the total expre®n of ZO1, occludin, and claudita during
the same time frame in which the immunofluorescence study was conducted. Upon
guantification and normalization to the calnexin loading control, no changes in protein
expression were seen (data not shown). Thesalts suggested that the increase in tight
junction staining after dendrimer treatment was indeed a result of tight junction
modulation and not changes in protein expression.

Since increased tight junction staining has been associated with tight junction
opening and increased paracellular permeal@#f), we examined mannitol transport in
the presence of the dendrimers and absorption enhancers. Mannitol transport is a well
established method for monitoring chasgin monolayer permeability336). We
measured {C]-mannitol permeability at 1 and 2 h during dendrimer and absorption
enhancer treatment, removee treatment, and continued to measure permeability for an
additional 2 h Figure 3.3). At the concentrations used, neither G3.5 nor C10 increased
mannitol permeability. For G4, an increase in permeability occurred graduahytheve

first two h, and the increased permeability continued for an h after the dendrimer was
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Figure 3.2. Tight junction protein expressiaaiter treatment with HBSS only, 0.01 mM
G4, 0.1 mM G3.5,—rd 1 mMG3.5 after 1 and 2.hCalnexin was used as a loading
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Figure 3.3. Apparent permeability of'fC]-mannitol during and immediately following
treatment of Cac@ monolayers with dendrimers or abdmp enhancersMean + P.
(n=3).
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removed before recovery began. EGTA displayed the largest increase in mannitol
permeability, and, unlike G4, recovery began as soon as the EGTA was removed and
calcium was reintroduced to the monolayers. After théirtiteatments, the monolayers
were maintained in cell culture medium for 24 h. Mannitol permeability was repeated
after the monolayer recovery period, and the- @dd EGTAinduced permeability

increase was shown to be completely reversible.

3.3.2 Inhibition of DendrimerMediated Tight Junction Modulation

Because G3.5 and G4 displayed divergent results in tight junction staining and
mannitol permeability, we aimed to establish possible mechanisms for dendriueed
tight junction modulation by investigatingeleffects of dendrimers on the PLC signaling
pathway. A panel of biochemical inhibitors and known pathway modulators were co
incubated with either G3.5 or G4 to determine changes in dendirchéred mannitol
permeability. For clarityFigure 3.4 illustrates specific points in the pathway where each
individual inhibitor/modulator used in these studies exerts an effect. U73122, a PLC
inhibitor that prevents the hydrolysis of RiRto IP; and DAG(337), caused no change
in permeability induced by G3.5 and G4. The calcium chelator BAPTA, which reduces
intracellular calcium, also had no effect on the activity of the dendrimers. For ghe IP
pathway inhibitors, varying results were seen. W7, a&iwal/calmodulin antagonist
(338), did not have an effect on dendrimieduced permeability. The CaMPKII inhibitor
KN62 (339)significantly decreased dendrimieduced permdaility for G3.5 but not G4.
For ML7, a MLCK inhibitor that prevents the phosphorylation of M84D), the

dendrimers exhibited different effects; G3.5 had no changéGi-fnannitol
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permeability while G4 imparted a significaqtermeability increase. The apparent
increase in G4nducedpermeability was not, however, a result of tight junction opening
but of synergistic toxicitythat occurred when ML7 and G4 were-administered.
Inclusion of the DAG analog diC841) had no effect on dendrimer permeability. Taken
together, these results shownHFigure 3.5 suggest that dendrimémduced tight junction
modulation is not entirely mediated through PRd€pendent mech&ms. The
endocytosis inhibitor dynasore, which inhibits dynamin 1 and dynamin 2 GTPases
responsible for vesicle scissi§@842), was also included in the study because previous
research demonstrated the importance of endocytosis forrERiEted tight junabdn
modulation (322). As expected, a significant decrease in @Bdruced mannitol
permeability occurred; however, dynasore had no influence eimdated permeability.
Therefore, surface charge impacts the tight junction modulating ability of PAMAM
dendrimers,and endocytosis plays an important role in tight junction modulation for

anionic but not cationic dendrimers.

3.3.3 Intracellular Calcium Release during Dendrimer Treatment

To further investigate the role of calcium in dendrirmefuced tight junction
modulaton, the calcium sensitive fluorophore FdoAM was used to monitor calcium
release upon dendrimer treatment. Addition of G3.5 up to 1 mM had no effect on
intracellular calcium Figure 3.6A). G4, however, caused an immediate redeaf
calcium and increase in fluorescence intendiigure 3.6B shows an initial calcium
release followed by a period of calcium puffs. The response continued during the
timeframe of cell imaging (10 min). To determine if thdctan release was associated

with the PLC pathway, U73122 was used to inhibit the pathway. After incubation with
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this inhibitor, G4induced calcium release was eliminated, indicating that the initial
response was associated with the PLC pathway. The calcium ionophore A23187 was
used as a positive control, and the effecthe ionophore was not altered by U73122

treatment.

3.3.4 Myosin Light Chain Phosphorylation

MLC plays an important role in tight junction modulation, and phosphorylation of
MLC leads to the contraction of the perijunctional actomyosin (B®p). Since the
MLCK inhibitor ML7 displayed varying results between G3.5 and G4, we aimed to
further explore the potentiable of MLC in dendrimetinduced tight junction changes by
examining immunofluorescence of phospiaC. Neither G3.5 nor G4 showed any
increase in phosphbILC compared to the untreated contrBlgure3.7), indicating that
MLC phosphorylation was not likely responsible for dendriimeluced tight junction
modulation. EGTA was used as a positive control and displayed a significant increase in

MLC phosphorylation.

3.4Discussion

Previous studies have shown that PAMAM dendrimers halthge as oral drug
delivery vehicles for poorly bioavailable drugs as evidenced by the ability of dendrimer
drug conjugates to traverse the gut epitheli{®8, 24, 304, 321)Dendrimerinduced
tight junction modultéion has been the speculative cause of increased permeability to this
point, and both anionic and cationic PAMAM dendrimers are thought to be capable of

modulating tight junction§19). In this work we have elucidatguabtentialmechanisms
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Figure 3.7. PhospheMLC immunofluorescence in Ca& monolayers.Staining was
visualized after a zh treatment with HBSS, 0.01 mM G4, 0.01 mM G3.5, 8¢ G3.5,

or 1 mM EGTA (30 mintreatment). Green = pholso-MLC, red = actin. Scale bas9
UM,
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for PAMAM dendrimermediated tight junction modulatiofor our studies, we focused

on comparig dendrimers of similar size with opposite surface charge. We also compared
these dendrimers to known absorption enhancers to ascertain that PAMAM dendrimers
act as potent tight junction modulators. The medalrain fatty acid C10 and the calcium
chelatorEGTA were used because both have well established tight junction modulation
mechanism$326, 334)

We compared tight junction protein staining and mannitol transport in-2aco
monolayers treated with either dendriy@r permeation enhancers. Charge equivalent
concentrations were chosen for comparison b«
are largely imparted by their relative charge density. By visualizing tight junction
proteins, we recorded the direct effedendrimers had on supramolecular junctional
assembly. For G4, only ZQ displayed increased staining. G3.5 showed decreased actin
staining for the lower concentration but significant staining for all tight junction proteins
at the higher (nowytotoxic) concentration tested in this study, suggesting tight junction
modulation. Tight junction visualization, however, was contradictory to the mannitol
permeability results in which G4 but not G3.5 allowed for increased transport. Increased
tight junction staimg has been assumed to indicate enhanced tight junction protein
accessibility and opening20, 322, 325) Our results indicated that the increased
fluorescence did not correlate with the ability to allow for smadllecule paracellular
transport and suggested that this method was not an appropriate indicator of tight junction
opening. In fact, the observed increase in immunofluorescence was more likely a result of
tight junction protein redistribution rather thaghi junction opening. Increased ZO

staining in the case of G4 may be indicative of recruitment of the protein to the tight
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junctions. ZO1 serves several roles within the cell in addition to supporting the tight
junction scaffolding 343, 344) and recruitment of ZQ to the tight junctions may allow

for tight junction opening induced by G4 treatmé¢d#5, 346) The decrease in actin
staining for 0.01 mM G3.5 may be a rksaf dendrimerinduced depolymerization of the

actin before restructuring of the tight junctions. At the higher concentration, the G3.5
induced restructuring occurred quicker, and the result was an increased amount of tight
junction proteins at the cetkll interface at the time of staining. Similar results were seen
for capsaicin, which opened tight junctions through mechanisms independent of MLCK
(347).

To further delineate the mechanism behind dendrimediaed tight junction
modulation, we used a panel of inhibitors and modulators of the-dejp€&ndent
signaling pathway. Of the compounds used, only KN62 and ML7 affected dendrimer
induced mannitol transport. For G3.5, KN62 decreased transport. KN62 is a CaMPKII
inhibitor that blocks the phosphorylation of MLCK by interacting with the calmodulin
binding site of CaMPKII(339). G4induced transporincreased with cancubation of
ML7. The increase in transport caused by hiting MLC phosphorylation was not the
result of dendrimemduced tight junction opening but of increased cell death that
occurred. Individually, neither ML7 nor G4 were cytotoxic at the concentrations used;
however, when combined a significant decreaseell viability occurred. Because MLC
is responsible for shuttling proteins to their cellular destinat{848), using ML7 may
result in changes to the normal milieu of cell membrane components making the
membrananore susceptible to the large positive charge of the cationic dendrimer which

is known to interact with cells electrostaticaf®49) MLC is also responsible for
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membrane turnover to recover cell volume after amrstress, which the cell would not
be able to overcome when ML7 is presg80). More studies are required to determine
the cause of the synergistic toxicity induced by G4 and ML7.

In addition to PLC pathway mbitors, dynasore was used to determine the effect
of endocytosis on dendrimenediated tight junction modulation. Previous work showed
that internalization of G3.5 was necessary for increased tight junction stéa@ap In
our study, dynasore treatment rgigcantly decreased G3.duced mannitol transport,
further supporting the requirement of internalization prior to tight junction modulation.
G4-induced mannitol transport, however, was not affected by dynasore; therefore,
dynaminmediated endocytosis wanot required for tight junction modulation. Cationic
dendrimers may still internalize through other mechanisms such as macropinocytosis
(351) thus, internal interactions leading to tight junction modulation cannot be ruled out.

Our observation that KN62 decreased GiBdiiced mannitol transpbcombined
with previous reports hypothesizing that PAMAM dendrimers may behave like calcium
chelators to open tight junctioi$9, 20)prompted us to investigate intracellular calcium
release and MLC phosphorylatioUp to 1 mM G3.5 had no effect on intracellular
calcium; however, G4 caused immediate calcium releggire 3.6). After the initial
release, calcium puffs continued for up tortid. In comparison, the calcium ionophore
A23187 caused a sustained increase in calcium reldagerg 3.6). Preincubation with
U73122 eliminated Géhduced calcium release but ncalciumrelease resulting from
ionophore treatment, suggesting that G4 calcium modulation vsaxiated with the
PLC-dependent signaling pathwayAlthough this result appears contradictory to

inhibition studies in which neither U73122 nor BAPTA affected-iduced mannitol

74



transport Figure 3.5), it should benotedthat mamitol transport was investigated after a
2-h incubation whereas calcium release was visualized instantanebuslye studies
with shorterincubation periods and higher BAPTA concentrations to buffer the effect of
G4-stimulated calcium release may be regd to possibly demonstrate a potential
association with the PLC pathwaWe further investigated MLC phosphorylation to
determine whether PAMAM dendrimers modulate tight junctions through alterations in
MLC activity similar to EGTA; however, neither G3nor G4 elicited any effect on MLC
phosphorylationKigure3.7).

Our results demonstrate that significant differences exist between anionic and
cationic dendrimersdé6 ability to modll at e
effect on tight junctions or the pathway(s) associated with their regulated opening and
closing; however, cationic dendrimers open tight junctions for small molecule transport
by releasing intracellular calcium stores and increasing calcium signaliveg.high
uptake and transport properties previously seen for G®%were likely due to the
efficient endocytosis mechanis by which the dendrimer is internaliz€822) andnot a
result of paracellular transport of the dendrimer itself. G4 is more likely to be transported
both by transcellular and paracellular mechanisms because of the effect on calcium
signaling and nonspecificell membrane association. Additional studies are warranted to
further explore the molecular mechanisms behind the observaue@iated epithelial

permeation enhancement.

3.5Conclusion
In this work we reported a possible mechanism of paracellular transubtigat

junction modulation by PAMAM dendrimers in differentiated G&oonolayers. We
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found that despite previous repofi®, 20, 319, 325)G3.5 did not open tight junctions,
whereas G4 modulated tight junctgoto allow for paracellular transport of mannitol. The
mechanism by which G4 modulates tight junctions was in part associated with the PLC
dependent signaling pathway; however, the charge density of the dendrimer likely allows
for additional intracellulamteractions that have yet to be unraveled. To fully harness the
potential of dendrimers as oral drug delivery vehicles we must first understand the
underlying mechanisms of dendrimer transport properties. The current study provides
new insights in dendrier-mediated tight junction modulation and may aid in the

selection of dendrimers with tailored properties amenable tospagific oral delivery.
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Chapter 4 Pdy-L-Lysine Dendrimers Enhance Permeability with Less

Long-Term Cytotoxicity than Poly(amidoamine) Dendrimers®

4.1Introduction

Dendrimers are trelke polymers composed of branching subunits. Unique
properties, specifically charge density, make dendrimers promising drug delivery
vehicles. The weltontrolled synthesis of dendrimers results in maanodispersity and
a definednumber of surface groupd14). Dendrimers can be functionalized with a
variety of compounds such as drugs, targeting moieties, and imaging agents to create
multifunctional drug delivery vehicles tunalie many different applicationdl8, 143)

In addtion to traditional intravenous administration, dendrimers have been invedtigate
for use in oral drug delivery19, 20, 319, 320)Specifically, we have shown that
poly(amidoamine) (PAMAM) dendrimers traverse theestinal epithelium and improve
the oral bioavailability of poorly water soluble drugsvitro (23, 24, 304, 321)While
results with PAMAM dendrimers are promising, their hydrolytic and enzymatic
resistance p&s toxicity concerng352).

In an effort to overcome the potential toxicity associated with PAMAM
dendrimers, we investigated pdlylysine (PLL) dendrimers as potential oral drug
delivery vehicles. PLL dendrimers have shown success in intravenous administration of
chemotherapeuticsn vivo, however, to date no studies have investigated these
dendrimers for ofadelivery (25, 27, 353)PLL dendrimers are similar in size and charge

to cationic PAMAM dendrimers which we have shown to be potent tight junction

®Reproduced with permission from ToxicoldaAppl Pharmacol. 2014. Submitted for publication.
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modulators; therefore, we hypothesize that PLL dendrimers will have similar transport
properties as PAMAM dendrimer&9).

Unlike PAMAM dendrimers, PLL dendrimers are biodegradable and were shown
to undergo bioresorptioin vivo, being reincorporatemto normal biosythetic pathways
(354, 355) Native PLL dendrimers were also avoided by the reticuloendothelial system,
which is a common accumtian point for PAMAM dendrimerg318, 354) Taken
together, these previous findings suggest that PLL dendrimers may be less toxic than
PAMAM dendrimers despite possessing similar ptoshemical properties desirable for
oral drug delivery.

In this study we investigated the feasibility of using Pldndrimers for oral drug
delivery by directly comparing them to PAMAM dendrimers. Because previous studies
have shown that cationic PAMAM dendrimers enhanced mannitol transport, we
investigated T'C]-mannitol permeability across fully differentiated C&monolayers in
the presence of both types of dendrimers to establish epithbetiakeability enhancement
(20, 319) We also measured transepithelial electrical resistance (TEER), which PAMAM
dendrimers have been sio to decrease, to determine if PLL dendrimers displayed
similar tightjunction modulating propertig0, 319)

In addition to establishing PLL dendrimers as potential oral drug delivery vehicles
we created am vitro cytotoxicological profile of both PLL and PAMAM dendrimers.
Cationic PAMAM dendrimers were previously shown to activate reactive oxygen species
(ROS) generation and caspase signaling in various cell lines; however, studies have yet to
be reported foICacae2 cells (356-358). Additionally, a direct comparison of PLL and

PAMAM dendrimers has not been conducted. Therefore, we investigated the ROS
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generation, caspase activation, and apoptotic body formation cayseditibtypes of
dendrimers. The results of this work will lay the groundwork for instituting PLL
dendrimers as a safe and effective alternative to PAMAM dendrimers for oral drug

delivery.

4.2 Experimental Section

4.2.1 Materials

Boc-Lys-ONp was purchased from Chempex (Wood Dale, IL). All cell culture
supplies and the Vybrant Apoptosis Assay Kit #4 were purchased from Life Technologies
(Grand Island, NY)Water soluble tetrazolium salt WST-1) reagent was purchased
from Roche (Indianapolis, IN). PAMAM dendrimend all other chemicals were

obtained from Sigma Aldrich (St. Louis, MO) unless otherwise noted.

4.2.2 Synthesis of PLL Dendrimers

PLL dendrimers were synthesized similatdypreviously described metho(25,
354) Briefly, L-lysine nethyl ester was reacted with Bpootected LElysine
functionalizel with p-nitrophenol for 3 hat 75°C in dimethykulfoxide (DMSQO) with
triethylamine (TEA). The resulting product was extracted in dichloromethane (DCM) and
washed three timesith ammonium chloride, three times with sodium bisulfate, and
twice with brine. After drying over magnesium sulfate, the D@Ms evaporated to
obtain the Bo¢rotected product. The dendrimer was deprotected in 1:1
DCM:trifluoroacetic acid (TFA). Solvent vgaevaporated to obtain the deprotected first
generation dendrimer (G1). These steps were repeated substituting dimethylformamide

(DMF) for DMSO to obtain higher generation dendrimers. For the higher generation
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dendrimers (G3 and G4), precipitation in 0.4ddium bicarbonate was used in place of
organic extraction. The product was filtered, rinsed with acetonitrile, and dried under
vacuum. MALDFTOF mass spectrometry was used to confirm each product. Size
exclusion chromatography (SEC) was conducted forfitied Boc-protected products
using a Waters HPLC system (Milford, MA) equipped with a refractive index detector

anda mobile phase of DMF with 0.05 MBr to determine polymer polydispersity.

4.2.3 Cell Culture

The human colorectal adenocarcinoma cell line €aswas obtained from the
American Type Culture Collection (Manassas, VA). Cells (passagd®)2@ere grown
at 37°C with 5% CQand 95% relative humidity. Cel |l s
modi fied Eagleds medium (DMEM) esumgFB$)e ment ed
1% nonessential amino acids, 100 U/mL penicillin, and 10,000 pg/mL streptomycin.
Media was changed every other day, and cells were passage8@*8tbnfluency using

0.25% trypsin/ethylene diamine tetraacetic acid (EDTA).

4.2.4 Dendrimerlnduced [C]-Mannitol Permeability and TEER Monitoring
Transepithelial transport ofIC]-mannitol in the presence of dendrimers was

monitored in the apical to basolateral direction in differentiated Qamonolayers. Cells

were seeded at 80,000 cells/well ind&ll polycarbonate Corning Transwell inserts with

a 0.4 um mean pore size (Corning, Tewksbury, MA) and used aft@8 2ays of

growth. TEER was measured using a voltohmmeter (World Precision Instruments,

Sarasota, FL) to assure proper monolayer formatiad, monolayers with TEER > 500

q L & mere used for experiments. Dendrimers were prepared from 100 mM DMSO

stocks I n Ha n k dusion (H83%3Ja supplerdentes avitht 10 1M -@-
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hydroxyethyl) piperazind-ethanesulfonic acid (HEPES) at concentratioh$.01, 0.1,

and 0.5 mM. The highest concentration was only used for the dendrimers with 16
terminal amines due to toxicity. Cells were coincubated with dendrimers and mannitol for

2 h during which time TEER was measured every 30 min. After treatmernilesawere

taken from the apical and basolateral compartments for scintillation counting.
Monolayers were then rinsed with HBSS and returned to DMEM to allow for recovery.
After 24 h in standard cell culture conditions, mannitol permeability and TEER were
measured again in the same monolayers to ensure that any effects caused by the
dendrimers were not permanent. Permeability results are reported as the percentage of
apparent permeability compared to the mannitol control + standard devidiynand

TEER B reported as a percentage of imidal TEER for each well + B. Permeability

results were analyzed byomeay anal ysis of wvariance (ANOVA)

multiple comparisons.

4.2.5 Cytotoxicity of Dendrimers

Dendrimer cytotoxicity was assessed indifierentiated Cac@ cells using the
WST-1 cell viability assay. Cells were seeded at a density of 50,000 cells/well in a 96
well plate and maintained under the conditions described above for 48 h. Dendrimer
solutions (0.01, 0.05, 0.1, 0.5, and 1 mM) wprepared from a 100 mM DMSO stock
solution by serially diluting the dendrimer in buffered HBSS or supplemented DMEM.
Cells were washed with HBSS or DMEM and incubated at 37°C for 2 h or 24 h,
respectively, with 100 pL of the dendrimer treatment. Afteatrent, the cells were
washed with HBSS, and 110 pL of 1:10 W&THBSS was added to each well. After 4 h

at 37°C, UV absorbance was measured at 440 nm and background was measured at 600
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nm using a SpectraMax Plus384 absorbance microplate reader (Mol@muaes,
Sunnyvale, CA). HBSS was used as a negative control representing 100 percent cell
viability while Triton X-100 was used as a positive control. Results are presented as the
percent viability compad to the untreated control $D. Statistically sigificant

decreases in cell viability were determined by-aney ANOVA wi t h Dunnett 0:

4.2.6 ROS Generation

Dendrimerinduced ROS generation was measured usingarboxy2',7-
dichlorodihydrofluorescein diacetate (carbebtyDCFDA), a nonfluorescent compnod
that gets hydrolyzed by intracellular esterases and oxidized by ROS activity to form the
greenfluorescent carboxydichlorofluorescein. Cells were seeded at 30,000 cells/well in a
black-walled, 96well plate. Ater 48 h cells were washed with bufferddBSS and
incubated with 20 uM carboxi#,DCFDA for 45 min at 37°C. After loading with dye,
cells were washed with HBSS. Dendrimer solutions (0.01, 0.05, 0.1, 0.5, and 1 mM)
prepared in phenol relee DMEM supplemented with 5% FBS were added, and
fluorescen e = 429 Q+=5209-was measured at 0.5, 1, 2, 3, 4, 6, and 24 h using a
Gemini XPS fluorescence microplate reader (Molecular Devices). The highest
concentration was only used for dendrimers with 16 terminal grouf. Whs used as a
positive control. Rsults are shown as the percent increase in ROS generation edmpar
to the untreated control £05 Statistical significance was determined by mixed model
ANOVA with Bonferronibés posttest.

ROS generation was also visualized by confocal microscopy in elitiated
Cace2 monolayers. Monolayers were cultured as previously described and loaded with

20 pM carboxyH,DCFDA for 45 min at 37°C. Cells were then washed twice with
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HBSS, and dendrimer treatment (0.01 and 1mM) was added. After 2 h incubation at
37°C, te treatment was remed, and cells were fixed in ¥ v/v methanol in
Dul beccob6s phosphate buffered saline (DPBS)
washed twice with DBPS, and membranes were excised. Prolon® @4ild DAPI (Life
Technologieswasused to mount the membranes on glass slides. After curing for 24 h at
room temperature, slides were sealed and immediately imaged.
Images were collected using a Nikon Al laser scanning confocal microscope.
DAPI and carboxyH,DCFDA were excited with 404 nand 488 nm lasers, respectively,
and detected with 450/50 and 525/50 filter blocks. Thrstaeks were collected for each
monolayer using the following parameters: Plan apo VC 60x oil objective, 29.4 uM
pinhole, 4.6 ps pixel dwell, 2x line average, 4xtiogl zoom, 1uM zstep size, and
512x512 image size. Images were processed using Volocity 3D Image Analysis software
v6.3 (PerkinElmer, Waltham, MA). Green voxels, corresponding to regions of reactive
oxygen species, were quantified by thresholding theasigmtensity between 10% and
100%. The number of green voxels for each treatment is compared to the DMEM control,
and the results are presented as the percentage increasg geR€&ation (green voxels)
+ SD. Statistical significance was determined usoteway ANOVA wi t h Dunne

posttest.

4.2.7 Caspase Activation

Caspase activation was investigated using the Casplasd/7 assay (Promega,
Madison, WI). Cells were seeded at 10,000 cells/well in a whiteyedbplate. After 24
h, the cell medium was removieand dendrimer treatments (0.01, 0.05, 0.1, 0.5, and 1

mM) prepared in supplemented DMEM were added. Cells were then incubated for 24 h
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at 37°C. Dendrimer treatments were also added 42, 44, and 46 h after cell seeding for 6,

4, and 2 h time points, respgrely. After dendrimer treatment, caspase reagent was

added according to the manufacturero6s i nst.
containing a DEVD peptide sequence selective for Caspasel-7 and luciferase were

reconstituted in the providedell lysis buffer and added to the cells. After 1 h
luminescence was measured using a SpectraMax M3 microplate reader (Molecular
Devices). Results are shown as the percent increase in caspase activation contpared to

untreated control £ [3. Statistical gnificance was determined by twaay ANOVA

with Bonferronids posttest.

4.2.8 Apoptotic Body Formation

Caco2 monolayers were treated with dendrimers (0.01 and 1 mM) in
supplemented cell culture media for 24 h at 37°C. After incubation cells were washed
with DPBS, and DPBS containing 0.1 uM ¥PRGO-1 and 1.5 puM propidium iodide (P1)
was added. After 30 min, the solution was removed. Membranes were excised, placed on
coverslips, and immediately imaged by confocal microscopy-PR®1 and Pl were
excited with 488 nmand 561 nm lasers, respectively, and detected with 525/50 and
595/50 filter blocks. Three images were collected for each monolayer using the following
parameters: Plan apo VC 20x objective, 20.1uM pinhole, 4.6 us pixel dwell, 2x line
average, 4x opticalaom, and 512x512 image size. Early apoptotic cells stained green
with YO-PRO1 and late apoptotic and dead cells stained both green wtRR@1 and
red with Pl were manually counted for each image. Apoptotic and dead cell counts were

compared to the DMEMreated control. Results are displayed as the average number of
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stained cells per image DS Statistical significance was determined by {tway

ANOVA with Baste$terroni 6s p

4.3 Results

4.3.1 Dendrimer Characterization

To compare the transport properties aogidity of PAMAM dendrimers to a
biodegradable cationic dendrimer, PLL dendrimers were synthesized. The structures of
both PLL and PAMAM dendrimers are shown Hkigure 4.1. After synthesis, PLL
dendrimers were confirmed by MALBIOF to have the correct molecular weights.
Branching defects and smaller generations were not present. SEC was performed before
the final deprotection to avoid peak tailing due to dendroadumn interactions. The
polydispersity was determined to be 1.@ both G3 and G4 PLldendrimers Once

characterized, dendrimers wensed in further experiments.

4.3.2 DendrimerInduced [“C]-Mannitol Transport and TEER Monitoring

We have previously shown that cationic PAMAM dendrimers are potent tight
junction modulators apable of increasing small molecule paracellular transport in
differentiated Cac&@ monolayers(29). These dendrimers havdsa been shown to
decrease TEERR0, 319) To determine if cationic PLL dendrimers possess similar tight
junction modulating properties as PAMAM dendrimers we investigat&]-mannitol
permeability and TEER in the presence of these dendrimers inZawmolayers. W
measued mannitol transport after alRtreatmentKigure4.2 A andB) and TEER dring
the treatment timeRjgure 4.3). For the smaller dendrimers with 16 surface amines,

change in mannitol permeability was seen. The larger dendrimers, however, did display
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Figure4.1. Structures of G3 PLL (A.) and G2 PAMAM (B.) dendrim&msth dendrimers
have 16 primary amines.
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an incease in permeability. For G4 PLL, the highest cotregion tested resulted in a
26% increase in mannitgdermeability. For G3 PAMAM a 3% increase in permeability
occurred for the lower concentration.

TEER was also used to investigate dendrimduced pemeability. PLL
dendrimers had a sizand concentraticdependent decrease in TEER with the highest
concentrabn of G4 PLL resulting in a 28 decrease in TEER. For the PAMAM
dendrimers, TEER decreased with increasing size but not with increasing caticentr
Both 0.01and 0.1 mM G3 PAMAM caused a #2decrease in TEER whileDand 0.5
mM G2 PAMAM had a 13% and % decrease in TEER, respectively. After the initial
treatments, monolayers were maintained in cell culture medium fon. 24annitol
permeabily (Figure4.2 C andD) and TEERmeasurementd={gure 4.3) were repeated
after the recovery period to show that increases in permeability were reversible and that

results were not a consequence of moreri@amage.

4.3.3 Dendrimer Cytotoxicity

Because PLL dendrimers posssbsimilar transport properties as PAMAM
dendrimers, we then wanted to assess the toxicity of these dendrimers. Using tie WST
cell viability assay, a measure of mitochondrial dehydrogenasdty, we compared the
short and longterm mitochondrial toiity of both dendrimersHigure 4.4). After a 2h
treatment both PLL and PAMAM dendrimers displayed similar results with sizé
concentratiordependent decreasasgell viability. For the smaller dendrimers only the
highest concentration decreased viability while for the larger dendrimers the two highest
concentrations resulted in cell death. After a 24 h treatment with the dendrimers, the

lower generations showeub toxicity at any of the concentrations tested, and lower
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Figure4.2. Percenbf apparent permeability of{C]-mannitol in the presence of PLL and
PAMAM dendrimers in Cac@ monolayersMannitol permeaibity was measured after a
2-h treatment with either PLL (A.) or PAMAM (B.) dendrimers. Permeability was
measured again 24 h after the initial treatment for both PLL (C.) and PAMAM (D.)
dendrimes. Mean + standard deviation (p[n=4). ** and *** denote astatistically
significant change in £, compared to the HBS®eated control with p<0.01 and
p<0.001, respectively.
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Figure4.3. TEER in the presence of PLL (A.) and PAMAM (B.) dendrimers in GAco
mondayers TEER was also measured 24 teaflendrimer removal. Mean + SB=4).
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concentrations resulted in mitochondrial stimulation. For the higher generations, the
PAMAM dendrimes had higher toxicity after 24 h than after 2 h while the PLL
dendrimes had lower toxicity after 24 h suggesting that at 0.5 mM the PLL dendsimer

did not inhibit longterm cell proliferation.

4.3.4 DendrimerStimulated ROS Generation

To determine the mechanisms of dendriimgluced cell death seen during the toxicity
study we begarby investigating ROS generation. The R@@active dye carboxy
H,DCFDA was used to measure ROS in Gacoells from 30 min to 24 h during
dendrimer treatmentrigure 4.5 shows the changes in ROS generation for increasing
concentréions of each dendrimer at different time points. In general, the PLL dendrimers
showed higher increases in ROS than the PAMAM dendrimers. At concentrations shown
to be nontoxic by the WST assay, ROS generation was highest immediately after
addition of eéndrimer followed by a consistent decline for both PLL and PAMAM
dendrimers. The addition of,B, also showed a similar trend in ROS generation, with
the earliest time point having the highest increase and a continual decrease at each
subsequent time poinROS levels declined below basal ROS generation in untreated
cells for PAMAM dendrimers, and this effect was more pronounced at toxic
concentrations. At concentrations originally found to be toxic for PLL dendrimers, ROS
generation increased with time.tAbugh PLL dendrimers achieved double the basal
levels of ROS generation, these results were not statistically significant when analyzed
with the HO, positive control, which reached anf@dd increase in ROS generation.
These results begin to highlightetunique differences between cationic dendrimers of

different composition.
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Figure4.5. Percent increase in ROS generation over time in the presence of G3 PLL (A)),

G4 PLL (B.), G2 PAMAM (C.)
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by measuring cadxy-H,DCFDA fluorescence. Results were calculated by setting the

basal ROS signal in untreateells to 100 percent. Mean

+ §B=4).
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We also investigated ROS generation in Gaamonolayers to determine if the
same results could be achieved in difféeieed cells. After loading the cells with
carboxyH,DCFDA, monolayers were treated with either the lowest or highest dendrimer
concentration for 2 h. In contrast to the microplate results, we saw no significant increase
or decrease in ROS generation compao the controlFigure4.6). ROS appeared to be
localized in punctate vesicles instead of in the cytosol, suggesting that dendrimers did not
induce enough ROS generation to result in mitochondrial localization and injurye Whil
dendrimers, especially PLL dendrimers, showed an increase in ROS generation in a
microplate format, the amount generated in a more accurate model of the intestinal
epithelium suggested that ROS generation was not a primary mechanism of toxicity for

smallcationic dendrimers.

4.3.5 Dendrimerinduced Caspase Activation

To further elucidate the possible mechanisms of dendrimer cytotoxicity the
activation of Caspas® and-7, the executioners of apoptosis, was measured in the
presence of increasing candrations of desirimers from 2 h to 24 H{gure4.7). For all
dendrimers and concentrations, caspase activation peaked at 6 h. PAMAM dendrimers
displayed higher levels of caspase activation than PLL dendrimers. While no aiginific
increase in activation was seen for the PLL dendrimers, both 0.01 mM G2 and G3
PAMAM dendrimers caused a significant increase. The 0.05 mM G2 PAMAM treatment
also induced significant caspase activation, and 0.5 mM G3 PAMAM dendroaased

a significant decrease in activation.
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Figure 4.6. Percent increase in ROS generation in CAacmonolayersafter a 2h
treatment with DMEM (A.), 0.01 mM G2 PAMAM (B.), 0.01 mM G3 PAMAM (C.),

0.01 mM G3 PLL (D.), 0.0mM G4 PLL (E.), 1 mM G2 PAMAM (F.), 0.5 mM G3
PAMAM (G.), 1 mM G3 PLL (H.), or 0.5 mM G4 PLL (l.). CarbooDCFDA was

used to detect ROS, and quantification of fluorescence is overlaid. Results are reported as
the percentage of green voxels per image @egpto the DMEMcontrol £ S.D (n=3).

Scale barzOuM.
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4.3.6 DendrimerTriggered Apoptosis

Because ROS generation in a microplate format did not correlate to differentiated
monolayers, apoptosis in monolayers was also investigated to determine if microplate
caspase activation results were correlated to a more representative cell mo@ROrO
1, a dye permeable to all apoptotic and dead cells, and PI, a dye permeable to only late
apoptotic and dead cells, were used to visualize the apoptotic and dead Caltnh
monolayers after a 24 h treatment with low and high concentrations of dendrimers
(Figure4.8). Apoptosis is a normal mechanism of cell turnover; therefore, basal levels of
caspase activation and apoptotic cells are expeéiedthe lower concentrations, G3
PAMAM caused a significant increase in cell death. All dendrimers at 0.01 mM had a
lower number of apoptotic cells than the untreated control. At the higher concentration
G3 PAMAM and G4 PLL exhibited a significantly highnumber of late apoptotic and
dead cells. G2 PAMAM again had a lower number of apoptotic cells. Of the dead cells
present after dendrimer treatmemtany had formed apoptotic bodies suggesting that

apoptosis was the mode of cell death.

4.4Discussion
PAMAM dendrimers have shown potential as oral drug delivery vehicles;
however, accumulation of the nondegradable dendrimers is a concern. PLL dendrimers

possess similar physicochemical properties as cationic PAMAM dendrimers but have
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Figure 4.7. Percent increase in Caspd&eand-7 activation from 2 h to 24 h during
treatmentwith G3 PLL (A.), G4 PLL (B.), G2 PAMAM (C.), or G3 PAMAM (D.)
dendrimers compared to untreated control. Activation was determined bsumnga
luminescence resulting from caspasduced DEVD cleavag from aminoluciferin.
Mean = SD(n=3). * denotes a statistically significant increase in caspase activation
compared to the DMEMreated control with p<0.05.
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Figure4.8. Apoptotic and dead cells in live Ca@omonolayers following 24 h treatment
with DMEM (A.), 0.01 mM G2 PAMAM (B.), 0.01 mM G3 PAMAM (C.), 0.01 mM G3

PLL (D.), 0.01 mM G4 PLL (E.), 1 mM G2 PAMAM (F.), 0.5 mM G3 PAMAM (G.), 1

mM G3 PLL (H.), or 0.5 mM G4 PLL (I.). Apoptotic and dead cells are stained with YO
PRO1 (green), and late apoptotic and dead cells are stained with PI (red). Quantification
of early apoptotic (green bar) and late apoptotic/dead (yellow bar) cells iidve
Results are reported as the total number of cells algncounted for each image + SD
(n=3). * and ** denote a statistically significant increase in late apoptotic/dead cells
compared to the DMEMreated control with p<0.05 and p<0.01, respety. Scale
bar=10 pM.
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been shown to both biodegrade amdlergo bioresorptio(854). In this study we aimed

to determine if PLL dendrimers possessed similar transport properties as PAMAM
dendrimers, and, thereforeguld serve as a viable alternative to PAMAM dendrimers for
oral drug delivery. We also sought to estabtigtotoxicity profiles for these dendrimers.
While PAMAM dendrimer toxicity has been extensively studied, these studies primarily
focused on highegenerations, and to date no extensive studies have been conducted for
PLL dendrimerq356-358). In this work we have established PLL dendrimers as potent
permeation enhancers and elucidated possible mechanismsdringler cytotoxicity

while emphasizing the differences between PLL and PAMAM dendrimers.

We evaluated mannitol transport and TEER in the presence of dendrimers to
assess the ability of PLL dendrimers to enhance small molecule permeability. Dendrimers
with 32 terminal groups demonstrated a significant increase in transport. GidRlded
permeability increased with concentration; however, G3 PAMAM displayed the opposite
effect. Although the results were counterintuitive,3alyedet al. previously showedhat
smaller generation PAMAM dendrimers (@) exhibited time and concentration
dependent increases in permeability while 0.1 mM and higher concentrations of G3
PAMAM had low permeability(319). The increase seen with a lower concentration
suggests a concentration window unique to each generation may exist in addition to the
previously descrilet size and charge window necessary for transport.

In addition to mannitol transport, we also measured TEER in the presence of
dendrimers to further substantiate the mannitol permeability results. For PLL dendrimers
we saw a consistent decrease with indreasime, generation, and concentration. The

highest concentration of G4 PLL had the largest decrease in TEER confirming the
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mannitol permeability results. For the TEER in the presence of PAMAM dendrimers we
again observed a unique pattern. While the TEERrease remained dependent upon
time and generation, the concentration dependence was no longer apparent. The lowest
G2 PAMAM concentration had no TEER decrease while the 0.1 and 0.5 mM treatments
exhibited the same decrease. The two G3 PAMAM concentedso had the same
decrease in TEER despite presenting different mannitol permeability results. Although
PAMAM permeability may be more complex than previously suspected, PLL dendrimers
proved equally capable of enhancing mannitol permeability with qubse decreases in
TEER. Therefore, PLL dendrimers may serve as a biodegradable alternative to PAMAM
dendrimers for the enhancement of oral drug transport.

To further investigate PLL dendrimers we aimed to establishinawvitro
toxicological profile utilizng various toxicity assays. By the WST assay lower
generation dendrimers showed minimal decreases in cell viability at 1 mM. The larger
generation dendrimers caused significant decreases in viability at and above 0.5 mM.
Because dendrimer toxicity is iprarily imparted by charge density, PLL dendrimer
toxicity was anticipated to be comparable to PAMAM dendrin{8&9, 360) We also
wanted to determine if PLL dendrimers would be less toxic if given time to degrade;
therefore, we measured cell viability after a 24 h dendrimer treatment. While the
PAMAM dendrimers caused the same toxicity after 24 h, the 0.5 mM G4 PLL treatment
was no longer toxic; therefore, PLL dendrimers have less of an effect on cell proliferatio
than PAMAM dendrimers at longer incubation times. At lower concentrations, a mild
stimulatory effect was observed; this effect has been reported for laA)dANR

dendrimers as we(B57).
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Because higher generati® AMAM dendrimers have been shown to induce ROS
generation, we wanted to determine if the toxicity observed using the \WS$ay was a
result of oxidative stress. Using carbedyDCFDA to detect ROS, we saw similar trends
for most of the dendrimer treaémts. The highest levels of ROS were detected at 30 min
followed by a continuous decrease in ROS levels up to 24 h. G3 PAMAM treatment
resulted in ROS levels lower than basal levels, likely because the cells were dead or
dying. Interestingly the higher coantrations of PLL dendrimers did not exhibit the same
trend. While no decrease was seen for 0.5 mM and 1 mM G3 PLL or 0.1 mM G4 PLL,
0.5 mM G4 PLL actually caused an increase in ROS with an increase in incubation time.
In human proximal tubular epitheligklls, lysine has been shown to trigger apoptosis
through inducing ROS generation; therefore, the increase in ROS may be a result of
accumulating lysine from the degfation of the dendrime361). Once completely
degraded, the PLL dendrimer treatments would reach lysine concentrations of 15 and 31
mM for G3 and G4, respectively. Both of these concentrations are higher than the lysine
concentration used to study apoptosis mechanisms in renal cells.

ROS generatiowas also visualized in differentiated monolayers, and, in contrast
to the microplate results, neither the PLL nor the PAMAM dendrimers showed any
difference in ROS generation compared to the control. In monolayers dendrimers can
translocate across the merabe and free lysine would be effluxed into the basolateral
compartment effectively lowering the concentrations of both within the cells.-Zaco
cells have also been shown to have higher antioxidant levels after differentiation;
therefore, the monolayers owld be less susceptible to oxidative stress than

undifferentiated dés (362) ROS visualized in monolayers were locatedpunctate
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vesicles, likely endosomes and lysosomes where ROS play an important role in cell
signaling (363, 364) While ROS generation in these vesicles alone generally does not
result in toxicity, the combined eiftts of vesicular and mitochondrial ROS can result in
oxidative stress and cell degi863). Higher generation dendrimers have been shown to
localize in mitochondria and cause ROS generation within 24 h; howéeesntaller
generation dendrimers studied here did notseamitochondrial ROS generati¢856,
365). Therefore, at the concentrations tested, dendrimers with up to 32 terminal amines
do not cause toxicity through iotative stress.

Caspase activation is another hallmark process that occurs during apoptosis. The
caspases investigated in this study, Casfagrd-7, are effector enzymes responsible
for the cleavage of many important proteins within the ¢&#l6) Higher generation
PAMAM dendrimers have been shown to activate Caspdsetween 2 and 4 h withdh
time to activation increasing witbecreasing dendrimer generati(366). A peak in
caspase activity was seen at 6 h for all dendrimer concentrations, but only the lowest
concentrations of the PAMAM dendrimers shedl a significant increase. Although
significant, the levels of caspase activation did not correlate to cell viability results. To
further investigate, we again used differentiated monolayers to determine if the results
seen were due to the microplate fatmFor the low concentration, G3 PAMAM
displayed a slight increase in late apoptotic/dead cells, and at the high concentration both
G3 PAMAM and G4 PLL had a significant increase in late apoptotic/dead cells. While
none of the treatment conditions resdlie an increase in early apoptotic cells, all of the
lower concentration treatments as well as the higher G2 PAMAM treatment resulted in

less early apoptotic cells than the control. However, apoptotic bodies were visible in all
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the treatments, and apopw®svas still the likely cause of cell death. The lower
concentrations generally caused the highest levels of caspase activation; therefore,
dendrimer treatment may increase the rate at which apoptosis occurs in cells already
undergoing apoptosis by mildgctivating caspases without inducing further apoptosis in
healthy cells. While G3 PAMAM and G4 PLL increased cell death at 0.5 mM, many of
the dead cells still appeared to have apoptotic bodies.

Apoptotic cells are cleared in the body by macrophagesftrey, the increase in
dead cells resulting from dendrimer treatment in monolayers may still be properly
processedn vivo limiting any damage to neighboring tissues. In culture, the absence of
phagocytic cells results in apoptotic cell lyses called sergnaecrosig367). Because
dendrimers have been shown to cause apoptosis, secondary necragisvitro
experiments is expected. Cell death mechanisms are modulated by toxin concentration,
and the difference in cell viability results betn 2 and 24 h suggedthat the 1 mM G4
PLL and G3 PAMAM treatments induce necrosis. This is further supported by
dendrimercell interaction studies illustrating the electrostatic interactions of cationic
dendrimers with cell membranes amdultant micovilli disruption (324, 349)

The results of the cell viability and ROS generation assays suggest that the PLL
dendrimers are at least partially degraded in culture within 24 h. These dendrimers have
previously bea shown to degradm vivo, the components of which areimcorporated
into new proteing354). While PLL and PAMAM dendrimers exhibited similar toxicity
with regards to the mechanisms investigated, the lack otgradation of the PAMAM
dendrimers will have important implications for chronic toxicity. Once apoptotic cells are

engulfed by macrophages, dendrimers can accumulate causing apoptosis of the
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macrophages. Other nanomaterials have been shown to have #us ®Bff causing
constitutive activity of the JINK pathway in macrophagesngwally resulting in apoptosis
(368). Macrophage death results in reduced phagocytic clearance of other apoptotic cells,
and insufficient apptotic cell scavenging is the basis of several degenerative diseases
such as mucolipidosis type IV, a lysosomal storage ds@i9). Using biodegradable

PLL dendrimers can eliminate the chronic toxicity concerns associated with PAMAM
dendrimers.

Our results demonstrate that PLL dendrimers may be used as an alternative to
PAMAM dendrimers as oral drug detry vehicles. G4 PLL showed equal ability as G3
PAMAM to translocate mannitol across differentiated epithelial monolayers. Further,
PLL and PAMAM dendrimers up to 32 surface amines had minayi&toxicity up to
0.5 mM, with the toxicity seen likely a selt of apoptosis and secondary necrosis. PLL
dendrimers, however, showed signs of degradation in long term cell viability and ROS
generation studies. While PLL dendrimer exposure is less likely to result in long term
consequences, additional studies ararranted to establish the mechanisms of PLL

dendrimer degradation and ensure chronic toxicity does not occur.

4.5Conclusion

In this work we reported on the use of PLL dendrimers for oral drug delivery and
the associatedytotoxicity of these dendrimers. Weund that PLL dendrimers were as
capable as the more established PAMAM dendrimers at enhancing mannitol transport.
Additionally, PLL dendrimers and PAMAM dendrimers had comparable acute toxicity,
and treatment primarily resulted in apoptosis at the coraténs investigated. PLL

dendrimers began to show signs of degradation within 24 h in culture while PAMAM
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dendrimers did not. Dendrimer degradation is important to avoid accumulation within the
body and potential offarget toxicities. Different modes o&k death result in different
toxicological outcomesn vivo, and the toxicology of dendrimers must continue to be
investigated tamproverisk assessmern867, 370) The current study establishes PLL
dendrimers asbiodegradable permeability enhancers and may aid in the future

development of nontoxic oral drug delivery systems.
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Chapter 5 Internalization and Subcellular Trafficking of Poly -L-Lysine

Dendrimers Are Impacted by Site of Fluorophore Conjugatiorf

5.1Introduction

Dendrimers are nanoscale, highly branched polymers with unique
physicochemical properties including high charge density, monodispersity, predictable
size, and controllable number of surface groups making them ideal drug delivery vehicles
(114). The surface groups can be conjugated to therapeutic compounds, imaging agents,
and targeting moieties to create multifunctional nanomedicines tailored to have desired
properties (18, 143) Specifically, dendrimedrug conjugates have the potential to
increase drug solubility, enhance targetédig accumulation, and limit offirget
toxicities (353, 371) Both poly(amidoamine) (PAMAM) and poly-lysine (PLL)
dendrimers have been used to enhance the delivery of drugs with poor solubility and/or
permeabily (2527, 372, 373)PAMAM dendrimers have been shown to permeate the
intestinal epithelium, and, therefore, may improve the oral bioavailability of
Biopharmaceutics Classification System Class Il and Ill compe(28l, 24, 304) To
fully utilize the potential of dendrimers as delivery vehicles, particularly for oral drug
delivery, the underlying transport and trafficking properties must be investigated.

Dendrimer internatiation and trafficking mechanisms have been extensively
studied. We have shown that cationic and anionic PAMAM dendrimer uptake and
transport is hindered in the presence of endocytosis inhil§@@es 323, 374)PAMAM

dendrimers also colocalize with markers for clatherin, early endosomes, and lysosomes

* Reproduced with permission from Mol Pharm. 2014. Submitted for publication.
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(322, 324) These studies all suggest that PAMAM dendrimers are internalized by both
clatherin and caveolirmediated endagosis. In all of these studies a fluorophore was
conjugated to the dendrimer surface for detection. Because many PAMAM dendrimer
properties are imparted by charge density, attaching fluorophores to the surface can
interfere with desired properties. Thesuéant charge shielding of the fluorophore may
alter dendrimer uptake and trafficking which would have eventual implications on the site
of drug release.

While PLL dendrimers have been used for severalivo studies(25, 27, 354,
375, 376) a mechanistic analysis of cellular uptake and trafficking has yet to be
conducted. PLL dendrimers provide a biodegradable alternative to PAMAM dendrimers
while still maintaining similar physicochemical properties and are &iteadrug delivery
vehicles (354). In this study we investigated the internalization and trafficking
mechanisms of PLL dendrimers by measuring the impact of endocytosis inhibitors on
dendrimercell interactions andvisualizing intracellular trafficking. The dendrimers
synthesized provided a unique opportunity for fluorophore conjugation not only to the
surface but to the dendrimer core as well. Therefore, we also investigated the impact of
fluorophore conjugation &t on dendrimer properties. We compared the cytotoxicity,
transport, uptake mechanisms, and trafficking of PLL dendrimers with Oregon Green
(OG) 514conjugated to either the dendrimer surface or core. These studies will provide
the knowledge necessary totioaally design dendrimer drug delivery systems while
retaining the desirable properties that makes dendrimers unique from traditional

polymers, specifically withagards to oral drug delivery.
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5.2 Experimental Section

5.2.1 Materials

Boc-Lys-ONp wasobtainedfrom Chemimpex (Wood Dale, IL). All cell culture
supplies OG514 carboxylic acid succinimidyl ester, transferfilexaFluor (AF) 488
lysosomalassociated membrane protein 1 (LAMP1) antibody, secondary antibodies, and
Prolong Gol® wi t h -digming26phenylindle (DAPI) were purchased from Life
Technologies (Grand Island, NYyater soluble tetrazolium salt(WST-1) reagent was
purchased from Roche (Indianapolis, INBarly endosome antigen 1 (EEA1) antibody,
endocytosis inhibitors, and alther chemicals wer obtained from Sigma Aldrich (St.

Louis, MO) unless otherwise noted.

5.2.2 Synthesis of OG Dendrimer Conjugates

PLL dendrimers were synthesized as previously desciib&hapter 4Briefly,
Boc-protected lysine functionalized withmptrophenol was reacted wWit_-lysine methyl
ester in anhydrous dimethglilfoxide (DMSQO) with distilled triethylamine (TEA) for 3 h
at 75°C. Once the reaction was complete, the product was extracted in dichloromethane
(DCM) by washing three times with ammonium chloride, three timvéh sodium
bisulfate, and twice with brine. The Bg@cotected product was then dried over
magnesium sulfate, and the DCM was removed by rotary evaporation. The dendrimer
was deprotected in 1:1 DCM:trifluoroacetic acid (TFA) for 1 h after which time the
solvent was evaporated to obtain the deprotected first generation dendrimer (G1). These
steps were repeated with increasing reaction times using dry dimethylformamide (DMF)

as the aprotic solvent to obtain G2 and G3. For G3, precipitation in 0.1N sodium
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bicarbonate was used in the place of solvent extraction. The product was filtered, rinsed
with acetonitrile, and dried under vacuum.

For G30G dendrimers (OG attached to the dendrimer periphery), the dendrimer
was deprotected as described above. After thgiyuremoving residual TFA by
evaporation, G3 and OG514 carboxylic acid succinimidyl ester were combined 1:1 in
DMF with TEA and reacted at room temperature overnight. Once the reaction was
complete, solvent was removed by rotary evaporation. FEEGRA-OG dendrimers (OG
attached to the dendrimer core via an ethylenediamine (EDA) linker), EDA was first
added to the methyl ester at the demer core. EDA was added to Bpecotected G3 in
excess in DMF and reacted at room temperature overnight. The solventhem
evaporated, and the modified dendrimer was precipitated in acetonitrile and dried under
vacuum. The product was reacted with a slight excess of OG514 carboxylic acid
succinimidyl ester at room temperature overnight. After conjugation the dendriaser w
deprotected in 4:1 DCM:TFA for 1 h. Solvent was removed by rotary evaporation. Both
dendrimers were dissolved in water and placed in dialysis tubing with-2 R(a
molecular weight cutoff (Spectrum Labs, Rancho Dominguez, @4)daalyzed against
watea for 24 h. After dialysis, samples were lyophilized and storeeR@fC. MALDI-

TOF (Bruker Autoflex, Billerica, MA) was used to confirm all intermediates and
products. Size exclusion chromatography (SEC) with a mobile phase of 30:70 (v/v)
acetonitrile:Trs buffer pH 8 was used to determine dendrimer polydispersity and confirm
the absence of free fluorophore and other impurities. OG content was determine by a
fluorescence standard curva,£4 9 0  B#AD33 na) measured using a Gemini XPS

fluorescence microplate reader (Molecular Devices).
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5.2.3 Cell Culture

Cace?2 cells, a human colorectal adenocarcinoma cell line, were obtained from
the American Type Culture Collection (Manassas, VA). Cellssgpges 2@0) were
grown at 37°C with 5% CQand 95% relative humidity and
modi fied Eagleds medium ( DMEM) suppl emented
nonessential amino acids, 100 U/mL penicillin, and 10,000 pg/mL streptomycina Med
was exchanged every other day, and cells were passaged using 0.25% trypsin/ethylene

diamine tetraacetic acid at approximately®®o confluency.

5.2.4 Dendrimer Cytotoxicity

Dendrimer cytotoxicity was assessed utilizing the \AiISTell viability assay.
Cellswere seeded at a density of 50,000 cells/well in cleanv&bplates and incubated
under the conditions previously described for 48 h until use. Dendrimer solutions (0.5, 1,
and 1.5 mM) were prepared from 50 mM DMSO s
balancedsalt solution (HBSS) buffered witlO mM 4(2-hydroxyethyl) piperazind-
ethanesulfonic acid (HEPESJells were washed with HBSS and incubated with 100 pL
of dendrimer solution for 2 h. HBSS was used as a negative control to represent 100%
cell viability, and 0.1% (v/v) Triton XLOO served as a positive control. After treatment,
cells were washed with HBSS, and 100 pL of 1:10 WISHIBSS was added to each
well. Cells were incubated an additional 4 h after which time the absorbance was
measured at /4 nm and 600 nm (background signal) with a SpectraMax Plus 384
absorbance microplate reader (Molecular Devices, Sunnyvale, CA). Results are reported

as the percent viability compared to the HB&@htrol + standard deviation ($D
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Statistical significance as determined by ongay analysis of variance (ANOVA) with

Dunnettodos test for multiple comparisons.

5.2.5 Cellular Internalization
Uptake of dendrimers was measured in undifferentiated -Camlls. Cells were
seeded as previously described for cytotoxicity expents. Dendrimer solutions (25
HMM) were added to cells and incubated for 1 h at 37°C. For inhibitor studies, cells were
preincubated with 300 uM monodansyl cadaverine (MDC), 1 puM phenylarsine oxide
(PAO), 4 uM filipin (FIL), 50 pM genstein (GEN),10 mM methytb-cyclodextrn
(MbCD), 50 OM dynasore (DYN), or 0.1 OM wor
coincubation with inhibitor and dendrimer for an additional hour. After treatment, cells
were washed twice with HBSS, and OG fluorescence was measuresl.w@edl then
lysed with 70% (v/v) DMSO in buffered HBSS. A Bradford assay was used to determine
the protein content for each well. Standard curves were prepared for each treatment
condition to determine dendrimer content and to eliminate any differences in
fluorescence from dendrimémhibitor interactions. All inhibitors were confirmed to have
greater than 85% cell viability at the concentrations used for experiments. Uptake results
for native dendrimers are reported as the amount of dendrimer per thetahprotein
in each well £ ® . An unpai rtestd was tiseddte confiGnsa sthtistically
significant difference in uptake. Results of the inhibitors studied are presented as the
percent uptake comaped to the dendrimer alone P SStatistically sigificant decreases
between dendrimer uptake and uptake with inhibitor treatments were calculated- by one
way ANOVA with Dunnettds p-®6andea8EDA-O@DI ffer en

were also compared usingtwoay ANOVA with Bonferronibés pos
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5.2.6 Transepitlelial Transport

Transepithelial transport of the dendrimers was investigated in differentiated
Caco2 monolayers. Cells were seeded at 80,000 cells/well #vell polycarbonate
Transwell inserts (Corning, Tewksbury, MA) with a mean pore size of 0.4 um and
incubated for 2428 days before use. Monolayers were confirmed by measuring
transepithelial electrical resistance (TEER) with a voltohmmeter (World Precision
Instruments, Sarasota, FLhna@ only monol ayer s ?weieused fdfEER > 5
experiments. Dendrimer transport was measured from the apical to basolateral
compartment after a 1 h treatment with 25 pM of either@&3 or GIEDA-OG at 37°C
and 4°C. Lucifer yellow (LY, 200 uM) wasised as a control to which dendrimer
permeability was compared. After incubation, samples were taken from the apical and
basolateral chambers for fluorescence measurement. Results are reported as the percent
of apparent permeability cqraredto LY £ SD. Statisticalsignificance was calculated by

oneway ANOVA with Tukeyodés multiple comparison

5.2.7 Intracellular Trafficking

Dendrimer colocalization with intracellular organelles was measured in
differentiated Cac@ cels. TransferrirAF488was used as a conol ligand. Monolayers
were prepared and maintained as described above. Cells were washed twice with buffered
HBSS followed by incubation in the apical compartment with 1 uM dendrimer or 250
pg/mL transferrinrAF488 for 30 min at 4°C. After allowing for tacthment to the cell
surface, cells were washed twice with-@mdd HBSS and incubated in HBSS at 37°C for
5, 15, or 30 min to allow for internalization. Cells were then fixed in cold methanrol at

20AC for 15 min. Aft er wa phosphatg buffdied saéine t i me s
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(DPBS), cells were permeabilized and blocked with 0.2% (v/v) TritetOX and 3%
(w/v) bovine serum albumin in DPBS for 1 h at room temperature. Once permeabilized,
cells were incubated with primary antibodies in blocking solu(®pg/mL rabbit anti
EEAL or rabbit antLAMP1, both with 1.5 pg/mL mouse ardiccludin) for 1 h at 37°C.
Cells were then washed three times with DPBS and incubated with secondary antibodies
in blocking solution (1:400 Cy5 goat an#bbit IgG and AF568a@at antimouse 1gG) for
1 h at room temperature. After staining, monolayers were washed three times with DBPS,
excised, and mounted on glass slides with Prolong &addntaining DAPI. The
mounting medium was allowed to cure for 24 h at room temperat@reveiich time the
slides were sealed and stored at 4° C until imaged.

Images were acquired using a Nikon Al laser scanning confocal microscope.
DAPI, OG/AF488, AF568, and Cy5 were excited with 404 nm, 488 nm, 561 nm, and 641
nm lasers, respectively, and0450, 525/50, and 595/50 filter blocks were used. Feur z
stacks were collected for each image with the following parameters: Plan apo VC 60x oil
objective, 38.0 um pinhole, 4.6 us pixel dwell, 2x line average, 3x optical zoom, 41um z
step size, and 512x5lithage size. Images were processed using Volocity 3D Image
Analysis Software v6.3 (PerkinElmer, Waltham, MA). Colocalization between
OG/AF488 and the nucleus, tight junctions, early endosomes, and lysosomes was
calculated in the software by thresholding lreathannel between 10% and 100%.
Mander 6s col ocal iavast usen o rapreserit the tractiem af grdem
voxels that colocalized with blue, red, or psegydople. Results are displayed as M

SD.
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5.3Results

5.3.1 Synthesis and Characterization of -G& and G3EDA-OG

G3 PLL dendrimers with OG514 located either on the dendrimer periphery or at
the dendrimer core were synthesized to determine the intracellular uptake and trafficking
of PLL dendrimers and to ascertain the impact of fluorophore locationhese t
mechanisms. The structures of both dendrimers are illustratEédjume 5.1 while the
physicochemical properties are listedTable 5.1. MALDI-TOF was used to confirm
dendrimer products, and fluoresice spectroscopy was employed to determine the OG
content of each dendrimer. &3G had 0.9%0.20 molecules of OG per dendrimer while
G3-EDA-OG had 0.580.06 The polydispersity of each dendrimer conjugate was

determined by SEC to be 1.04 and 1.06 for@3 and G3EDA-OG, respectively.

5.3.2 Cytotoxicity of Dendrimers

Caco?2 cell viability after 2h treatment with conjugated and native GBL
dendrimers was compared to determine the impact of conjugation as well as conjugation
site on cytotoxicity(Figure5.2). A range was chosen to encompass known nontoxic and
highly toxic native G3 concentrations. Fluorophore conjugation to a terminal amine
resulted in decreased dendrimer toxicity.-GG was nontoxic up to 1 mM and showed
less toxicitythan G3 alone at 1.5 mM. Conjugating OG to the dendrimer core, however,
resulted in an increase in dendrimer toxicity with the lowest concentration tested

decreasing cell viability more than the 1 mM G3 treatment.
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Table5.1. Characterization of PLL dendrim@G conjugates.

Dendrimer MW?2 PDI° Mol OG/ Dendrimer

G3-0G 2449 1.04 0.97+0.20
G3-EDA-OG 2477 1.06 0.58+0.06

@Calculated from structure and confirmed by MALDOF.
® polydispersity index, calculatetbfn SEC data.
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Figure 5.1. Structures of G®G (A.) and GZEDA-OG (B.) with the fluorophore and
linker emphasized in bold.
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Figure 5.2. Cacae2 cell viabiity after 2 h incubation with native and conjugated PLL
dendrimersMean + standard deviation ($[h=4). *** denotes a statistically significant
decrease in cell viability compared to the untreated control with p<0.001.
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5.4.1 Impact of OG Conjugation Sitexdendrimer Uptake and Transport

Internalization and transepithelial transport of-GG@ and G3EDA-OG were
compared to establish the impact of dendrimer conjugation on these propertie2 Caco
cells had nearly double the uptake of-BBA-OG compared to GB®G within 1 h of
treatment(Figure5.3). For transepithelial transport, @3G achieved significantly higher
transport than GEDA-OG and thaY control in differentiated monolaye(Bigure5.4).
G3-0G al® displayed a significant decrease in transport at 4°C whikE@8-0OG
experienced only a minimal decrease. Both of these studies illustrated the impact

conjugation site can have on eventual dendrimer drug delivery.

5.4.2 Dendrimer Internalization in the Presemof Endocytosis Inhibitors

Cellular uptake of GG and G3EDA-OG was assessed utilizing a panel of
inhibitors to investigate clatherin caveolin, cholesterel and dynamirmediated
endocytosis as well as macropinocyto@isgure 5.5). MDC and PAO were used to
inhibit clatherinmediated endocytosis. MDC increases clatherin polymerization creating
stabilized pits unable to form vesicl€x77-379). PAO is suspected to inhibit clatherin
coaed pit internalization as well by causing a depletion of diacylglycerol, a small
signaling lipid that affects the curvature of membrane bilayers and eventual vesicle
scission(380-382). MDC had no impact on uptaler either dendrimer. PAO inhibited
uptake of GZEDA-OG but not G30G, suggesting that dendrimer uptake may partially
be mediated by clatherin and affected by fluorophore location. To study caveolin
mediated endocytosis FIL and GEN were used. FIL fornsnaptex with cholesterol in
noncoated membrane invaginations rich in cholesterol, such as those associated with

caveolae, disrupting vesicle formati@83, 384) GEN interferes with caveolimediated

117



15004

=

*]

E

(="

=

510004

E

g [
2 5004

%)

v

E

=9

- 0 v

G3-0G G3-EDA-OG

Figure5.3. Uptake of dendrimers in Ca&@cells after 1 h treatmenResults are shown
as the mean + Sh=4).

118



500. Sk ksk " sk ok
3k ck
4004 _l_' '
£
& 3004
=
51
5 2004
=5
-
1001 I Izl
LY G3-0G G3-EDA-OG

Figure5.4. Transport of dendrimers across diffeiatgd Cace?2 monolayersat 37°C
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statistical significance between different 37°C treatments and between 37°C and 4°C
samples of the same treatment p<0.001.
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endocytais by inhibiting tyrosine kinases required for actin cytoskéletorganization
and dynamin 2recruitment, essential events for caveolae internalizai3®b, 386)
While FIL did not decrease G3G uptake, GEDA-OG uptake was reduced. GEN
lowered the uptake of both dendrimers; therefore, PLL dendrimers likely utilize caveolae
as a means of internalization.

In addition to specific inhibitors of clatherior caveolinmediated endocytosis,
we also studied compousdhat inhibit both mechanisms as well as a macropinocytosis
inhibitor. Mb CD, a cyclic glucopyranoside o
plasma membrane, was used to dsthlihe impact of cholesterohodendrimer uptake
(387,388) Treat ment with MbBbCD resulted in a sig
regardless of fluorophore location. Cholesterol is important for both clatbeated pit
and caveolae internalization; therefore, dendrimers arly likernalized in part through
both mechanism¢389, 390) We also investigated the impact of DYN, a dynamin
inhibitor (342). Dynamin2 is a GTPase responsible for vesicle fission in-degendent
andT independentmdocytic pathway$391, 392) We again saw a significant decrease in
dendrimer internalization further supporting the importance of clatherin and caveolae for
both dendrimers. WORT was chosen as an inhibitor ofopérmocytosis, a nogelective
endocytosis route commonly utilized by macromolecu(93). WORT prevents
macropinocytosis by inhibiting phosphoinositidekiBase, a protein necessary for the
closure of macropinosaoes (394, 395) Dendrimer uptake was diminished by WORT
treatment suggesting the role of nonspecific internalization of dendrimers in addition to

the selective clatherdrand caveolirmediated mechanisms.
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Figure5.5. Percent uptake of GAG (white bars) and GBEDA-OG (gray bars) in Caeo

2 cells in the presence of endocytosis inhibitétesuls are reported as the meanB S
(n=4). *, ** and *** indicate a statistidéy significant decrease in uptake compared to
dendrimer uptake alone with p<0.05, p<0.01, and p<0.001, respectively.
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5.4.3 Intracellular Trafficking and Visualization of Dendrimers Interacting with
Monolayers

Along with establishing mechanisms of PLL dendeininternalization, we also
investigated the intracellular trafficking of the dendrimers in polarized Qaco
monolayers. Colocalization coefficients were calculated for the overlap of dendrimers or
transferrin with the nucleus (DAPI), tight junctions (amth), early endosomes (EEAL),
and lysosomes (LAMP1jFigure 5.6). G3OG showed rapid uptake into the cell and
localized early with the nucleus, endosomes, and lysosomes. As incubation time
increased little change was noted in di@mer localization, suggesting that @85
internalization is not specific to mechanisms involved in endosomal and lysosomal
trafficking. G3EDA-OG displayed consistent uptake within the nucleus with localization
to the tight junctions and endosomes insneg@ with time. Colocalization with lysosomes
was substantially higher than that with other markers with a marginal decrease between
15 and 30 min. In contrast, transferrin had minimal nucleus and tight junction
colocalization and was primarily present it the endosomes and lysosomes.
Lysosomal localization remained consistent across the time points investigated
suggesting pathway saturation. While these results were different from previously
published findings in undifferentiated ce(822), polarized monalyers have distinctly
different protein localization at the apical and basolateral don{@a@t398).

Figure 5.7 demonstrates the interaction of dendrimers and transferrin with
monolayersafter a 30 min incubation. Green fluorescence was generally present in the
upper half of the cells, and all images showed internalizationrE3-OG and

transferrin visually exhibited a much higher interaction with the monolayer thad@®&3
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Figure 5.6. Intracellular trafficking
of G30G (A.), G3EDA-OG (B.),
and transferrimrAF488 (C.) in Cace

2 monolayers Colocalization with
the nucleus (DAPI), tight junctions
(occludin), endosomes (EEA1), and
lysosomes (AMP1) is shown at 5
min (white bars), 15 min (gray bars),
and 30 min (black bars).eRults are
reported as mean + SD=4).
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Figure 5.7. Interaction of dendrimers and transferrin with differentiated €aco
monolayers Images are representative of the 30 min time point usedalmulate

colocalization. Blue=nucleus, red=tight junction, purgledosomédysosome, and

greenzlendrimer/transferrin.
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All three treatments have punctate regions resembling vesstippprting the inhibitor
results that dendrimers utilize vesicular endocytosis for internalization. Additionally G3
EDA-OG showed localization with the cell nucleus, which is unsurprising given the use

of cationic dendrimers as transfection ag¢B€9)

5.5Discussion

PAMAM dendrimers have been shown to traverse intestinal epithelia while
carrying poorly bioavailable drug$23, 24, ®4). We recently established PLL
dendrimers as a less toxic alternative to PAMAM dendrimers for oral drug delivery.
While PAMAM dendrimer internalization and trafficking have been establigBg&

324, 374) the nechanisms of PLL dendrimer uptake and trafficking have yet to be
investigated. Localization of drug delivery systems can impact drug release, degradation,
and toxicity (400), therefore, understanding the mechanisms of cellular entry and
intracellular trafficking is exceedingly important. In this study we established
mechanisms of uptake utilized by PLL dendrimers as well as the intracellular localization
of these dendrimers after internalization. We also compared the uptake and transport of
dendrimers with a fluorophre conjugated to either the dendrimer surface or core to
establish the impact of conjugation on dendrimer properties.

Studies of PAMAM dendrimer internalization rely on monitoring a fluorophore
conjugated to the dendrimer surface instead of the denditseéir Although fluorophore
conjugation likely influences the uptake, transport, and routing of the dendrimer,
conjugation of drug would likely induce the same effects; therefore, fluorophores such as
fluorescein and other fluorinated analogs may progded substitutes for studying the

impact of small hydrophobic drugs on dendrimer delivery properties. Our PLL

125



dendrimers contained an unbranched methyl ester group at the core providing an
additional option for conjugation compared to traditional surfamgugation strategies;
therefore, we conjugated OG to either the dendrimer periphery or the dendrimer core via
an EDA linker. Comparing the cytotoxicity of the conjugated dendrimers to nagve
PLL dendrimerswe found that conjugation site had oppostt@sequences on dendrimer
toxicity. G3-OG was less toxic to the cells than the native dendrimer. Other studies have
reported similar findings in which conjugation to the dendrimer surface resulted in
decreased cell dea(R0). At lower generations dendrimers take a floppy confirmation
which decreases the charge density, the primary property responsible for cationic
dendrimer toxicity (359, 360) When OG is conjugated to thewrgace of G3 PLL
dendrimerssome of the positive charge is shielded by the fluorophore, and the dendrimer
can still retain a flexible confirmation. Conjugating OG to the dendrimer core would not
provide any charge shielding, and the addition of a bulkygiinto the dendrimer would
likely result in a more rigid dendrimer structure. Without the ability to fold freely, the
charge density would increase resulting in increased toxicity. AlthougB38OG has
a higher cytotoxicity, the concentrations testeel much higher than concentrations that
would be needed for drug delivaryvivo (304).

In addition to cytotoxicity, we also investigated the impact of fluorophore site on
G3 PLL dendrimeruptake and transport. Surface conjugation significantly reduced the
uptake ofG3 PLL dendimerscompared to core conjugation. EDA-OG experienced
over double the amount of uptake compared teQ&3 For transepithelial transport, the
opposite effect was seen. &85 had an apparent permeability over three times that of

G3-EDA-OG and theLY control. We also investigated transport at 4°C and found that
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G3-0OG transport was significantly decreased indicating that ersiggndent
mechanisms are in part responsible for dendrimer transport. Only a marginal difference
was seen for GEDA-OG at 4°C eitbr because transport was minimal to begin with or
G3-EDA-OG cellular interactions were primarily electrostatic. Cationic dendrimers have
been shown to predominantly interact with membranes electrosta(i8afy, therefore,
G3-EDA-OG likely sticks to the cell surface while &3G is transported through the cell.

To further investigate the impact of fluorophore conjugation and establish
internalization mechanisms of PLL dendrimers, we investigated dendrimer uptidiee in
presence of a panel of inhibitors of different endocytosis mechanisms. Dendrimer
endocytosis occurred equally between specific and nonspecific mechanisms. Inhibitors of
clatherinmediated endocytosis had the least impact on uptake while cavesdiaed
endocytosis inhibitors caused more substantial decreases. In general, inhibitors for both
mechanisms were more potent for-eBA-OG; however, differences between-G&
and G3EDA-OG were not statistically significant. Inhibitors of both cholesteantl
dynaminmediated endocytosis significantly reduced dendrimer internalization further
implicating the role of caveolae and lipid rafts in PLL dendrimer uptake. Decreased
internalization in the presence of WORT, an inhibitor of nonspecific macropinogytosis
highlighted the ability of dendrimers to enter cells through a variety of routes. Like
PAMAM dendrimers, PLL dendrimers are not relegated to a single means of
internalization, and endocytosis is a result of a combination of mechanisms.

Intracellular trdficking studies were used to further elucidate the environments
that may be encountered by the dendrimers after internalization. Knowledge of the pH

and enzymes a drug delivery system will experience, which vary by intracellular
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compartment, are cruciabif proper drug releag@d00). PAMAM dendrimers have been
shown to colocalize with endosomal and lysosomal markers in-Eaedls (322, 324)
however, the trafficking of PLL dendrimers has yet to be investigated. Alsoretieys
studies were conducted in undifferentiated cells in which trafficking can only occur in
one direction. Our studies were conducted in polarized monolayers that allowed for
trafficking to and from both the apical and basolateral compartments. Atlinteaits
showed minimal colocalization with occludin, and -G& and transferrin had little
colocalization with the nucleus. @DA-OG had consistent nuclear localization within 5
min of treatment. Cationic dendrimers are proven gene transfection a@9%p
therefore, localization of the fully charged dendrimer to the nucleus was not unexpected.
The patterns of colocalization with early endosomes and lysosomes weue tmigach
treatment. G30G had rapid endosomal trafficking followed by a decline before
increasing again while lysosomal trafficking showed the reverse pattern. FBD&3

OG localization in the endosomal compartment slowly increased with time while the
lysosomal compartment localization was rapid with a large portion of dendrimer present.
In polarized cells, EEA1 has been shown to associate with basolateral endosomes that do
not associate with apical endoson(®387). From our transport study, @3G was capable

of traversing the epithelial monolayers while -GBA-OG had much lower transport.
Therefore, G30G may be trafficked to the basolateral endosomes faster th&DG&3

OG which takes much longer to reach theoteteral side of the cell due to electrostatic
interactions. Localization with EEA1 decreased as@&3 was efficiently exocytosed
until more dendrimer could reach the basolateral domairEBA-OG exhibited higher

lysosomal accumulation than &3G which calld have implications on drug delivery
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vehicle design. The control ligand transferrin did not colocalize with endosomes until 15
min while being consistently present in the lysosomes. Transferrin is typically
internalized via clatherimediated endocytosisom the basolateral membrai(401);
therefore, the delay in endosomal localization may have been a result of the apical
treatment.

Different subcellular compartments posseffe®ent pHs and enzymes. Drugs are
commonly conjugated to dendrimers via eithergetisitive or enzymeleavable linkers
(402), therefore, knowledge of subcellular trafficking is essential to selecting thector
conjugation strategy for optimal drug release. Our results indichét PLL dendrimers
exploit a variety of internalization mechanisms, preferentially utilizing cholesterol
mediated uptake and macropinocytosis. We also demonstrated the impagugéton
site on uptake, transport, and subcellular localization. Thegdies highlight the
importanceof rationally designing dendrimer delivery systems to achieve successful drug
delivery. Conjugation site can be chosen based on the desired delseatigrip and drug
linkers can be designed to be compatible with the most likely dendrimer accumulation

site.

5.6 Conclusion

In this work we reported the detailed mechanisms of endocytosis and intracellular
trafficking of PLL dendrimers in Cae® cells and thémpact of fluorophore conjugation
site on these mechanisms. We found that PLL dendrimers primarily employed caveolin
cholesterol and dynamirmediated endocytosis while also being taken up through
nonspecific macropinocytosis. Dendrimers localized ithlEndosomes and lysosomes,

with coreconjugated dendrimers exhibiting higher localization in these vesicles.
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Knowledge of these mechanisms will be beneficial in achieving successful drug release
and therapeutic results. Additionally the drug conjugatitve say be tailored to the
desired delivery route. In summatiie results of this work will aid in the rational design

of PLL dendrimers as drug delivery carriers.
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Chapter 6 Conclusions and Future Directions

6.1 Conclusions

As described in Chapter 2, dendrimers aegsatile polymers with myriad
therapeutic applications. In addition to having inherent therapeutic properties,
dendrimers have also shown great promise as drug delivery carriers, improving
bioavailability and targeting to increase efficacy and reduce raelveide effects.
Specifically, dendrimers have the potential to improve chemotherapy by increasing the
solubility and oral bioavailabilty of drugs currently limited to intravenous
administration. Oral chemotherapy can improve patient compliance anckredatiment
costs thus making oral administration ideal. Poly(amidoamine) (PAMAM) dendrimers
have been shown to permeate the intestinal epithelium indicating potential use as an oral
drug delivery carrier. While many studies in our laboratory have detedntire effects of
surface modification on dendrimer transport and uptake and the generation and
concentration range to limit cytotoxicity, a large gap in knowledge exists in transport and
cytotoxicity mechanisms of PAMAM dendrimers. Additionally biodegtdda
alternatives such as pelylysine (PLL) dendrimers have yet to be investigated for oral
drug delivery. In this dissertation we explored the mechanisms of dendrimer transport
and internalization and established PLL dendrimers as viable oral drugyekacles.

In Chapter 3, we demonstrated the ability of cationic PAMAM dendrimers to
open tight junctions allowing for the paracellular transport of a small compound with
poor permeability. While anionic dendrimers increased the immunofluorescence of key

tight junction proteins, these dendrimers did not increase paracellular transport.
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Therefore, determining voxedounts in confocal microscopy-stacks may not be a
suitable technique for determining tight junction opening. The previously described
permeabity enhancement of anionic PAMAM dendrimers was likely a result of the
efficient clatherin and caveolirmediated endocytosis mechanisms utilized by
dendrimers. In contrast, cationic PAMAM dendrimers induced calcium release in live
Cacec?2 cells, and thiselease was negated by pretreatment with a phospholipase C (PLC)
inhibitor; therefore, cationic dendrimers likely open tight junctions via Jrigdliated
calcium signaling. Importantly, cationic dendrimer permeability was reversible once the
dendrimers wereemoved indicating that dendrimers should not permanently damage the
intestinal epithelium. The results of Chapter 3 illustldbe impact dendrimer charge can
have on the transport of these polymers. Depending on the tumor location, different
dendrimes should be chosen. Anionic dendrimers may be more appropriate for local
delivery after oral administration targeting colorectal tumors. As these dendrimers are
internalized into lysosomes, drug release in intestinal cells would easily be achieved.
Becauseof their ability to be transported paracellularly, cationic dendrimers may be
capable of reaching systemic circulation. As intestinal absorption into the portal vein
results in direct access to the liver, cationic dendrimers may be beneficial in theetreat
of hepatic tumors, particularly tumoo$ nonhepatic originthat have metastasized to the
liver.

Although PAMAM dendrimers have shown promise for oral drug delivery, the
accumulation of these nategradable dendrimers is of concern, especially fer th
treatment of cancer in whick multi-dosingregimenwill likely be required. Therefore,

we investigated the use of PLL dendrimers for oral drug delivery in Chapter 4. In
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comparison to PAMAM dendrimers, PLL dendrimers were equally capable of enhancing
the permeability of mannitol. PLL dendrimers also induced a similar decrease in
transepithelial electrical resistancempared to PAMAM dendrimers of the same surface
charge. We also examined the mechanismesytdtoxicity utilized by both dendrimers.
Becauseapoptosis and necrosis do not exist as separate events but as a continuum of cell
death dependent on concentration and duration of toxin exposure both mechanisms were
investigated in the presence of high and low dendrimer concentrations for 2 and 24 h.
After shortterm treatments, low concentrations of both dendrimers resulted in mild
caspase activation and apoptosis while high concentrations caused necrosis. After a long
term treatment, PLL dendrimers displayed less toxicity than PAMAM dendrimers, likely
due to dendrimer degradation. Both dendrimers caused minimal reactive oxygen species
generation especially in differentiated Ca@omonolayers and induced the formation of
apoptotic bodies. While PLL dendrimers exhibited similar toxicity mechaniass
PAMAM dendrimers, the lower lonterm toxicity may be beneficial for the treatment of
cancer in which multiple dosese required and dendrimer accumulation is a concern.

To further establish PLL dendrimers as oral drug delivery carriers, we
investigated themechanisms of internalization and subcellular localization in @Qaco
cells. We also explored the impact of conjugation site on these mechanisms. In Chapter 5,
we conjugated PLL dendrimers to Oregon Gré@G) 514 a fluorophore representative
of small, hydophobic drugs. By utilizing a functional core, we were able to conjugate
OG514to either the dendrimer core or the surface. Conjugation site impacted dendrimer
cytotoxicity, transport, and uptake. Conjugation to the dendrimer surface reduced the

cytotoxiaty while core conjugation increased cytotoxicity; however, both dendrimers
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were nontoxic at concentrations necessary for drug delivery. While surface conjugation
increased dendrimer transport, uptake was reduced; the opposite results were obtained
with core conjugation. Surface conjugatidikely resultedin shielded surface charge
limiting the interactions of the cationic dendrimer with the negatively charged cell
membrane. Regardless of 68! location, both dendrimers interne¢d through
cholesterol armd dynaminmediated mechanisms, particularly cavestiediated
endocytosis. Additionally macropinocytosis was a major route of internalization. Despite
utilizing similar internalization mechanisms, the subcellular trafficking in polarized
Caco? cells varid slightly. Coreconjugated dendrimers rapidly targeted the nucleus and
accumulated in the lysosomes while surfaoejugated dendrimers accumulated in
lysosomes but to a lesser extent. These studies illustreempact conjugation can have

on the intenalization, intracellular trafficking, and transport of dendrikderg delivery
vehicles. Because the pH and enzymes that drug carriers will encounter are dependent on
their localization, these studies are vital for developing effective denddrmgr
conpgates with efficient and targeted drug release.

Taken together the results of this dissertation illustrate the importance of
rationally designing dendrimeirug conjugates. To utilize the unique properties of
dendrimers, the underlying mechanisms assediawith these properties must be
understood. Cationic dendrimers show promise as paracellular permeability enhancers,
with PLL dendrimers serving as a biodegradable alternative to the more established
PAMAM dendrimers. PLL dendrimers are also less cytatoian PAMAM dendrimers.
Lastly, conjugating even a single drug to the dendrimer can significantly impact the

transepithelial transport, uptake, and trafficking of dendrdrag conjugates.
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6.2 Future Directions

While the detailed mechanisms of PAMAM dendeirmediated tight junction
modulation have been elucidatedore work on finding the key players in the PLC
pathway wih which dendrimers interact tdiat a response should be conducted. By
understanding the tight junction modulating mechanisms, thdseaations may be
harnessed to further enhance dendrimduced permeability. The synergistic toxicity of
G4 PAMAM dendrimers and the myosin light chain kinase inhibitor Méhould also be
investigated as the interaction that is inhibited is importaor fmediating cationic
dendrimer toxicity.

PLL dendrimers showed promise as an alternative to PAMAM dendrimers for
permeation enhancement with less long tegtotoxicity. The degradation mechanisms
of these dendrimers should be studied to establish safetyld accumulation occur.
Knowledge of PLL dendrimer degradation will also be important to develop a
formulation strategy to protect the dendrimer until the desired site of drug release is
reached. Larger generation PLL dendrimers should also be iratestigs the increased
number of surface groups increases the number of potential conjugation sites. Larger
dendrimers also have a more rigid structure would could negatively impact degradation.

In addition to studying dendrim@&rug conjugates, the impaaf linkers between
the dendrimer and drugs on transport and uptake should also be investigated. Once a
target is established, appropriate linker chemistry can be studied maleptim to
optimize drug release. Transport and uptake of dendrimer carridisbaih targeting
moieties and drugs can also be studied. By utilizing both core and surface conjugation,

targeting moieties can be stgbhttached to the dendrimer surface while a drug can be
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attached to the dendrimer core vibiadegradable linker. Thisonstruct would allow for
sufficient targeting while limiting premature drug release.

Once targeted dendrimédrug conjugates are optimizéal vitro, in vivo studies
should be conducted to determine the biodistribution of the conjugates. After initial
biodistribution studies, linker chemistry and formulation strategies can again be adjusted
to further optimize drug delivery. By studying the mechanisms of dendrmeeiated
oral drug delivery, informed dendrimdrug conjugate design decisions can be made.
The results of this work and the proposed future studies should help progress oral
dendrimerdrug delivery systems forward to realize their full potential for the treatment

of cancewia oral administration
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Appendix A Synthesis and Characterization of PolL-Lysine
Dendrimers

A.1  Abbreviations

Boc: tertbut o xyc ar bo n-gyanod-hy@rbxgenamicUacid; DCM:
dichloromethane; DHB: 2;8ihydroxybenzoic acid; DMF: dimethylformamide; DMSO:
dimethyl sulfoxide; EDA: ethylenediamine; FPLC: fast protein liquid chromatograph
HPLC: high performance liquid chromatography; MALDOF MS: matrixassisted laser
desorption/ionizatiostime of flight mass spectrometry; MWCO: molecular weight cut
off; ONp: p-nitrophenyl ester; OG: Oregon green; PDI: polydispersity index; PLL:=-poly
L-lysine; RI: refractive index; SEC: size exclusion chromatography; TEA: triethylamine;
TFA: trifluoroacetic acid; UV: ultraviolet light
A.2  Materials

All materials were used as obtained from commercial sources unless otherwise
noted. ONpactivated, Bogroteced lysine was purchased from Q@henpex (Wood
Dale, IL). OG14 carboxylic acid succinimidyl ester was purchased from Life
Technologies (Grand Island, NY). All other chemicals were purchased from Sigma
Aldrich (St. Louis, MO). DCM and DMF for synthesis watded using a Glass Contour
solvent purification system (PPT, Nashua, NHEA was distilled and stored over
molecular sieves after purchase.
A.3  Characterization and Equipment

All intermediate and final products were confirmed by MAEDDF MS (Bruker,

Billerica, MA). Bocprotected dendrimers were characterized by -SICC. The SEC
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system consisted of a Styragel HR4E column (Waters, Milford, MA) with a mobile phase
of DMF and 005 M LiBr attached to a Waters HPLC system (515 pump, 717
autosampler, 2414 refracé index detector). OG content was quantified by comparing
dendrimer fluorescences= 4 9 0 4AB33 nm)to an OG standard curve using a
Gemini XPS fluorescence microplate reader (Molecular Devices, Sunnyvale, CA). OG
conjugated dendrimers were characterized by-EPCC using a Superose 12 10/300GL
column (GE Healthcare Life ScienceBijttsburgh, PA) attached to an AKTA FPLC
system (UPE300 UV detector, 20 pump, INVO07 motor valve, GE Healthcare Life
Sciences) with a mobile phase of 30%/70% v/v acetonitrile/Tris buffer pH 8. OG was
detected by UV absorbance at 280 nm.

A.4  Synthesis ofNative PLL Dendrimer

A.41  PLL G}Boc Q)

L-Lysine methyl ester1) (570.3 mg, 2.45 mmol) was combined with 2.2
equivalents of Bod.ys(BocYONp @) (2.52 g, 5.39 mmol). After evacuating the flask
and refilling with Ar, the reactants were dissolved in DMSO (10),nsind TEA was
added (1 mL, 7.2 umol). The reaction was heated to 75°C and allowed to proceed
overnight. Once the reaction was complete as determined by MACOMN MS (conc.

DHB in ethyl acetate), EDA (3 mL, 45 umol) was added to react with the remaining
protected Lys for 3 min. The product was extracted in DCM and washed with conc.
NH4CI (3X), conc. NaHS®(3X), and brine (2X) then dried over MgaQ\fter filtering,

the pale yellow product was obtained by evaporatimg remaining DCM (2.03 g,
quantitativg. Calculated: [M+Na] (CagH72NsO12Na) m/z=839.52. Found MALBTOF

MS: [M+Na]" m/z=839.42.
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A42  PLLG1@)

To remove the Boc protecting group, 18 mL 1:1 TFA:DCM was slowly added to
protected dendrime3 (2.03 g, 2.48 mmol) and stirred for 1 h. Complete deproteetas
verified by MALDI-TOF MS (conc. DHB in ethyl acetate). Solvents were removed under
vacuum by repeated rotary evaporation with MeOH followed by DCM, and the
remaining viscose oil was used for future reactions without further purification.
Calculated [M+Na]* (C1oH40NsOsNa) m/z=439.31. Found MALBTOF MS: [M+Na]
m/z=439.27.

A.4.3 PLL G2Boc 6)

Dendrimer4 (2.03 g, 2.48 mmol) was combined with 4.4 equivalents of-Boc
Lys(Boc)}ONp 2) (5.11 g, 10.93 mmol). Under Ar, the reactants were dissolved in DMF
(15 mL), and TEA was added (1 mL, 7.2 umol). The reaction was allowed to proceed at
room temperature overnight. Once the reaction was complete as determined by-MALDI
TOF MS (conc. DHB in ethyl acetate), EDA (5 mL, 75 pumol) was added to react with the
remaining potected Lys for 5 min. The product was extracted in DCM and washed with
conc. NHCI (3X), conc. NaHS® (3X), and brine (2X) then dried over MgaAfter
filtering, the pale yellow product was obtained by evaporating the remaining DCM (3.24
g, 76%). Calcudted: [M+Na] (CgsH152N14024Na) m/z=1752.11. Found MALBTOF
MS: [M+Na]" m/z=1751.70.

A4.4  PLLG26)

To remove the Boc protecting group, 20 mL 1:1 TFA:DCM was slowly added to

protected dendrimes (1.5 g, 0.87 mmol) and stirred for 1 h. Complete deprotectias w

verified by MALDI-TOF MS (conc. DHB in ethyl acetate). Solvents were removed under
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vacuum by repeated rotary evaporation with MeOH followed by DCM, and the
remaining viscose oil was used for future reactions without further purification.
Calculated: [M] (CassHgsN14Og) mM/z=929.69. Found MALDBTOF MS: [M]'
m/z=929.61.

A.45  PLL G3Boc (7)

Dendrimer6 (1.5 g, 0.87 mmol) was combined with 8.8 equivalents of-Boc
Lys(Boc)ONp @) (3.57 g, 7.64 mmol). Under Ar, the reactants were dissolved in DMF
(10 mL), and TEA wasdded (1 mL, 7.2 umol). The reaction was allowed to proceed at
room temperature overnight. Once the reaction was complete as determined by-MALDI
TOF MS (50 mg/mL DHB in MeOH), the reaction mixture was precipitated into 1 L 0.1
M NaHCQO; and stirred for 30min. The product was filtered out and washed with
acetonitrile. The offivhite powder was dried under vacuum (1.63 g, 53%). Calculated:
[M+Na]* (Ci7iHa1MN3cOsNa) m/z=3577.29. Found MALBTOF MS: [M+Na]
m/z=3578.95. SEEIPLC: PDI=1.04.

A46  PLLG3@)

Boc proteting groups were removed by slowly adding 10 mL 1:1 TFA:DCM to
protected dendrimer (750 mg, 0.21 mmol) and stirred for 1 h. Complete deprotection
was verified by MALDITOF MS (15 mg/mL CHCA in MeOH). Solvents were removed
under vacuum by repeated rotayaporation with MeOH followed by DCM, and the
remaining viscose oil was used for future reactions or experiments without further
purification. A portion of the product (250 mg) was dissolved in DMSO to create a 90
mM stock solution and stored #0°C tobe used for experiments. Calculated: [M+Na]

(Co1H184N30016Na) m/z=1976.45. Found MALBTOF MS: [M+Na] m/z=1976.34.

140



A.47  PLL G4Boc Q)

Dendrimer8 (500 mg, 0.26 mmol) was combined with 17 equivalents of-Boc
Lys(Boc)ONp @) (2.03 g, 4.35 mmol). Under Ar, thheactants were dissolved in DMF
(7 mL), and TEA was added (0.5 mL, 3.6 pmol). The reaction was allowed to proceed at
room temperature overnight. Once the reaction was complete as determined by-MALDI
TOF MS (50 mg/mL DHB in MeOH), the reaction mixture waecipitated into 1 L 0.1
M NaHCQO; and stirred for 30 min. The product was filtered out and washed with
acetonitrile. The ofivhite powder was dried under vacuum (724.4 mg, 71%). Calculated:
[M+Na]* (CasHesNe20s6Na) m/z=7227.65. Found MALBTOF MS: [M+Ng"
m/z=7228.13. SEEIPLC: PDI=1.04.

A48  PLL G4 (L0)

Boc protecting groups were removed by slowly adding 5 mL 1:1 TFA:DCM to
protected dendrimed (300 mg, 75 umol) and stirred for 1 h. Complete deprotection was
verified by MALDI-TOF MS (15 mg/mL CHCA in MeOH).Solvents were removed
under vacuum by repeated rotary evaporation with MeOH followed by DCM, and the
remaining viscose oil was used for future experiments without further purification. The
product was dissolved in DMSO to create a 80 mM stock solutiostaned at20°C to
be used for experiments. Calculated: [M+NgT;s7H37éNs2032Na) m/iz=4026.98. Found

MALDI -TOF MS: [M+Na] m/z=4027.92.
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FigureA.l. PLL dendrimer synthesis scheme.
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A.5 Synthesis of OGConjugated Dendrimers
A5.1  PLLG30G (11

Dendrimer7 (30 mg, 8.4 pmol) was deprotected as described for dendB8mer
The remaining viscose oil wasissolved in DMF (3 mL), and O&14 carboxylic acid
succinimidyl ester (5 mg, 8.2 umol) was added under Ar. TEA [, 2.2 pmol) was
added, and the reaction was allowed to proceed at room temperature overnight. Once the
reaction was complete as determined by MAIIF MS (15 mg/mL CHCA in MeOH),
the reaction mixture was dried under vacuum by rotary evaporation. érhaining
viscose oil was dissolved in water and dialyzed against water in-a KCm MWCO
cellulose ester membrar({®pectra/Pa®, Spectrum Laboratories, Rancho Dominguez,
CA) for 24 h with 3 water exchanges. After lyophilization of the retained sample, an
orange powder was obtained (38.4 mg, 98W¥e product was dissolved in DMSO to
create a 50 mM stock solution and stored-20°C to be used for experiments.
Calculated: [M] (Ci13H101FsN30022S) m/z=2448.44. Found MALBTOF MS: [M]'
m/z=2450.53. SEEPLC: PDI=1.04. Fluorescence spectroscopy: 0.97+0.20 moles of
OG/ dendrimer.
A5.2 PLL G3BocEDA (12

To add the EDA linker to the dendrimer core, dendrig50.3 mg, 14 pumol)
was dissolved in DMF (3 mL) under Ar, and EDA was added (2 mL, 30 umol). The
reaction wa allowed to proceed at room temperature overnight. Once the reaction was
complete as determined by MALHIOF MS (50 mg/mL DHB in MeOH), the reaction
mixture was precipitated into acetonitrile. The product was filtered out and washed with

acetonitrile. Theoff-white powder was dried under vacuum (10.9 mg, 21%). Calculated:
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[M+Na]* (Ci7H316Ns2047Na) m/z=3605.33. Found MALBTOF MS: [M+Na]
m/z=3603.46.
A53  PLL G3BoGEDA-OG (13

Dendrimer12 (10.9 mg, 3umol) waglissolved in DMF (1 mL), and O&14
carboxylic aadl succinimidyl ester (1.85 mg, 3 umol) was added under Ar. TEA (0.3 pL,
2.2 pmol) was added, and the reaction was allowed to proceed at room temperature
overnight. Once the reaction was complete as determined by MACOMH MS (50
mg/mL DHB in MeOH), EDA (6 mL, 7.5 umol) was added to react with any remaining
OG and stirred at room temperature for 1 h. The reaction mixture was then dried under
vacuum by rotary evaporation. The product was used in the subsequent reaction without
further purification.Calculaed: [M+Na] (Cio4Hz23FsN32053SNa) m/z=4099.32. Found
MALDI -TOF MS: [M+Na] m/z=4099.75.

AS5.4 PLL G3EDA-OG (14)

Boc protecting groups were removed by slowly adding 2.5 mL 1:4 TFA:DCM to
protected dendrimefl3 and stirred for 2 h. Complete deprotection was iextifby
MALDI -TOF MS (15 mg/mL CHCA in MeOH). Solvents were removed under vacuum
by repeated rotary evaporation with MeOH followed by DCM. The remaining viscose oil
was dissolved in water and dialyzed in the same manner as dendrimeXfter
lyophilizationof the retained sample, an orange powder was obtained (8.7 mg, Ti€6).
product was dissolved in DMSO to create a 50 mM stock solution and sto2af@tto
be used for experiments. Calculated: [M114H195FsN32021S) m/z=2476.48. Found
MALDI-TOF MS: M]® m/z=2477.61. SE&PLC: PDI=1.06. Fluorescence

spectroscopy: 0.58+0.06 moles of OG/ dendrimer.
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Appendix B Visualization of Intracellular Trafficking of Poly -L-Lysine

Dendrimers and Transferrin in Polarized Caca2 Cells

In Chapter 5, intracellular trafficking of Oregon Green (&&¥labelled polyL-
lysine (PLL) G3 dendrimers and Alexa Fluor (ABB8labelled transferrin over time in
polarized Cacé monolayers wasisualized by confocal microscopyhe presence of
dendrimers and transferrin in the early endoso(&sAl) and lysosome$§L AMP1) at
different time points was quantifieéh Volocity 3D Image Analysis Software v.6.3
(PerkinEIl mer, Wal t ham, MA) wusing Mander 0s
the following equation:
B wp
" Bo

where Xcoloc IS the number of green voxels that overlap with voxels of another color and

5

X; is the total number of green voxelsy M reported for each treatment and time point as
an average of four regis. Dendrimer colocalization with the nucleus and occludin was
also calculated.

The images provided within this Appendix provide visual evidence of dendrimer
trafficking over time and are complementary to the colocalization quantification
discussed in Clmer 5. For all imagesdendrimers and transferrin are green
(OG514AF488), the cell nuclei ardlue (DAPI),the tight junctions ¢ccludin arered
(AF568), and the endosomes/lysosomes are pspudie (Cy5). Zstacks are depicted
as a main panel (xy plah with a vertical panel (xz plane) and a horizontal panel (yz

plane).
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Figure B.1. Visualization ofG3-OG PLL dendrimertrafficking over time in polarized
Caca2 cells by confocal microscopy.
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Figure B.2. Visualization of G3-EDA-OG PLL dendrimer trafficking over time in
polarized Cace? cells by confocal microscopy.
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