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ABSTRACT

When using the correabaterial coupled with drugs asgecific surface ligands,
nanoparticles can have enhantadeted drug delivery propertigdurrently, scientists can alter
the size, shape, material, aswtface properties among ottiactors inorder to clange the
characteristics of theanoparticles and how the body reacts to th&khile muchresearch has
been done lookimat how varying the propertie$ nanoparticles affect nanopaté uptakelittle
research halseen done to see hoxarying cell properties affectanoparticle uptake.
Additionally, it is known that the extracellular matrix of tumor tissue is different than that of
healthy tissue. The differences in ECM organization causeartia tells to take on certain
patterns, which may affect nanoparticle and drug uptdke. aims of tfs project are twofold:
first, | will compare the rate of naparticle uptake at the leadiedge to that at the trailing edge
then, | would like to sekow cell morphology affects nanoparticle uptakine results from
these experiments indicate that there is a difference in nanopatrticle uptake in elongated and non
elongated cells. The leading edgeaafell also appears to contain more nanopatrticlesttiea

trailing edge of a cell; however, this is not dependent on cellular elongation.
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Chapter 1

Background

The medical field is constantly evolving to better fit the needs of patients. A relatively
new field in medicine is drug delivery. This adastudy focuses on finding the optimal method
for transporting the drug to a target, which can be an organ, a type of cell, or even a sequence of

DNA, among other things.

A History of Drug Delivery

The history of drug delivery can i@ced backhousands of years agm thefirst uses of
herbal remedie® treat diseasésHowever, these remedies haid scientific merit. Amodern
history of drug delivery can leseparated into three generations: Generation | (1980),
Generation 11 (1982010), and Generation |1l (204D40¥. Generation | was characterized by
only abasic understanding of drug releag¢.this time, no technology existed that could control
thereleaserateofadrug t hese drugs ar-eebébasaokdowgsabedal
Patients were simply told homuch andften to take a druge.g one pilltwice a day)and most
delivery methods were either oral or transdermal delfveFire concept of controlling the
release rate of a drug started in the418&0s, when Dr. Judah Folkmdiscovered that
anesthetic gasses can diffuse throutibosie rubber tubing at a specific rateHe hypothesized
that a constant rate of drug delivery could be achieget silicone tubing to control the

release of the drdg
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The idea of a constant rate of drug delivery, or zeder delivery, marked the transition

from Generation | to Generation Il of drug delived.controlled deliveryeliminated the need

for constant dosages, which decreased the frequent changes in drug concentration within the
bodyas well as the side effects associated with these fluctuatitmthe late 1960sAlejandro
Zaffaroni, af ter being i ns pifousddd AlZA, a BEompanyRhatifocusein 6 s
on producing drugs that utilize mwolled drug delivery.By the 1980s, AZA had developed a
method for controlled drug release in the Gl tract called OROS, which $tar@smotic

Release Oral System. OROS worked by utilizing acatgrolling membrane, which controlled

the rate at wich water entered the drug capsule through osmosis. As water entered the capsule,
the building osmotic pressure would then push the active drug out of an opening in the capsule,
resulting in a constant rate of drug relédseALZA also developed a controlled release system

for implantable devices called DUROShis system differs from OROS in that the rate

controlling membrane is used to control the release of the drug rathéhé¢harake of water.
Onecommondevice to utilize this technology is the intrauterine device (tUhy rate

controlling membrane allowed for the device to release the hormone progesterone at a constant
rate.

During Generation ll, there was also a push for the development of drug delivery systems
tha can fisenseo the surrounding environment al
drug based on changes in pH or glucose lévétsthe 1970s, Folkman and Langer showed that
hydrophobic polymer matrices could be used to control the rele&senodlecular drugs Their
findings caught thattention of many other researchers, and started an interest in developing
smart polymers and hydrogelResearch on the pharmacologic uses of nanoparticles as drug

delivery vehicles also began during this generation in the 197T0& development of smart



polymers and hydrogels merged with thiernest in nanopatrticle drug delivery, creating
nanoparticles with various types of material propertigsis new but rapidly growing field of
research combined material sciences, biology, and engine&ihgnusing the correct material
coupled with drug and specific surface ligandgnoparticlesan haveenhancd targeted drug
deliveryproperties

These research trends continued past the turn of the century, and into the 2010s where
research currently stands. These years also mark the transitidharihird generation of drug
delivery systemsNew developments nanomedicine and modular drug delivery systems are a

hallmark of this generatién

Nanoparticles

Jorgkr eut er may have been t he infl976whdn t o use t
describing the drugontaining micelles developed By. Birrenbacli>®. Birrenbach pioneed
the idea of attaching drugs and antigens to these nanoparticles to aid in drug delivery systems.
His research showed thaagile biological moleculesuch agroteins, could be stably
contained within the micelle nanoparticle and released wierenterthe body. Modern
nanoparticle research builds upon the foundation established by Birrenbachn addition to
creating druecontaining micelles, scientists can alter the , ssb@apematerial, and surface
properties among other factors in order to change the characteristics of the nanopadibles
the body reacts to thém
Nanoparticle material plays an important roléaw the nanoparticles behawevivo.

Birrenbach utilized amphipathic lipids to encase the drugs or biological molecules in self
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assembling micelles. Micekliike nanopaitlesand their drug delivery abilitiesre stillbeing

studied today.In addition to micelldike nanoparticles, scientists can now make nanopatrticles
out of various polymers. These polymeric nanoparticles were initially made of
nonbiodegradable polymgrsuch as poly(methyl methacrylate) (PMMA), polystyrene, and
polyacrylates.Since these polymers are not biodegradable, they must be excreted from the body
so that they do not reach a toxic concentration within the body. Due to the risks of ttheciy,
has been a shift towards biodegradabde pol yme
caprolactone) (PCL), as well as other natural polymeP®lymeric nanoparticles are not hollow
so the drugs and biological molecules must be adhered to the surface of the nanoparticle rather
than being contained on the inside of the nanopartidhes pger will focus mainly on
polymeric nanoparticles.

One of the most widely studied nanopatrticle factors is size. Depending on the fabrication
method and material, the size of the nanoparticles can be cortrdllled size of a nanoparticle
can range anywhere from 1 nm to slightly over 1 frhis property plays a large role in the
cellular uptake ohanoparticles. Some cells will not take in nanoparticles if they are too large or
too small; Cace2 and MadirDarby cells were found to only take in nanoparticles smaller than
200 nm in diameterAdditionally, nanoparticles in the range of 1200 nm shw the most
potential in crossing the gastrointestinal barrier and blwach barriet. Current research also
showsthat nanoparticles in the M0 nm range should be used for cancer therapy due to the
enhanced permeability and retention (EPR)aff@ his effect stems from the néunctioning
lymph system in tumors; the blood vessels in the tumor leak macromolecules (or in this case
nanoparticles) into the tumor where they accumtilame must als consider how size affects

the cellular uptake method; cells utilize receptadicated endocytosis to consume
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nanoparticles in the 16000 nm range, whereas larger nanopatrticles are consumed through

phagocytosis. The size of the nanoparticle calsoaffect toxicity, targeting, circulation,

opsonization, and degredation

Figure 1. Nanoparticle morphology. (a) Spheres, (b) rectangular disks, (c) rods, (d) worms, (e) oblate ellipses
elliptical disks, (g) unidentified flying objects (UFOs), and (h) circular disks (scale bars: 2um)image taken
from Champion et. al. (Ref. 25)

Another important factor regarding the efficacy of nanoparticles is the geometry of the
nanoparticle.While nanoparticles are typically spherical, they can lésehaped like
rectangular disks, rods, worms, oblate ellipses, aliptiisks, UFOs, and circular disks (Figure
1)’. The shape of the nanoparticle will affectlekr interactions.Researchers have found that
the cellular uptake rate of the nanopartictethe 11 10 um ranges determined by the angle
formed by the lin@lefiningthe particle curvature at the point of contact between the particle and
the cell, ad the membrane normal at the point of contact (FigfteTere is a critical angle of
about 4Xxwhere any angle larger than this will cause the cell to not consume the nangpatrticle
and instead the cell will spread over the particlehe morphology will also affect how the
nanoparticles travel in the blood stream and how they will dissolve, if they are biodegradable

Currently, it is difficult to make any hard conclusions about the effects of nanoparticle
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morphdogy on cellular interaction®ther than that the contact angle affects cellular uptake rate,

as it is still an active area of research.

e @
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Figure 2. Internalization velocity vs. angle formed by particle curvature line and the mebrane normal at the
point of contact. Image taken from Sahay et. al. (Ref. 9)

Nanoparticle surface chemistryastical in determining how the nanoparticle will
interact with cells.A common practice is to alter the surface charge of the nanopaiadt
positive or negative charges can be imparted on the nanopdbidiesating them with certain
chemicals; for example, carboxymethyl chitosan will impart a negative charge and chitosan
hydrochloride will impart a positive charge on thenoparticle¥. The nanoparticles must also
be sterically stabilized so that they do not undergessgffinteractions and coagulate
Imparting chargs on the nanopatrticles affect how they will act within the bddhe surface of

cells, especially those that compose the blood vessel endothelium, are negatively charged.
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Anionic nanoparticles will be diverted from these cell§he charge can also determine how

nanoparticles enter the cell. Negatively charged particles utilize a caveolae mediated mechanism
to move into the cell, whereas neutral and positively charged particles enter thooeaiathrin
and norcaveolae mechanisnts

The surface chemistry also determines what cells the nanoparticles will thaggéting
ligands can be bound to the surface of the nanoparticle. These ligands can includes gegtide
antibodies that target the surface receptors of a specific cell tppeommon target is cancer,
since many cancelsve an increaseskpresmon of certain surface receptor€onversely,
ligands carbe added to the nanoparticle to conceal it from certain cells and the immune system.
These are known as stealth ligands. Stealth ligands allow the nanoparticles to circulate through
the blood for longer periods of time, as they are less likely to bevesiriny the immune

systent'2

Cellular Uptake Mechanisms

Cells consume particléaerough endocytosisEndocytosis can be separated into two
main categories: phagocytosis and pinocytosi s
used to take in larger particles, bacteria, or even other ¢dilsgocytosis is only present in
phagocytic cellsPinogyt osi s transl ates to fAcel |l drinkingo
solutes this method of intake is present in all celManoparticles are typically consumed via
pinocytosis. Pinocytosis can be classified into subcategories based on the preténesl with
the entry of the particlegigure 3. The prevously stated nanoparticle characteristics (material,

morphology, surface chemistry, etc.) can all affect which pathway the nanopatrticle is ultimately
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taken up by.Most nanoparticles enter the cell through either clathrin mediated endocytosis or

caveolaemediated endocytosit®,

[Endocytosis W
l .4
e [ N e l ™\
Pinocytosis E Phagocytosis
\ I J \ J
| : ) 1
Clathrin- Clathrin-
dependent independent
~ / = —— l — 7
) ( b ~Ca e!)Iae > é : 3
Caveolae- yEmee Macro- |
CME ‘ : and clathrin- :
diated
X mediate ‘ n dep?n dent . pinocytosis
O e g —a——
Arf6- Flotillin- Cdc42- RhoA-
dependent dependent | - dependent . dependent

Figure 3. Methods of endocytosis Image taken from Sahay et. al. (Ref. 9)

Clathrin mediated endocytos{€ME) is the most common method of cellular uptake for
nonphagocytic cell¥ This route is often used for cholesterol or iron uptake, so low density
lipoprotein receptors andatnsferrin receptors are used as markers to identify ‘¢ MEME
occurs when transmembrane receptors and their ligands gather in clathrin coated pits on the
plasma membrane. The pits then deepen and are pinched off by dynamin, a GTPase. This
process creates clathrin coated vesicles (CCVs). The CCVs, whichncihetaeceptors and
bound ligands, are themcoated, becoming endosomes, attdched to the actin cytoskeleton
where they are moved to wherever the cell directs thtm

Some nanopatrticles such as poly(ethylene glycol) (PEG), polylactide (PLA), and

poly(lacticco-glycolic acid) (PLGA) have been observed to enter cells through Gitiever,



the method of cellular intake seems to depend more on cell type than nanopygeicle
PolarizedMadin-Darby canine kidney (MDCK) epithelial cells took in PEG and PLA
nanoparticles via CME regardless of nanoparticle surface charge. -polasized Hela cells,
positively charged nanoparticles solely utilized CME whereas negativatgexh nanoparticles
were able to utilize both CME and caveefaediated endocytosif2LGA nanoparticles were
observed to use CME to enter vascular smooth muscle cells (VSMCSs), but used both clathrin
independent and caveolaelependent endocytosis whetraduced to rat corneal epithelial

cells’.

Caveolae mediateehdocytosis is another popular cellular entry pathway used by
nanoparticlesMuch like how clathrin mediated endocytosis is defined by the use of the protein
clathrin, caveolae mediated endocytosis utilizes the membrane picdeeolinl, caveolin2,
and caveolir8. The caveolin protein generates flagiaped pits, known as cavedt&es
Caveolae mediated endocytosis is less selective than clathrin mediated endocytosis; a variety of
molecules can bind to the caveolae and be taken into theAcklltionally, the caveolae
mediated pathway can avoid lysosomal digestion. However, bedathselax selectivity and
lysosome evasion, viruses and bacteria can take advantage of this pathway to infect the cell. At
the same time, nanoparticles delivering fragile biological molecules like protein and DNA would
want to utilize this pathway to awblysosomal degradatidn

Drugs such as DOXIL and Abraxaakeady exploit caveolamediated endocytosis to
deliverdrugs to cancer cells. Studies have shown that poly(ethylenedxmgy(methacrylic
acid) (PEGb-PMA) corecrosslinked polymeric micelles (emicelles) can specifically target
cancer cells and ilize the caveolae mediated endocytic pathvagurrent resarch is trying to

identify targetable proteins in caveolae. Aminopeptidase P (APP) was identified as one such
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target in the caveolae of lung endothelium tumors. When bound with APP antibodies, gold

nanoparticles were able to accumulate in the caveoleanakrous lung endothelial céf&

There are clathrin and caveolae independent pathways, likedépgéndent and Flotillin
dependent endocytosis, but these pathways are not yet well characterized. While there are some
nanoparticles that utilize ¢ise pathways, very few have been observed to%dsd’ More
research will have to be done in this area to elucidate how these pathways may affect drug
delivery.

Recently, studiesn mechanobiologhave been done showing that cell surface mechanics
affect cellular endocytosi$'® Substrate stiffness is known to affeetlular membrane tension,
which affectsnanoparticle uptakeCells on softer substrates with lower membrane tensions are
observed to intakeore nanoparticles than cells on stiffer substrates with higher membrane
tension$®. Within the human body, the extracellular matrix (ECM) on which cells reside can
vary in stiffness and density. Cancerous tissues are known to have different ECM praperties
various stages of development, and have cells in distinct paftétn3hus, it is important to
study how cell morphology can affect nanoparticle uptake; this can be used to aid in the uptake

of nanoparticles inliseased tissues.
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Chapter 2

Methods

Cell Culture

Cell culture began with obtaining a motserived osteoblast precursor cell line, known
as MC3T3 cells, from Pouria. These cells were seeded onto a 145 mm x 20 mm Greiner
CELLSTAR® dish and feavith 20 mlof alphamo di f i ed mi ni mum-MEB)s ent i al
1% volume/volume penicillin/streptomycin from Lonza and 10% fetal bovine serum (FBS) from
At l anta Bi ol ogi-BMEM. Fhemediaaasdhartyedtevery twb aaysUAll
procedures doneith live cells were done in a NUAIRE LABGARD ES Class Il, Type A2,
Biological Safety Cabinet. When cells would reach 80% confluency or greater, they would be
passaged onto another dish. Cell dishes were stored in a Nuaire Autoflow IR Direct Heat CO
Incubator at 37 °C and 5% GO

Passaging is when the population of cells in a cell culture dish becomes too large so a
portion of those cells are seeded onto a new dish and the rest are either used in an experiment or
discarded. When passaging cells, thelimés first aspirated from the dish. Cells are then
washed with 5 ml of 1x phosphabeffered saline (PBS). 1x PBS is made by dissolving 20 g of
NaCl (VWR), 0.5 g of KCI (Sigm&ldrich), 6.8 G of NaHPQuwu¥YH20 (VWR), and 0.6 g
KH2PQs (VWR) in 100 ml of dstilled-deionized water (dd¥#D). The pH is adjusted to 7.4 using
HCI (EMD-Millipore) and a S220 SevenCompatpH meter. dd:O is then added until the

volume reaches 250 ml. The resulting solution is 10x PBS, which is then diluted to 1x PBS by
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adding ddH-O. Washing the cells with 1x PBS removes the serum from the cells that was in the

media. This is done so that the remaining serum will not inactivate the trypsin used in the next

step. 5 ml of trypsvEDTA from Mediatech Inc. is added to the dish, ethis then incubated

for five minutes. Trypsin breaks the cell so
longer attached to the surface of the plate. After five minutes, cells were observed under a

Nikon® Eclipse TE300 microscopelf the @llsarefred | oat i ng i n t WAMEMisr ypsi n
added. If the cells remain attached to the dish, they are placed back into the incubator until they
arefreef | oati ng. Si nce t +MEMIis added o seuttalzethedrypsim cel | s
All 10 ml of the cells in trypsinU-MEM solution is pipetted into a 15 ml CELLSTAR® tube

from Greiner Bio One using a Gilson Inc. MACROMANpipette. The tube is then centrifuged

in a Thermo Scientific Heraeus Multifuge X1 Centrifuge, using anotherl IEEDLSTAR®

tube filled with 10 ml of water as a counterweight, at 500 RPM for 5 minutes. After

centrifugation, the trypsil}MEM solution is aspirated from the CELLSTAR® tube and 10 ml

of p-MEM Us added t-MEMishpipettedinmed.dwn few times tddbreak up

the clump of cells at the bottom of the tube. Once the cells are even dispersed throughout the

media, 1/4 1/2 of the media is added to a new 145 mm x 20 mm Greiner CELLSTAR® dish.

The amount of the media added to the diskefgeddent upon how soon the cells will be needed;

using a larger portion of the media will allow the cells to reach confluency sooner. When a

portion of the cells and media have been added to the new dish, the remaining cells can be

aspirated and the tulbei s p o s @ME&M is then adddd to the new dish until the total volume

o f -MEM in the dish is 20 ml. The new dish is then placed in the incubator.
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Cover Slip Preparation

22 mm x 22 mm glass cover slips were obtained from VWR. They were sprayed with
pure ethanol and wiped clean with a KIMTECH Kimwipe. The cleaned cover slips were then
coated with a thin layer of 20% poly(methyl methacrylate) (PMMA) (Sigxagich) in
nitromethane (Sigmaldrich) (weight/volume) by using a Laurrell Technologies spiateo
(Model Ws400BZ6NPP/Lite). Spin coating is the process of placing a small amount of
polymer solution on a cover slip and spinning the cover slip at high speeds to spread the polymer
in an even coat around the cover slip. 100 ul of 20% PMMA inmigtbane was used for each
slide and the slides were spun for 10 seconds at 5000 RPM. The PMMA creates a suitable
environment for cell growth on the cover slips

After spin coang, half of the cover slips wakesignated as "film" and the other half was
designated as "scratched." The film cover slips were complete after the spin coating process.
The scratched cover slips had to be scratched with sandpaper to create grooves in the PMMA for
cells to adhere to. This causes the cells to have an elongateldatogry. To scratch the cover
slips, the cover slips were pressed PMigide down onto P2000 grit silicon carbide sandpaper.
The cover slip was then dragged along the width of the paper once (Figure 4). Since P2000 grit
sandpaper utilizes particles wim average diameter of 10.3 um, the thickness of the scratched
lines can be assumed to be approximately 10.3 pum.

Once five film and five scratched cover slips have been made, cells can be seeded onto
them. The cover slip seeding protocol follows the pafisage protocol with the exception of a
few steps. The cover slips are placed into two Grenieiie CELLSTAR éwell plates, with
one cover slip per well and the PMMA side facing up. All scratched slides are placed on the top

row of the 6well platesand the film slides are placed on the row below the scratched slides. The
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cover slips and-8vell plates are then placed under UV light for five minutes to kill any possible

contaminants on them. This can be done while the cells are being centrifugedthétells

are centrifuged and are dispersed in the new media, 10 pl of the cells are taken from the tube and
placed onto a Fisher Scientific hemacytometer where they are counted. This will give an
estimate of the concentration of cells in the tubace&xhe concentration is known,

approximately 15,000 cells are pipetted from the tube and dropped onto a cover slip. This is
repeated for each cover slp. m| -MBM is added to each well and then thevéll plates are

placed in the incubator. The tes the cell passage protocol is then completed with the

remaining cells.

Figure 4. Scratched cover slip (left) vs. film cover slip (right)

Nanopatrticle Uptake

In order to calculate the rate of nanoparticle uptake, fluorescent polystyrene (PS)
nanoparticles were introduced to the cells at different time points. The time points were 24, 12,

8, 4, and 1 hour before they are fixed for immunostaining. A nanogariadia solution was
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created. NanopaidMEN athratio of @@ eofaddadopar-Ui cl es 1

MEM. Each well in a évell plate requires 2 ml of media so®@ of nanoparticles was mixed

wi t h 2 GMEMIin a 50fml CELLSTAR® tubedr the 10 cover slips. The tube was

inverted one to two times to evenly disperse the nanoparticles throughout the media. 24 hours
before the cell s ar e -MEMWiretdowells are aspmated (owest ai ni ng
containing a scratched slide ane thther containing a film slide). The aspirated media is

replaced with 2 ml per well of the nanopartiatedia solution. The-@ell plate is then placed

back in the incubator. This process is repeated at 12, 8, 4, and 1 hour before the cells undergo

immunostaining.

Immunofluorescence

Immunostaining requires fixation buffer (FB) and permeabilization buffer (PB). 25 ml of
fixation buffer is made by mixing 2.5 ml of 3.794% paraformaldehyde (VWR) in 22.5 ml of
1x PBS. 50 ml of permeabilization buffemade by adding 500 pl of 0.1% Tritonr200 and
dissolving 1.5 g of 3% bovine serum albumin (BSA) (VWR) in 50 ml of 1x PBS. Cytoskeletal
stabilization buffer (CSB) is also used; this is made by dissolving 0.146 g of NaCl, 0.151 g of
piperazineN , Miblj2-ethanesulfonic acidPIPES), 0.012 g of Mggl0.019 g of EGTA, and 5.134
g of sucrose in 250 pl of 0.5% Triton X100 and 50 ml of DI water. Protease and phosphatase
inhibitors are added at 100 ul per 10 ml of solution. The pH of the solution is thesteaidjo
6.8 using HCI or NaOH. Following the preparation of FB, PB, and CSB, the nanopékticle
MEM solution is aspirated from all of the wells and they are all washed with 1x PBS. After five

minutes, the 1x PBS is aspirated and 2ml of ice cold CSédecato each well and left for one



16
minute at room temperature before being aspirated. 2 ml of FB is added to each well and left to

incubate at room temperature for 15 minutes. The FB is aspirated and the cover slips are then
washed again with 1x PBS, bthis time they are washed three times for 5 minutes each. 2 ml of
PB is then added to each well and is left to incubate at room temperature for 45 minutes. During
this time, the primary antibody solution can be prepared. The primary antibody is m&ed i

1: 500 ratio of antibody t o PRtBoulinandis a&polgctomamar y
antibody deri ved -fubulnins usedds b marksr to(defibeche legding edge

of a cell; when the slides are viewed under a micros¢bpdeading edge can be defined. From
this point in the protocol, only 1 ml of solution will be used per well. 20 pl of primary antibody

is mixed with 10 ml of PB. After the 45 minute incubation period, the PB is aspirated from the
wells and 1 ml of pmary antibody solution is added per well. This is allowed to incubate for

one hour. The secondary antibody solution can be prepared during this time. The secondary
antibody binds to the primary antibody and is fluorescent; this allows the proteinghmirhary
antibody tagged to be seen under a fluorescent microscope. GeabaittigG (H+L),

DyLight® 650 conjugated (Thermo Scientific) is used as the secondary antibody and is mixed in
a 1:1000 ratio of antibody to PB. 10 pl of primary antibodyised with 10 ml of PB.

Following the one hour incubation period for the primary antibody, the PB and primary antibody
are aspirated from the wells and the cover slips are washed with 1x PBS three times for five
minutes each time. Then the secondaribadly solution is added 1 ml to each well. The
secondary antibody is incubated for 45 minutes at room temperature in the dark since the
secondary antibody is light sensitive. Thev@ll plates are wrapped in aluminum foil to prevent
light from entering.During the incubation period, a solution of DAPI, phalloidin 488 (Biotium),

and PB is prepared. DAPI stains thel Aegions in DNA, whereas phalloidin stainsé&tin.
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This allows us to see the nucleus and cytoskeleton respectively. Phalloidin andrBaBted

to PB at a concentration of 1:1000 and 1:5000 respectively. For 10 ml of solution, 10 pl of
phalloidin and 2 pl of DAPI are added to 10 ml of PB. After the secondary antibody incubation
period, the PB and secondary antibody are aspirated fiemwvells and the cover slips are

washed with 1x PBS three times for five minutes each time. Then 1 ml of the ph&aléifin

PB solution is added to the wells. The cover slips are left to incubate one last time at room
temperature for 30 minutes in tharll. After the 30 minute incubation period, the phallcidin
DAPI-PB solution is aspirated and the cover slips are washed with 1x PBS three times for five
minutes each time. The cover slips are then mounted onto VWR 75 mm x 25 mm microscope
slides. Approimately 30 pl of FluoromourG™ (Electron Microscopy Sciences) mounting

media is dropped onto the slide and the cover slip is placed PMMA side down onto the
mounting media. Each slide can fit two cover slips. Label each cover slip and let themilrest unt
the mounting media dries at room temperature in the dark. Once the mounting media has dried,
clear nail polish is applied to the edges of the cover slides to prevent them from moving when

under the microscope. The slides can now be imaged usingaRLBII5500B.

Actin/Myosin Inhibition

Y-27632 can be used to inhibidetin polymerization and myosin Il. Specifically; Y
27632 inhibits rheassociated protein kine§ROCK) pathways. This ends up inhibitingaEtin
and myosin Il, which are downstreamtbé inhibition site.F-actin and myosin Il are essential

for the formation stress fibers; without stress fibers, there would be no cell migration, cellular



18
contractility, or mechanotransduction. Thus, this test can indicate whether the difference in

nang@article uptake is dependent on stress fibers or not.

Y-27632 was obtained from Cytoskeleton Inc. The inhibitor in each vial was
reconstituted by adding 100 pl of dgBito each vial. ¥27632 should act within 30 minutes of
application, but to be safit,was added 2 hours before the introduction of any nanoparticles (see
Cover Slip Preparation and Nanopatrticle Uptake). To use the inhibitor, 10 ul of inhibitor
solution is added to the cover slips for every 1 ml of media. Two hours after the appbéation
the inhibitor, nanoparticles can be added. However, since the inhibitor is reversible (i.e. the
effects of the inhibitor are reversed once the inhibitor is removed from the media), the inhibitor
containing media cannot be aspirated and replaced astbparticlecontaining media. Instead
of creating a nanoparticimedia mixture, nanoparticles are added directly to each well. 1 pl of
nanoparticle is added per 1 ml of media; thus, 2 pl of nanopatrticles are added to each well.
Following the addition ohanopatrticles at the specific time points, the immunostaining protocol

can be performed.

Microcontact Printing

The next step of the experiment is to create a more controllable way for the cells to
elongate. This is done through microcontact prin¢i@P). UCP allows users to create a tiny
area, large enough for a single cell to adhere to, in a specific shape. To start uCP, a stamp of
polydimethylsiloxane (PDMS) is made. In this case, | wanted rectangles with aspect ratios of 1,
5, and 8. | obtaied a PDMS stamp with the shapes | wanted from Pouria. A solution of 1%

pluronic acid F127 is made by mixing pluronic acid with dglBiand letting it sit for one hour at
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room temperature. Each stamp will get 10 ml of the pluronic solution. Fibrondctiloso

made by mixing fibronectin and dd@ in a ratio of 25 pg of fibronectin to 1 ml of debl.
Once the two solutions are made, the PDMS stamp is cleaned with ethanol spray and dried using
compressed air. The cleaned stamp is then coated wpla§éima using aPlasma Cleaner PDC
001 (Harrick Plasma)The coating process is set for about 45 seconds per stanptas@®a
coating causes the surface of the stamp to become very hydrophilic. This allows the stamp to
easily absorb any solutions put onkinally, the PDMS stamp is placed under a UV light for 5
minutes to disinfect it. Once the PDMS stamp has been disinfected, enough fibronectin is added
to the stamp to completely cover the stamping face. The stamp is left to absorb the fibronectin
for 1.5 hours.

22 mm x 22 mm glass cover slips are prepared for stamping bydmmgoated with
100 pl of PDMS The PDMS is made beforehand by mixing SYLGARD® 184 Silicone
Elastomer Base with SYLGARD® 184 Silicone Elastomer Curing Agent (Dow Corning) in a
10:1 ratio respectivelyThey are theroated with @ plasma for 30 seconds adi$infected
under UV light for 5 minutes. After the stamp has absorbed the fibronectin, the remaining
excess fibronectin is aspirated off. ddHs added and then blown offttvcompressed air. The
stamp is then placed lightly on a glass cover slip. A tweezer is used to gently press down the
perimeter of the stamp before lightly pressing in the center of the stamp. The stamp is left to sit
on the cover slip for one minutét is then carefully removed using tweezers. Since the stamp
had previously absorbed fibronectin to its surface, it will leave fibronectin prints of the desired
shape on the surface of the cover slip. This process is repeated for each cover slipf 10 ml
pluronic is then added onto the cover slips using a filtered syringe and left on the cover slips for

ten minutes. Pluronic-E27 now coats the entire surface of the cover slip apart from the few
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islands of fibronectin. Pluronic prevents cell focai@sions from being formed so when cells

are eventually added to the cover slip, they will be forced to attach to the islands of fibronectin.
The islands of fibronectin are small enough to allow for just a single cell to attach in a specific
shape (Figur®). After ten minutes, the pluronic can be aspirated off and 10 ml of 1x PBS is
added onto the cover slips before being aspirated immediately. 1x PBS is added again to the
cover slips, but this time left for five minutes before being aspirated. Thuosgwas repeated

two more times, each time aspirating the 1x PBS after five minutes. To clean the stamps, the
stamps are placed in a 50 ml tube with gdknd sealed with parafilm (Bemis). A Fisher
Scientific Ultrasonic Bath sonicator is used to heatube at 60C for 20 minutes to remove

any residual fibronectin from the stamp. This is repeated a second time, but $keisldH

removed and replaced with ethanol.
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Figure 5. Microcontact printing protocol

Following this process, the cover slips are ready to be seeded with cells. To seed cells
onto the cover slips, the cell passage protocol until after the cells have been centrifuged. Once
the cells have been centrifuged and are dispersed in the new fediayf the cells are taken
from the tube and placed onto a Fisher Scientific hemacytometer to be counted. The cover slips

are placed into a Grenier BlOne CELLSTAR 6éwell plate, with one cover slip per well and the
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stamped side facing up. 2 ml of ttel-UMEM mixture is pipetted onto each cover slip and the

cover slips are placed in the incubator. Depending on how high the cell count was, the cover

slips are checked everyl® minutes for cell adhesion (a higher cell count requires less time).

Once the cells are seen to be attaching to the fibronectin spots, theMEM mixture is
aspirated to avoid multiple cell s-MBWidadded ng t o

to each well after theell-U-MEM mixture is aspirated.
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Figure 6. Stamped cells of varying aspect ratios. Top left: circle, top right 1:1, middle left 1:1.5, middle right 1:2,
bottom left 1:4, bottom right 1:8. Scale bar in top left image is 50 umAll images were taken at 40x
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Live Cell Imaging

Following microcontact printing experiments, live cell imaging of stamped cells was used
to compare nanoparticle uptake patterns in elongated anelogated cellsA 35mm dish
with a hole in the bottom first needs to be prepared by heatiagkdorer on a hot plate, then
pressing the hot cork borer through the bottom of the 35mm polystyrene dish. A razor blade is
then used to smooth the edges around the hole. Once the hole is smooth, drops of UV curing
glue are placed around the rim of time. A 22x22mm glass coverslip is then placed onto the
glue and rotated to create a clear watertight bond. The glue is then cured by placing the dish
with the coverslip under a UV light for at least two minutes. The custom dish is then sterilized in
the biological safety hoody putting it under UV light for at least five minutehe
microcontact printing protocol ihen performed as previously described, using the glued
coverslip as the coverslip for printing.

One hour prior to starting the timelapse, the 40x objective is heated with the stage heater
(BioPTECH) to prevent the lens from expanding and losing focus during the timeTpse-
MEM is removed from the custom dish and replaced with 2 ml of warmeginmenedia. The
custom dish is then moved to the@rarmed microscope stage. The objective is lowered into
the imaging media and then 2 ml of warmed mineral oil (AMRESCO) is added to prevent
evaporation. The mineral oil must be added gently to prewixig of the water and oilOnce
the selected cell is in focus, the correct exposure is set using theeliven the computer. The
time-lapse was set to take a picture in five minute interval446 cycles. This gave a time

lapse of approximatelyZLlhours.
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Chapter 3

Results and Discussion

Film vs Line Fluorescent Microscopy

The immunofluorescence protocol suggests using CSB when immunostaining, but CSB
may cause nanoparticles to leak out of the cell. Initially, the step involving CSB was skipped for
thisreason. However, multiple experiments were done without CSB and in all of those
e X p er i metabtulia staintdid mot show up clearly. Repeating the experiments with CSB

reveal ed that usi ng-tuBdirBstaw.i All subsequertasns wgredsrnieow t he

with CSB and the results only utilize data from experiments with CSB.

Figure 7. The image on the left shows the-tubulin stain when no CSB is used, and the image on the right shows the
tubulin stain when CSB is used. The bright magenta dot, which shovestubulin, is clearly seen on the right, but not on
the left. The scale bar on the left image is 50 umBoth images were taken at 40x

Following immunostaining, the slides were imagedadreica® DM5500B microscope. In
order to have comparable nanoparticle intensities, the exposure time for the nanopatrticles was

kept at 400 ns for all images. Since the intensities of the other cellular components (nucleus,



26
a c t i n-tubula)wdre rmtbeing measured, their exposures were adjusted to create the most

visible image. Separ at e f Hubuin &d aeoparticld&swmaeg e s o

taken.

Figure 8. (Top) From left to right,these ar e i mages of t he nuc |téuls ofaeeltan a2y, nanopar:t
hour film substrate. (Bott om) From |l eft to ri g-tubulinotahese are
cell on a 12 hour line substrate.The scale bar in the top left image is 100 umAll images were taken at 40x

A CellProfiler pipeline was then made to quantify the images taken from the microscope.
This pipeline consisted of loading the nuclei, actin, and nanoparticle fluorescens.infdigine
nuclei in the image was first identified and the nuclei area was measured. Then the actin image
was used to find the outline of each cell; the cell area was also calculated. Finally, CellProfiler
measured the intensity of the nanoparticlesaaoh cell. Outliers were calculated and removed
using Grubbsdé Test. Data from the 1, 4, and
detectable trend in these data. This may be due to cells needing time to sense their surroundings

and confom to them before any mechanotransducsigmalingoccurs.
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Figure 9. Cells on film have a slightly higher overall intensity than cells on a line substrate. The difference in intensity
between line and film is not statistically gnificant for either time point. N = 20 for the line substrate and N = 14 for the
film substrate at 12 hours. N = 10 for both the line and film substrates at 24 hoursAll error bars in this paper show the
standard error of the mean

For the 12 and 24dur time points,tere is a general upwards trend, indicating that with
more time, cells will intake more nanoparticles. This is to be expected based on previous
experiments The data also shows that the cells on PMMA film have a slightly higher intake
than the cells on the grooved, or line, PMMA substratais dataseems to follow thdata in the
Huang et. al. paper, which found reduced nanoparticle uptake for cells on a nanofiber ibstrate
While Huang et. al. used a nanofiber substrate, the grooves used in this experiment can be
thought of as inverted nanofiber§his is also supported by the idea that cells witigaer
membrane tension will intake less nanoparticles than cells with a lower membrane'féhsion
For the 12 hour time point, the nanoparticle uptake for cells on the grooved substrate is lower by
about 10%. For the 24 hour time point, the gexbsubstrate cellular uptake is still lower than

that of the film substrate, but only by about 2.6¥sing an unpairedtest,the intensity
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difference between the film and grooved substrate for both the 12 and 24 hour time points were

deemed to be notaistically significant. The P values were 0.4018 and 0.8696 respectively.
Another trend seen in the data is that the intensity of the cells on the grooved substrate
increased more than that of the cells on the film from 12 to 24 hours. As prewtaisty, the
difference between the grooved and film substrate intensities decreased from 10% to 2.6%. This
is most likely due to the cells becoming saturated with nanoparticles. Previous studies have
found cells to become saturated anywhere from 7 rou#§ hour$>>3
However,if the intensity is normalized with respect to cell area, a different pattern

emerges.
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Figure 10. Cells on a film substrate have a lower intensity per unit area #n cells on a line substrate. The difference is
statistically significant at both time points.

The grooved substrate cells have a higher intensity with respect to area compared to the film

substrate. Additionally, the intensity/area value for the film substrate decreases from 12 to 24
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hours; this is due to the cells spreading and increasing tleailaga opposed to a decrease in

nanoparticle intake since we saw an increase in intensity. Since the cells on the grooved
substrate are confined in their morphology, they cannot spread and thus have a much smaller
area than the cells on the flat substrdtising an unpairedtest, the difference in intensity/area
for both the 12 hour and 24 hour time points is considered to be statistically significant with P
values of 0.0156 and 0.0003 respectively.
Next, the fluorescence intensity of the leading edge was compared to that of the trailing
edge for cells on film and line substratdhis was done using Imagel.s i n g-tubdulme o
i mages, a |l ine was drawn t hr otubplmusindgtee straigid poi nt
line tool. This line was then copied to the actin image, where it was extended from one edge of
the cell to the other. The resulting line was biseut#d a second line, which now separates the
leading edge from the trailing @e. The leading edge of the cell was then identified based on
t he #Adi r e ctabulioandnarwdlly outlined using thgolygon selectiomool. The
outlines were then copied and superimposed on the corresponding nanoparticlel maagpd.
then masured the intensiignd areaf the region within the outliree This was done for all cells
completely within the frame. The process is repeated for the trailing @agejtlining the
trailing edgenstead of the leading edge. All of the intensitjuea were normalized with
respect to area since the area of the leading edge did not necessarily equal the area of the trailing
edge.Againout | i ers were identifi ed omdythd 12aed2d ved usi

hour time pointareused.
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Figure 11. Cells on a line substrate have more NPs at their leading edge than the trailing edge. Cells on a film substrate
have more NPs at their trailing edge than their leading edge. The difference between the film and line substsats
statistically significant at 12 hours but not 24 hours.N = 7 and N = 14 for 12 hours on film and line respectively. N =9
and N = 7 for 24 hours on film and line respectively

Doing an unpairedtest, the difference between film and line for tRenbur time point is

extremely statistically significant, with a P value of 0.0005. However, for the 24 hour time

point, the difference is not statistically significant, having a P value of 0.1026. This may be due
to the cells becoming saturated with aparticles, which would cause more nanopatrticles to be
located in a less concentrated region of the cell. This graph also indicates that cells on a film
substrate contain more nanopatrticles on the trailing edge than on the leading edge and elongated

cellson the line substrate have more nanoparticles on the leading edge than on the trailing edge.
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Figure 12. The differences in intensity between the leading edge and trailing edge of cells on both line and film substrates
are not statistically significant.

Comparing the leading edge to trailing edge intensities on film and line substrates
separately, it can be seen that the cells on the line substrate contain a higher concentration of
nanoparticles than the cells on the filnbbswate. A pairedtiest comparing the leading edge
concentration tehetrailing edge concentration for each substrate and time point showed that
there is no statistically significant difference for any time point in either substrate. The P values
are0.1171, 0.2733, 0.0880, 0.4320 for 12 hour film, 12 hour line, 24 hour film, and 24 hour line

respectively.

Y-27632 Inhibition

The data from the ®27632inhibition experiments suggestsat differences in cell
tension may not be the only cause of diffe@mbunts of nanoparticle intake. By inhibiting the

formation of Factin and myosin Il, 27632 preventstress fiber formation. This will severely
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dampen any sort of cell contractility and mechanotransduclibe.following images show that

there is litte stress fiber formation in inhibited cells. Images of cells on a film substrate can be
seen in Appendix AThe intensity of cells inhibited by-27632 was not compared to that of

uninhibited cell because this paper is not looking at the effects obdrangnoparticle uptake.
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Figure 13. The top image shows MC3T3 cells on a scratched coverslip with no inhibition. The stress fibers can
clearly be seen in the cells. The bottom image shows MC3T3 cells on a scratched coyeveiih Y -27632
inhibition. Stress fibers cannot be seen
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Y-27632 inhibition with cells on line and film substrates

Intensity Value

Line Film

Figure 14. Y-27632 inhibition causes the cells on film to have a higher overall intensity than the cells on line substraie.
=0.002 N =52 for line and N = 51 for film

Initially, the data shows that cells on the film substrate consumed more nanoparticles than
cells on the line substrate, which is what was observed in thanhilntion experiment.An
unpaired {test, with N = 52 for the line substrate and N1=f& film, shows that the results are
extremely statistically significant with a P value of 0.002is indicates that
mechanotransduction through the ROCK pathway does not have much influence on the uptake of
nanoparticles and th#tere are other factors day when it comes to nanoparticle uptake in
cells. This also indicates that cell tension may not have as much of an impact on nanoparticle

uptake as previously thought.
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Y-27632 inhibition nanoparticle intensity per unit area
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Figure 15. Cells on the line substrate have a higher inteitg per unit area than the cells on the film substrate. P = 0.0001

Normalizing the data with respect to area, the trend seen in thHambition study
emerges again. The cells on the line substrate have a slightly higher nanoparticle concentration
than the cells on the film substrate. An unpairdést yields a P value of 0.0001, showing that
the difference in nanoparticle uptake between the two substrates is extremely statistically

significant.

Microcontact Printing

Microcontact printing was used control the aspect ratio of the cells. Since it has been
shown that a higher cell surface tension results in less nanoparticle uptake and that elongated
cells have higher cell surface tension than-almmgated cells, this experiment was intended to

show that a higher aspect ratio will intake less nanopartidée following images show the
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fluorescent nanopatrticles within cells of varying aspect ratios. The aspect ratios are increasing

going from left to right in each row, from top to bottom.



Figure 16. Fluorescent nanopatrticles in cells of varying aspect ratiosThe scale bar in the top left image is 50 pmAll
images were taken at 40x

37
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A purely qualitative analysis shows a general decrease in fluorescenceyrdsribe aspect

ratio increasesWhile this is only a single series of images, these images indicate the expected
outcome of this experiment.

For a quantitative approach, the fluorescence intensity of the nanoparticles was measured.
In the first graph elow, there is a weak downwards trend in the data. The trend becomes more
apparent if the cells are grouped by aspect rati€lgroup one,-2 is group two, 4 is group

three), and the averages are taken of the aspect ratio and intensity/area.
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Figure 17. This graph shows a weak downwards correlation between aspect ratio and intensitil = 25



39
0.12

0.1

0.08

m Aspect Ratio 1.33

0.06 .
m Aspect Ratio 3.19

Intensity/Area

m Aspect Ratio 5.10
0.04

0.02

Aspect Ratio

Figure 18. The group one aspect ratio is the average aspect ratio of all cells between2) Group two isthe average
between 2- 4. Group three is the average between-46. A larger aspect ratio seems to results in less intensity/area, but
there is no statistically significant difference between any of the groupN = 13 for group one, N = 8 for group tvo, N = 3
for group three

This trend supports the anticipated outcome of the experiment. It is important to note that
it was more difficult to obtain correctly stamped cells at higher aspect ratios than correctly
stampé cells at lower aspect ratidbere were only three cells in thes4aspect ratio group,
while there were eight cells in the42group, and 13 cells in the2lgroup.

Comparing the amount of nanoparticles in the leading edge to that of the trailing edge of
cells, it was expected thali cells will have more nanoparticles at the leading edge than at the
trailing edge. Additionallyan upwards positive trend was expected so cells with a higher aspect
ratio would have a higher ratio of nanoparticles in the leading edge to nanopartibkes

trailing edge.
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Figure 19. This graph shows no correlation between aspect ratio and leading edge:trailing edge intensity. However, only
three cells had more NPs in their trailing edge than their leading edgeN = 15

Looking at the graph, there is no discernable trend in the data. Howesémiortant to note
that out of all fifteen cells measured, only three had more nanoparticles in the trailing edge than
in the leading edgeThis seems to indicate that the majoafyMC3T3 cells will have more

nanoparticles in their leading edge than their trailing edge.

Live Cell Imaging

Live cell imaging was done to determine if the nanoparticles are being taken in at the
leading edge of the cell as opposed to being transpoweel Yia intracellular transport
mechanisms. Howevdr, h @ubulih stain used previously in the immunofluorescence
experiments could not be used for live cell imagimgeithe staimequires the cells to be fixed.
Thus, the leading edge of the cellsiicbnot be identified for this experiment. Despite not

identifying the leading edge of cells, this experiment still showed whether the nanoparticles were
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being transported within the cell or ndthe cell chosen for the tirlapsehad an aspect ratio of

approximately 3:1.

ImageJ was used to convert multiple images into a stack, and then each image in the
stack was assigned a specific color. The first image in each stack is assigned to red and the
second image is assigned to green. Overlapping areas are shown in Jélofirst image
shows the cell ahe initial timepoint and at 15 minutesThis image indicates that nanoparticle
movement is occurring within the cell since the image is not entirely yellwansport from the

top to the bottom of the cell can be seartlee right side of the cell.

Figure 20. Times 0 and 15 minutes of the timéapse. The first image is shown in red while the second image is
shown in green. Overlpping areas are shown in yellow
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The second image shows the oparticles at times 15 minutes and 30 minutes. What

was green in the first picture is now red in the second picture. A more definitive example of
nanoparticle transport from the top to the bottom of the cell can béesz=and in the third

picture ate left side of the cell.

Figure 21. Images at15 and 30 minutes into the timdapse. The image at 15 minutes is in reand 30 minutes is
in green
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The third picture shows a continuation of this nanoparticle transport fromr2@esito

45 minutes. As previously stated, the green image in the second picture is now red in the third

picture.

Figure 22. Images at 30 and 45 minutes into the timapse. 30 minutes is in red and 45 minutes is in green

These pictures indicate that nanoparticle transport is occurring and the nanopatrticles are

moving from the top of the cell to the bottom of the celbwever, since thédtubulin stain
















































